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Abstract. This paper deals with the modal analysis of rotational shell structures by means of the
numerical solution techniqgue known as the Generalized Differential Quadrature (G. D. Q.) method. The
treatment is conducted within the Reissner first order shear deformation theory (F. S. D. T.) for linearly
elastic isotropic shells. Starting from a non-linear formulation, the compatibility equations via Principle of
Virtual Works are obtained, for the general shell structure, given the internal equilibrium equations in
terms of stress resultants and couples. These equations are subsequently linearized and specialized for the
rotational geometry, expanding all problem variables in a partial Fourier series, with respect to the
longitudinal coordinate. The procedure leads to the fundamental system of dynamic equilibrium equations
in terms of the reference surface kinematic harmonic components. Finally, a one-dimensional problem, by
means of a set of five ordinary differential equations, in which the only spatial coordinate appearing is the
one along meridians, is obtained. This can be conveniently solved using an appropriate G. D. Q. method
in meridional direction, yielding accurate results with an extremely low computational cost and not using
the so-called “delta-point” technique.

Key words: shell of revolution; generalized differential quadrature method; modal analysis; numerical
method; dynamic analysis.

1. Introduction

Shells of revolution are common structural elements and can be found in many fields of
engineering technology. Their use spans over different branches of engineering such as pressure
vessels, cooling towers, wheels, tires and turbine engine components. The objective of the present
work is to enlighten a new efficient and accurate technique, called the G. D. Q. Method (Bellman
and Casti 1972), for the solution of the dynamic problem of shells of revolution. The present work
is based on the classic first order shear deformation theory for thin shells, as proposed by Reissner
(1969) and takes into account both for transverse shear deformability and rotary inertias. The
governing equations of motion, for the shell structure, are a set of five bi-dimensional partial
differential equations with variable coefficients. These are initially expressed in terms of forces and
couples per unit length of parametric lines of the middle surface. By introducing the constitutive
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equations and the kinematic relationships between strain measures and displacements, the
equilibrium equations can be put in terms of generalized displacement components of the points
lying on the middle surface of the shell.

The analysis of rotational shells can be expedited by the expansion of all variables of the problem
into partial Fourier series in the circumferential coordinéteThis achieves separation of the
dependent variables and the initial two-dimensional problem is reduced to a series of one-
dimensional problems. In the present linear formulation, the resulting governing equations are all
uncoupled and can be solved separately for each harmonic. Precisely, they can now be approximated
and solved with the aim of the numerical technique called G. D. Q. method so to give a set of
generalized eigenvalue problems, each one being characterized by a circular harmonic number. This
method, originally proposed by Bellman and Casti (1971, 1972) has recently been applied in several
fields of structural mechanics (Bert and Malik 1996) and in computational shell mechaniast @lam
2000, Wuet al. 2000, Li and Lam 2001, Jiang and Redekop 2001eiNg. 2003). Apparently, the
interest of researchers in it is increasing, due to its great simplicity and versatility, particularly when
compared with other classical numerical methods. The present G. D. Q. procedure permits to deal
directly with the governing equations, while the same might not always hold for other approaches
such as the Finite Element method. Several comparisons with available results on specimen cases
can be done. The basic feature of the present application of this method is the prior-to-discretization
Fourier decomposition with respect to the circumferential coordinate, which leads to significative
computational costs reduction. Moreover, with the adopted G. D. Q. procedure and in the
framework of the utilized shell engineering theory, an exact imposition of boundary conditions can
be achieved. Even the relevant case of closed rotational shells (domes) is dealt with no
approximation in terms of geometric assignments in correspondence of the apex with no need of
introducing a little opening at the top of the shell. Finally, it is to be noted that in the present study
no use of the so called delta-point technigque (Bert and Malik 1996, Redekop and Xu 1999) is made,
avoiding fictitious assignments in terms of boundary conditions. The G. D. Q. solution shows very
good convergence and appears as precise and accurate as that obtained by FEM analyses. As a
further confirm of the technique potentiality a complete series of shells modal shapes investigated is
presented in Appendix A. It is worth noting that, to the authors’ knowledge, this way of applying
the G. D. Q method to rotational shell structures has not been presented earlier in the technical
literature.

2. Dynamics of stress-resultants and stress-couples vectors

In the first part we will be referring to the so called first order shear deformation Reissner shell
theory (Reissner and Wan 1967, Reissner 1969). We consider the reference surface assumed for the
shell as a given surface in a vectorial farm r(ay, a,), where {1, a,) are curvilinear coordinates
that will be considered orthogonal in this context for simplicity’s sake, with linear elemedt =
AXda® + Ada.’. We also consider a second associated surface with the equiatigta;, a.).

On this second surface the coordinate curaes constantwill in general not be orthogonal
anymore. We assume that these two surfaces, being the reference surface of the thin shell
considered, represent the same continuum, the first one being the undeformed state of the aggregate
and the second one being its deformed state. Moreover, in what follows the reference surface will be
taken conventionally as the middle surface of the shell in its undeformed state. The infinitesimal
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Fig. 1 Undeformed and deformed configurations for the shell infinitesimal element
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(a) Stress resultants (b) Stress couples

Fig. 2 Internal actions components acting on shell mid-surface element boundaries

portion of deformed surface is sided by vecmida; andp,.da, (Fig. 1). For this surface element

to be an element of shell we assume that its four sides are acted upon by vector forces and
momentsN;A.da,, M,Ada;, etc., in accordance with Fig. 1 and Fig. 2. We also assume the
existence of vector surface forces and momgaig.da,da, and mAAdaida,. It is worth noting

that the previously definetl; and M; vectors are internal forces and moments acting per unit of
undeformed length and thgtandm are forces and moments distributed on the undeformed unitary
mid-surface area as can be deduced from Fig. 1. The algebraic vectors defined above can be written
as follows:

Ni = Nyt;+Qin, M =Mynxt;+Tin (1a)

g = git; +pan, m=mnxt;+mn (i =1,2) (1b)
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where the first two components are directed along tangent vegides andp,.da,, while the third

one is acting along the outward nornmal It will be evident later how the previous component
representation corresponds to the strain resultants and couples one. Consideration of increments in
passing from sidesr, = const to sidesa; + da; = const leads to a couple of vector dynamic
equations, the first concerning the balance of forces and the other the balance of moments:

(AsNy) 1+ (ANR) , +AAp = 0 (2a)
(A;M 1) 1+ (AIM) L +p g X (AgNy) +p o X (AINy) +AA,m = 0 (2b)

Each of the above equations is equivalent to three scalar component equations, as will presently
be considered and represents an equilibrium equation for the shell infinitesimal element, written in
terms of internal actions defined per unit length of coordinate lines on the reference surface (Figs. 1
and 2).

Precisely, the three scalar equations coming from Eg. (2a) are translational ones along the tangent
t1, t, and normah directions and the last three equations are rotational equilibrium ones, about the
same directions, respectively.

In addition to the balance Egs. (2a-b), which are valid in the interior of the shell we also have
balance equations for the elemestof the edges of the shell. Witth andM being edge forces and
moment intensities, we have as expressiondNfandM in terms of the edge values of the stress
resultants:

N = N,coqn, a;) M = Mcogn, a;) 3

In the previousn indicates the outward normal direction of the boundary curve, tangent to shell
surface, and the summation convention for repeated subscript indices is invoked.

3. Strain-displacement relations via principle of virtual work

Defining virtual displacements andrtual strains as sets of (infinitesimally small) kinematically
admissible arbitrary displacements and strains which, by proper association with corresponding sets
of internal forces and moments, give rise to a quantity of virtual work in a way that the equilibrium
Egs. (2)-(3) are equivalent to an integral equation of the form (Reissner and Wan 1967):

[(q 0Bp +m [BY)dS+ f(N [Bp + M [Bp)ds = [(N, (e, + M, [BK,)dS (4)

In this integral equationdS = A;A.daida,, & and & are virtual translational and rotational
displacement vectors ar®; and &; are virtual strain resultant and strain-couples vectors.

The way the previous equation is usually considered is to assuméettatid ; are known
functions in terms oPp, & and suitable derivatives, thereof, by means of integration by parts, in
order to eliminate derivatives @p anddd and by consideringp and & arbitrary in the interior as
well as along the boundary, satisfaction of Egs. (2a-b)-(3) comes as necessary and sufficient a
condition for the validity of Eq. (4).

In this paragraph, it is assumed that Eqgs. (2a-b)-(3) are given a priori. In this manner they can be
utilized to eliminateg, m, N andM in Eq. (4), withN; andM; now being arbitrary functions.
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Introduction of Eqgs. (2a-b)-(3) into Eq. (4) gives first:
H(Ni [(Dg; + M; [Dk;)AAda da, = f(Ni (Op + M; [(BDd)codn, a;)ds+
—[[{I(AN1) 1+ (AN2) o] LB +[(AM 1) 1 +(AM ) ,+P 1 X (AN1) +p . % (AN)] L} dasda,  (5)
Then, integrating by parts to eliminate derivative®NpandM; in Eqg. (5), one obtains:
J(N; D€, + M, 03K,)dS = [{N, [[(3p), +p, x 5] + M, [(5$),} a;"dS (6)
recalling that(p; x N;) (D¢ = —(p; x o) [N; .

Considering the internal actiorld; and M; as arbitrary vector functions in Eq. (6), the virtual
strain-displacement relations are obtained:

a;0g; = (0p),;+p,; * Ob; a;oK; = (9p), (7

It has to be noted that since by assumption there exists a space fpnstp(w,, a,), one may
write (dp),i = o(p,i) in Eq. (7), but as long as we've not established the existence of a fupiction
corresponding to the quantid$ in Eq. (7) we are not in a position to replad$)(; by @,:). In
what follows and throughout the whole work some simplifications will be assumed in order to
overcome some difficulties such as the ones arising from foregoing relations of nonlinear theory.
First of all we will reduce to geometrically linear equations.

4. Linearization

The equilibrium and strain-displacement relations of the linear theory can be obtained by simply
replacing in Egs. (2) the general radius ve@do points on the deformed shell reference surface
by the given vector to points on the undeformed surface.

Changingp,; into r,; in Egs. (2) changgs,; intor,; in Eq. (7) and therewitd; and &; are given
as linear combinations odg),; = o(r + u),; = du,; anddp and, finally, 6d),; = 5(d, ).

In this way we can pass directly from virtual strain-displacement relations to actual strain
displacement relations, in the following form:

Ag =u;+r;xo; AKi = ¢ (8)

We list in what follows the system of scalar strain-displacement relations which are equivalent to
the vectorial relations (8) by writing:

& = gtityn, K= knxt+An (%2)
u; = ut, +u,n; ¢ =o¢nxt+wn (9b)

wherer,; = At; andn =t; x t,, with the Gauss-Weingarten differentiation formulas (Reissner and
Wan 1967):
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In the previousS, and$S, are in-plane radii of curvature given byS1E —-A; JA/A, and 15 =
Ao /AA,, while theR; = R; are the usual out-of-plane radii of curvature of the surface (Reissner
1969). Introducing Egs. (9)-(10) into Eq. (8) gives the expressions for in-plane strain regyltants

transverse (shearing) strain resultapfsbending and twisting strain coupleg and in-plane strain
couples); (Reissner 1969):

u u u u
S T 7 O - 22, 01 W

= = 11
A Ts TRy 2T A TS R (11a)
Uz]_ ul W u12 uZ W
= 204 24— 2+ — 4 11
2= AP R,TY T A TS5 YR, TY (110)
B [32 Boo B w
= = —' = —= —_——_—— 12
=N TS T Ry K27 A TS TR, (12a)
o= B B8 b b0 20)
A, S Ry A2 S Rp
Wy U _Wo U
WA TR Rlz thi R RTR, Rzl " h -
r@ B B W B B (14)
! Al Rll Rll 2" AZ R12 RZZ

Finally, it is to be noted that all six strain couple components (12a-b)-(14) are given in terms of
components of rotational displacements only, while four of the six strain-resultant components are
given in terms of both translational and rotational displacement components.

5. Basic simplifications of five D. O. F. shell theory

In the previous statements a fundamental concept has been ignored. In fact, no mathematical
association has been established between internal stress resultants and couples and stress
components acting on normal sections traced along coordinate directions of the reference surface of
the shell. Defining this kind of relation is basilar in order to permit some simplification to the theory
treated so far and to be able to make use of the G. D. Q. solution procedure. We admit that internal

stress resultants and couples which rise from a concept of static equivalence with stress components
represented in Fig. 3 are given by Gould (1999):



The G. D. Q. method for the harmonic dynamic analysis of rotational shell structural elen#&fs

Nya h2 | 011 c M h2r, c

Ny| = T + -G Y= Wl + =g (15a)
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whereh is the shell thickness arqds the coordinate along the normal to the reference surface (Fig. 3).

In this way, assuming the symmetry of the stress tensor, the compbfjeiMs, N; andN; can be
considered equal two by two with acceptable approximation and the sixth scalar equation coming
from the system (2) is identically satisfied. The above mentioned equation is a rotational equilibrium
one and, being of no use, puts in evidence how its dual degree of freedom (otatont the
normal-to-mid-surface axis) is of no use itself, in defining the displacement field and, therefore, can

be discarded.
Accordingly, the remaining stress resultants and couples are grouped as follows:
R(ay, a3 1) = [Ny Nap Ny Mgy Mgy, My, Q,Q,]7 (16)
Only five dynamic equilibrium equations remain:
[(AcN1D) 1+ (AN 5+ As Nio—Ay 1Nool + Qi ((AsA)/ (Ryp) + AiAA, = phAA(Fuy/dt)  (174)
[(AN1) 1+ (AiNG2) 5+ Ag 1N1p—Ar N1 ]+ Qa((ALA)/ (Ro) + A, = phAA(Fuy/dt’)  (17D)

[(AQ0) 1+ (A1Q2) 1 =Ny (AsAL)/ (Re) —Noo( (AsA)/ (Ron) + GuAAy = phA AY(Fuy/dt)  (17¢)
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—~(AMy5) 1= (A1My;) ,—Ag Mo+ A M1+ QA A —MA A, = (1/12)ph3A1A2((32[32/0t2) (17d)
(AoMyy) 1+ (AMy,) o, +A; M p—Ay M= QA A +MAA, = (V/ 12)ph3A1A2(02 By dtz) (17e)

and only five degrees of freedom are sufficient to fully define the motion of a point lying within the
shell. On the right hand sides of Eqg. (17), appropriate terms (Reddy 1984) have been introduced to
account for the translational and rotary inertias. In the above system, the first three equations are
equilibrium ones along tangents to coordinate lines, and and along the normal direction,
respectively; while the last two are rotational equilibrium equations about coordinate tangential
directions. The strain-displacements relationships simplify too, assuming that strain mixed
components are approximately equal and that orfy; Hhd 1R,, are not null. Then, only eight
independent components remain:

U1 Ao u, Upo  Ayg u,
&4 = =+ —=U,+—; &y = —= + —== + — 18a
A AA Y Ry Z5A AA Y Ry (182)
- Upq App U, Agg
= + = = -——U +==-— 1
€10 = EpT €&y AL AA, 1 A, A, Azu2 (18b)
Bii, Ao Boo . Asa
= —= 4 - ; =—+ y 1
K11 A, AlAZBZ’ K, A, A1A2B1 (19a)
— Bo1 Ao B> A
— + — 21 M2,  PL2 721 19b
K1 = Kot Ky A, A Azﬁl A, A AZBZ (19b)
Unl Ul unz u2
= + —_— — = + —E . —
grouped in the algebraic vectar
€ = [E1162E 1K1K K 12V Vz]T (21)

When the fundamental equations are obtained, for this generally shaped shell structures, the
specialized equations for the rotational case will be derived, assuming a proper coordinate system
(all aZl Z)

The displacement field assumption that is retained is that the three displacement components

along the coordinate directiong(ay, as, (), Ux(ay, as, (), Us(ay, as, {), are locally defined by
the displacements of points lying on the reference surface (Fig. 4). In fact, we have:

Ui(ay, a5 Q) = up+ By, Uy = U(ay, ap) = Uy(ay, a0, 0) (22a)

Uz(ay, a3, 0) (22b)

Up(ay, ay)

Us(ay, a3 Q) = U+ (B, u;

Un(alv as, Z) = Uy, Un = un(al’ aZ) = Un(alv as, O) (22C)
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Fig. 4 Displacements, rotations and reciprocal load intensities defined upon shell element mid-surface

from which it can be seen that for the tangential displacenénend U, is assumed a pattern
linearly varying through the thickness, depending on the local normal to mid-surface rotations about
the coordinate directiong, andf3,, while a constant pattern of the normal translatigralong thel
coordinate is hypothesized.

In this way, in order to determine the complete assessment of displacements throughout the shell
structure, five degrees of freedom, (U, U, B and3,) pertaining to the reference surface are to be
obtained (Fig. 4). Then, we have the vector of the reference surface generalized displacements:

u(ay azt) = [uy Uy Uy Br Bol' (23)
and the dual algebraic vector of mid-surface distributed loads components:
q(oy, oz t) = [0 92 g, My mz]T (24)

where q;, g, and g, are forces acting on mid-surface unit area, whileand m, are distributed
couples per unit length of parametric lines, each correspondifig dad 3, rotations respectively

(Fig. 4).
6. Constitutive equations
The shell material assumed in this paper and in the numerical examples presented is a mono-

laminar linearly elastic isotropic one. Accordingly, the following constitutive equations relate
internal stress resultants and couples with strain components on the middle (Sofddel 999)

Nig = Ei€11+ ExEp Ny = Epépi+ Enéyy Npp= Ezép (25a)
My = E4Kpi+ EsKpo My, = EsKin+ EyKpy My = Egkiz (25b)
Q= Exyi; Q= Ezp (25¢)

whereE is Young modulusy is the Poisson ratio arfei = EW2(1 — V%), E, = VE;, B3 = (1 - V)EW/2,
E, = ENY[12(1 - VA)], Es = VE4, Es = (1 - VE42, E; = AEs. A is a transverse shearing factor such
that A = 5/6.



798 Erasmo Viola and Edoardo Artioli

7. Specialization to rotational geometry and fundamental system

When the shell is rotational, the shape of the reference surface is completely assigned by the
cartesian equation of the meridional cuf{g, R) = 0 orR = R(Z) (Fig. 5(a)). In this case, a fine
choice for coordinate lines on the reference surface, is to take meridians and parallel circles,
respectively. The radii of curvatuR; = Ri(2) = R, and Ry, = Rx(2) = Ry = R(Z)/sing(Z) become
meridian radii of curvature and grand-normal radii respectively, idieR(2) is the parallel radius
of the shell. Each of the three kind of radii of curvature depend af ¢berdinate only.

The following geometric relationships are valid (Figs. 5(a)-(b)):

2,3/2
Ru(2) = Riz) = B - rz) (262)
Ry(Z) = Ry(Z) = Ry(Z) = R/sind (26b)
cos(Z) = R/ (RAY) (26¢)

A suitable system of curvilinear coordinates, then, is to assignat) = (Z, 6) whereZ is a
vertical abscissa measured from a proper origin on the axis of revolution, @vhilasures the
longitudinal angle in the horizontal plane (Figs. 5(a)-(b)). Using this coordinate system, the Lam
parameters take the following form:

AD) = [1+ (R (272)
A(Z) = R(2 (270)
and the equilibrium Egs. (17a-e) become (Reddy 1984):

[(RNg) 2+ (AiNga) o= R Ngl + AIQR/ R) + qiRA = phAR(TU/ ) (28a)

centre of

Y
k@) (2 N\°t,=t,
ARCAN e \\

0 -
curvature X
d¢ \t1=t,,
R Re
ReRe
(a) meridian curve (b) parallel circle

Fig. 5 Shell of revolution. (a) meridian section (b) parallel section
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[(RNyg) 7+ (A1Ng) =R Nyel + Qo(AsSing) + q,RA, = phAR(v/ dt%) (28b)
[(RQ,) 7+ (A1Qp) o] —AIN(R/ R) — Ng(Assing) + q,RA, = phAR(S"W/dt")  (28c)
~(RMyg) ;~(AMg) g—R Mgz + A M+ RAQe—RA M, = (/12 ph°AJR( B/t (28d)
(RM,) 7+ (A;Myg) s~ RzM—RAQ,+ RAM, = (1/12)ph’A,R(F°B,/3t°)  (28e)
with the following substitution:

q(Z, 6,t) = [dy Ao G M, Mgl" = [0y A Gy My My]" (29)
and

R(Z,6,t) =[N, Ng Nyg My, Mg Mg Q, Qal" =[Ny; Npp Nip Myy My, My, Qp Q7 (30)

The strain-displacement relationships reduce to:

€, = (L/A)(uz+wW/Ry) (31a)
g9 = (1/R)(v g+ cospu + singw) (31b)
Epp = (1/A1)(Vz) + (1/R)(u y—cospv) (31c)
Ko = (1/A1)(By2) (31d)
Ko = (1/R)Bg o+ (cOsg/ R) B, (31e)
Koo = (1/A1)Bg 2z + (1/R)(By o — COSPBe) (31f)
Vo = BptWz /A —U/R, (319)
Yo = Bo+t (1/R)(W g—singv) (31h)
with
u(Z,6,t) =[uv wpg, Bl =[u U, Uy By B’ (32)
and

€(Z,0) = [&, €9 Epo Ky Ko Kpp Yo Ve]T = [&11 & €12 Kin Ko K1z Vi Vz]T (33)

The preceding sets of Egs. (28a-e) and (31a-h) can be further specialized if the shell of revolution
has a particular meridian shape. In fact one has:

« circular plates specializations:Rl/= 1Ry = 0,Z = R2)

« conical shells specializations R}/= 0, R(2) = R, — Ztga (a: opening angleR, base radius)

« spherical shells specializatiorR; = Rg = const = a, R(2) = [a® — (a — 2)7]*



800 Erasmo Viola and Edoardo Artioli

Introducing the kinematic Egs. (31a-h) into the constitutive relations (25a-c) and then substituting
the obtained modified constitutive equations into the set of equilibrium Egs. (28a-e) leads to the
following new set of equations of motion, expressed in terms of displacements components of
points lying on the reference surface:

Liu+ Lyv+ Lysw+ LB+ LisBy = phRU-q,R (34a)
Logu+ LV Logw+ LB+ LosBy = phRV—QgR (34b)
Laiu+ LV + LagW+ LgyfBg+t LasBy = phRW—q,R (34c)
Lat+ Lo+ LigW+ LaaBgt LasBy = (Ph’/ 12)RBe—meR (34d)
Lot + Lspv+ LegW+ LeaBit LssBy = (ph™/ 12)RBy—m,R (34e)
or else in matrix notation:
Lu+q = MU (35)

The differential operator of elasticity and the matrixM can be found in detail in Artioli and
Viola (2003), for the shell types treated in this paper.

Last, a proper set of boundary conditions is to necessary, in order to get a well posed problem.
The following are the types of boundary edges presented in the numerical examples examined in the
following:

- free edgeN, =N =Q, =My =Mk =0 (36a)
- simply supported edgeu:=v=w=M,=Bs=0 (36b)
- clamped edgeu =v=w=,=£y=0 (36¢)

and can easily be re-written in terms of displacement components only, as we have done for the
equilibrium equations.

8. G. D. Q. technigue fundamentals

The Differential Quadrature Method (D. Q. M.), originated by Bellman and Casti (1971, 1972) is
an efficient numerical method for the rapid solution of linear and nonlinear partial differential
equations. As an approximate technique, the G. D. Q. method is based on the concept that the
values of the derivatives of a function can be approximated by weighted linear sums of the function
values at all sampling points within the domain under consideration.

Shu and Richards (1992) slightly modified the original procedure by a recurrence relationship
useful in finding the various weighting coefficients for any order derivatives. Their method rids the
original D. Q. method of ill conditioning which had plagued the previous method. Since then, there
have been many publications on both the theoretical development and the engineering application of
the method. An excellent review paper contributed by Bert and Malik (1996) summarized a detailed
reference list on D. Q. M. applications to several fields of engineering numerical analysis.

In what follows it is meant to give a short resume of basic concept of a convenient formulation of
the technique in argument which will be applied to the modal analysis of shells of revolution.
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The fundamental concepts underlying the G. D. Q. method are that a continuous function can be
approximated by a higher-order polynomial in the overall domain and that a derivative of a function
with respect to a variable at any discrete point can be put in the form of a weighted linear sum of
function values at all discrete points chosen in the overall domain of that variable.

Assuming a 2-D function, on a regular rectangular domain, the derivatives of the generic function
f(Z, 6) at a pointZ;, 8) have the following representation:

d't(z, 6)

Ny

= vy A%, (37a)
9z g, 8) kZl o
Fi(Z, 6) &
96 g, g =t
ar+sfgzy 9} N; N, () a(9)
p = Z z Al By fig (37¢)
7' 96° z.6) K=1=1

wheref; = f(Z, ) and(Z 6) can represent a general unknown function of the problem.

Ay andB; are the so-called weighting coefficients ¢ tpartial derivatives, with respect to the
and 6 coordinates, respectively. The values assumed by the weighted coefficients (w.c.) are chosen
so to give exact values of derivatives for a particular class of functions, called test or trial functions.
Therefore, the valuegy, and By are dependent on the kind of trial functions as well as on the
distribution of sampling points on the domain.

The method of determining the coefficients is available from some references in the literature and
can be summarized as follows.

Let N be the number of points chosen on the domain, then the Lagrange polynomials can be put
in the following form (Redekop and Xu 1999):

M(Z
92 = Zzm@), 49
N
wherei = 1, 2,...,Nand,M(2) = n (Z—ZJ-)
ji=1
Substitution of Eq. (38) into Egs. (37a-c) gives the general form for the “first-order” w.c.:
M(Z) ;

1 ;
Aic = (Zi-ZIM(Z)) , (174 (3%8)
@ _ M),
Ai = 2M(Z) , (39)

wherei, k=1, 2, ...,N.
A recurrence formula for these coefficients has been obtained for the ge}é)eral coefficients, by
Shu and Richards (1992) and reads as follows:
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" o ALY
M= N Nar U | S— i £
ik r[AIk A (Zi—Zk)J (i #k) (40a)
(r R
Al = - S A (40Db)
11 £ 1

k# i
wherei, k=1, 2, ...,N.
Finally, in the present paper, the following two sampling-points-choosing rules are presented:

_ 1-cod(i-1)w/(N-1)]

Z > (b-a), i=12..,N (41)
which gives a so-called cosine distribution of the points along the do@aira, bj , and a
uniform distribution onto the domaia,[b]:
z =D o i=12..N (42)

- (N-1)
9. Fourier expansion of problem variables
A useful technique for separation of variables is offered by Fourier series (Gould 1985). Dealing
with shells of revolution, every dependent variable of the problem can be interpretedras a 2
periodic continuous function with respect to teoordinate. Accordingly, only a partial Fourier
series expansion is sufficient:

u(z 6,1) = iFT(B)u”(Z, ) where u'(Zt)=[u" V' W' g B (43a)
n=0
R(Z 6,t) = iFg(B)R“(Z, t) where R"(Z,t)=[N; Nj Ngg Mg Mg Mgg Qg QY (43b)
£(Z 6,1) = iFg(G)s"(Z, f) where €(Z 1) =[el &) &% kb k) k% Vb VA (430)
n=0

Az 61 = S FIOAZ ) where q"(Z, 1) =[d, o) oy mp mil'  (43d)
n=0

In the aboveF] an&, are diagonal matrices of the following form:
F] = diag(com® sinné cosnd sinnf cosb) (44a)

F, = diag(comO cosnB sinnd cosnB comnb sinnb coxb sinnb) (44b)

and the time-dependency of problem variables has not been specified still.

The technique hereby exposed is integrally taken by the shells of revolution ring finite element
analysis and has a very powerful application to the problem in argument, where it's applied a priori
to the formulation of the fundamental equations of equilibrium in terms of generalized displacements.
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The static and kinetic variables of the problem, now, can be conveniently looked at both as simple
functions or as a truncated sum of harmonic terms. As will be seen later, substitution of the series
expansions within fundamental sets of equilibrium, kinematic and constitutive equations leads to a
simplification of the problem.

In fact, as a series of terms can be deduced from (43a-d), equally a series of dynamic equilibrium
equations can be derived, each characterized by an harmonic nonalmer each to be solved
separately.

Omitting the various mathematical calculations and introducing the expansions (43a-d) into the
equilibrium (28a-e), kinematic (31a-h) and constitutive (25a-c) equations too, one obtains a series of
fundamental systems (34a-e), in terms of internal reference surface displacerhantsonic
components only (Artioli and Viola 2003):

Kiuu" + KLV + Kiaw" + K18, +KisB = phRU - gfR (45a)
Kouu" + K5v" + Koaw" + K58, + K358 = phRV — R (45b)
KauU" + K3,V + Kgaw” + K348, + K385 = phRW — iR (45¢)
K"+ KoV + Kiaw” + K3, + KisfB = (ph/ 12)RB;—mgR (450)
Kaiu" + K" + K" + K248, + KisB5 = (oh®/ 12)RBp—miR (45€)
or, in matrix notation:
K'u"+q" = M"" (46)

Obviously, an analogous treatment can be applied to the boundary conditions (36a-c) and a series
of harmonic boundary conditions sets are obtained, each one characterized by the harmoniz number

Finally, in order to apply the G. D. Q. solution procedure to the harmonic equations of motions
we first delete all the distributed forces terms in order to obtain a free vibration system and assume
an harmonic time dependency of the mid-surface displacement harmonic circular components with
frequenciesw:

V(Z Y=V W B =2 = [0 v W By Bil e (47)
beingi the imaginary unit.

The G. D. Q. technique is applied to the above mentioned system of equilibrium equations,
keeping in mind that Egs. (45a-e) and corresponding sets of boundary conditions contain derivatives
with respect to the longitudinal coordinaeonly.

The resulting governing systems, for the dynamic case, respectively, take the following form:

n n —n n n —n

Kb Kb Up Myp Mg uy

10x 10 10x 5N—10 10% 1 n2| 10x10 10% 5N—10 10x 1
—(w) =0 (48)

n n —n n n —nNn

K db Kaa Ug Mgy M g4 Ug

5N-10x10 5N-10x5N-10| [5N-10 5N-10x10 5N-10x5N-10| | 5N-10
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where the subscripte and d stand for boundary and domain, respectively, in a way lhat
equations represent the discretized boundary conditions which are valid only for the points lying
on constrained edge of the shell; whileequations are proper equilibrium equations discretized
onto points of the interior of the domain. Hence, in Eg. (48), only subnMtiiXs not made of
zeroes.

The equilibrium equations, in a such a way, show to become a generalized eigenvalue problem
when modelled with the aim of the G. D. Q. technique. The solution procedure takes advance now
of the kinematic condensation, in order to obtain a system of equations in terms of domain d.o.f.
only:

—n _n

K §atig— () M aaliy = 0 (49)

where subscripted matrices are, in the order, stiffness and mass condensed matrices of the
discretized system.

Once the eigenfrequencies are calculated and the interior harmonic displacements components are
obtained, one can trace the pattern of generalized displacements along meridional direction by
simply applying a suitable interpolation scheme (i.e., Lagrange interpolation) and then obtain the
approximated bidimensional displacement fieldZ, @) recalling the expansions (43a). Last,
applying strain-displacements relationships and constitutive equations one can recover the
approximated state of stress in terms of internal acR(% 6)

9.1 Assembling of discretized boundary conditions

A remarkable aspect of the exposed solution procedure is the ability of implementing appropriate
sets of boundary conditions, without any approximation, following Eqgs. (36a-c). This is due to the
specific first order shear deformation shell theory adopted, in a way that it permits to deal with
“paired” sets of conditions. In fact, for those points lying in the interior of the domain five
harmonic dynamic equilibrium equations hold and the same number of boundary assignments need
to be stated for the end edges of the shell. This feature pertaining to the present five-degrees-of-
freedom formulation permits to avoid the so called delta-point technique for boundary conditions,
often appearing in some recent papers regarding shear-undeformable shells G. D. Q. analyses (Bert
and Malik 1996, Redekop and Xu 1999).

Another interesting particular case is the closed-apex rotational shell or dome, in which the
material continuity requirements in correspondence of the top often imposes some approximation to
the numerical analysis of the problem. In fact, in many finite element shell formulation the
continuity conditions need to be replace with a little fictitious circular hole, trying not to modify too
much the shape of the structure. In this way, a proper set of assignments for harmonic
displacements components, depending on the harmonic number considered, needs to be imposed
equivalently to a set of boundary conditions (Gould 1985). Precisely, for some harmonic numbers,
these apex conditions are less than five and in such cases the “missing” ones must be replaced with
appropriate equilibrium ones so to get a correct total of five discretized equations, holding at the
dome vertex. For further details on this very topic the interested reader is referred to Artioli and
Viola (2003).
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10. Numerical results and discussion
10.1 Freely vibrating simply supported circular plate

To show the accuracy and precision of the present method, we first conid&r axisymmetric
shell in free vibration (Fig. 6). The boundary parallel transverse fibres are free to rotate in the radial
plane. The computed non-dimensional eigenparaméater§l2(1 - v?) pa*w?/(EH)]Y? are plotted in
Table 1, where in brackets are reported those available from a spline finite element solution by Luah
and Fan (1989). For this analysis, a few (11-13) cosine-spaced sampling points are sufficient to
yield good precision for the first 3 modes; while to get similarly good approximation even for
higher modes a little more points (15-17) need to be fixed onto the domain.

—

7 | 7

| Z
T 2a T
Fig. 6 A circular flat plate simply supported along the boundary middle parallel

Table 1 Frequency parameter= [12(1 - v?)pa’a?/(EF)]Y? for the simply supported circular plate shown in

Fig. 6
Harmonic Mode numbem
numbern 1 2 3 4 5 6
0 4.93515 12.3899893 74.1553 138.324 222.164 324.896
[4.93515]  [29.7201]  [74.1576]  [138.329]  [224.264]  [326.013]
1 13.6586 49.9285 102.909 178.803 270.489 384.078
[13.8982]  [48.4791]  [102.776]  [176.816]  [270.630]  [384.279]
2 25.6132 70.1163 134.295 218.195 321.826 445.187
[25.6128]  [70.1150]  [134.296]  [218.213]  [321.909]  [445.467]
3 39.9570 94.5476 168.670 262.474 375.991 509.231
[30.9573]  [95.5496]  [168.681]  [262.519]  [376.142]  [509.661]
4 56.8411 121.700 205.845 309.593 433.021 576.155
[56.8416]  [121.703]  [205.859]  [309.649]  [433.205]  [576.673]
5 76.2022 151.514 245.769 359.513 492.884 645.932

[76.2031]  [151.519]  [245.787]  [359.581]  [493.104]  [646.548]

10.2 Clamped free truncated conical shell in free vibration

Fig. 7 shows the geometry of a truncated conical shell with one clamped edge, the other one free.
Results are plotted in Fig. 8 and Table 2, in terms of cyclic frequeisied2r for the first three
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Fig. 7 A clamped-free conical shell with uniform Fig. 8 Cyclic frequencie$ of the first three modes ffo
thickness I( = 19.71 mm,R/L = 0.6384, the conical shell shown in Fig. 7
h = 1.016 mmE = 2.069x 10" N/n?, p
= 7868 Kg/m?)

Table 2 Cyclic frequencieflfHz) for the clamped free conical shell shown in Fig. 7

Sen & Gould Present Sen & Gould Present FEMLAB Present

n m=1 m=2 m=3

0 / 2128.6 / 4410.4 6291 6278.3
1 / 1192.5 / 4937.8 6333 6328.5
2 544.8 542.32 3140 3127.2 5688 5684.9
3 335.3 333.2 2008 2000.1 4340 4345
4 361.2 360.9 1455 1450.2 3312 3308.2
5 505.9 506.1 1299 1296 2714 2702
6 696.4 696.5 1412 1410 2493 2486.2
7 919.8 919.9 1654 1652.5 2580 2574.7
8 1177 1176.3 1954 1951.6 2829 2835.1

modes. Good results, comparing the present method to a displacement-based F.E. solution by Sen
and Gould (1974) and to another one obtained with the numerical package FEMLAB are observed.

In the whole modal analysis, the frequencies calculated needed no more that 17 grid points to be
obtained, the F.E. solutions adopted as benchmarks involved much larger solving eigenvalue
systems. In the case of FEMLAB solution almost 3’ on a 1.5 GHz Pentium PC was the CPU-time
to solve the final eigenproblem, while the G. D. Q. solution never involved more that 4”. Another
striking testimony of the great ability of the G. D. Q. method to solve structural mechanics
problems with a low computational cost due to its great simplicity of implementation.

10.3 Hemispherical dome

The clamped hemispherical shell shown in Fig. 9 is studied to evaluate the G. D. Q. method
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Fig. 9 A clamped hemispherical dome with uniformFig. 10 Frequency parametér = aw(o/E)Y? for the first
thickness ¢/h = 100,v = 0.3 ) six modes in the vibration of the clamped
emispherical shell shown in Fig. 7

Table 3 Non-dimensional frequency parameter aw(o/E)*? for the clamped emispherical dome shown in

Fig. 9
Harmonic Mode numbem
numbern 1 2 3 4 5 6
0.760 0.938 0.984 1.020 1.070 1146
0 (0.761) (0.938) (0.984) (1.021) (1.072) [1'1 44]
[0.760] [0.938] [0.984] [1.020] [1.071] :
1 0.567 0.893 0.965 1.002 1.045 1.115
(0.567) (0.894) (0.966) (1.002) (1.046) {1.106}
5 0.901 0.966 0.997 1.029 1.077 1.150
(0.901) (0.966) (0.998) (1.031) (1.081) {1.153}
3 0.947 0.988 1.022 1.063 1.119 1.206
(0.948) (0.990) (1.024) (1.066) (1.124) {1.207}
4 0.969 1.004 1.042 1.091 1.159 1.266
(0.969) (1.005) (1.045) (1.095) (1.167) {1.264}
5 0.985 1.019 1.062 1.120 1.204 1.341
(0.985) (1.021) (1.066) (2.127) (1.213) {1.327}

Values in [ ] are exact one for the axisymmetric modes, obtained by Kunieda (1984).
Values in () are from Kim (1998).
Values in { }are from Luah and Fan (1989).

reliability on a membrane-dominated (Kunieda 1984) shell problem. The non-dimensional frequency
parameter considered in this example is defined as:
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Fig. 11 Convergence characteristics of the preserfig. 12 Convergence characteristics of the present

analysis using a cosine grid points distribution, analysis using a uniform grid points distribu-
in predicting the frequency parametérin tion, in predicting the frequency paramete
the axisymmetric vibration of the clamped A in the axisymmetric vibration of the clantpe
hemispherical shell shown in Fig. 9 hemispherical shell shown in Fig. 9
/2
N s Iu}
A= awDED

wherea is the sphere radius. The reference values are the exact ones obtained by Kunieda (1984)
for the axisymmetric modes & 0), and those by two kinds of F.E. modelling by Kim (1998) and
Luah and Fan (1989).

Regarding this case, it is worth noting that the method in argument fully permits the dealing of
the closed apex compatibility conditions Gould (1999), in a way that it is not necessary to model a
little “hole’ on the vertex to avoid the singularity of null parallel radius. The results in Table 3 are
obtained from a cosine-spacing sampling rule and show again very good accuracy, the maximum
percentage difference with respect to reference values being lower than 0.05%. Figs. 11 and 12
show the patterns of the first five circular frequencies,nfer O, versus the number of sampling
points forming the grid in the case of cosine spaced (Fig. 11 ) and uniformly spaced (Fig. 12).

It is evident how the non-uniform grid is faster in converging and shows a monotonic tendency to
the desired roots.

11. Conclusions

A G. D. Q. solution procedure for the dynamic analysis of rotational shells has been presented.
Starting from general shell equations a proper set of equilibrium equations in terms of circular
harmonic components of generalized displacements has been obtained and equally a complete set of
boundary conditions. Thesé®drder ordinary differential equations in the axial coordinate only are
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easily discretized by means of the technique in argument, to yield a common generalized eigenvalue
problem for the cyclic frequencies of the system. It is worth noting how, with the presented
discretized formulation, no “delta-point” technique has been used in this study, thus avoiding further
approximation in the boundary conditions assignments. Several comparisons with available results
confirm how this simple numerical method provides accurate and computationally low cost results.
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Notation
ag, Oy : curvilinear coordinates on the reference surface
C : normal coordinate along shell thickness
r : vector radius to undeformed reference surface
P : vector radius to deformed reference surface
t, N : tangent and outward normal vectors to the reference surface
Ri1, R - normal radii of curvature to the reference surface
AL A : Lamé parameters of the reference surface
Ni, M; : stress resultants and couples
g, m : external distributed loads intensities

u(ag, a,, t)  :generalized displacements vector
¢(aq, o, t) :rotations vector

€ : resultant strains vector

K; : couple strains vector

R(ay, ao, t) : stress resultants and couples vector
€(ay, o, t) :strain resultants and couples vector
A : shearing correction factor

R(2) : parallel radius
Ry(2) : meridian radius
Ry(2) : grand normal radius
L : fundamental system equilibrium operator
M : fundamental system mass matrix
o, B : weighting coefficients for the G. D. Q. approximations of derivatives
Fi, F5 : diagonal matrices containing harmonic functions
K", M" : stiffness and mass matrices of discretized structure
K g, M dg : condensed stiffness and mass matrices of discretized structure

Appendix A - Modal shapes for the shells studied

A complete review of the modal shapes obtained by the eigensolutions for the three kinds of
shells studied in this paper is presented. It is to be noted that the number of grid points utilized to
plot the shapes is quite bigger than that needed to calculate the frequencies during the modal
analysis and this is due only to the necessity of having a good graphic rendering.
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Fig. A.3 Mode shapes for the truncated conical shell shown in Fig. 7
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Fig. A.5 Mode shapes for the spherical cap shown in Fig. 9
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Fig. A.6 Mode shapes for the spherical cap shown in Fig. 9



The G. D. Q. method for the harmonic dynamic analysis of rotational shell structural elen&ivs

£l e

F

11 1 _/_ RN 7S
’ 7 >
Vb aly’
F ==+ /il
i Lt
A - -«
7T T g
Y
AL N S h
IR N
T SSeaa
UV 2 S
oL N\ S
T =/ =) N
€ R
[N

SR

/ == -
\\\\\\\\\\ —
F 1=+ F—t— w““\\\n\w\s\»\o
L_I_ L LI L =

A VA
[ I G = LG Wy
[NV O N AV S N 5
N RZZ - N o0,
NS S,
T R “ T T NS «
5 vV A RN -
S oo o R
1] N 1] TN VT v ey A
¥ =
m S m ~
! \ ! \
LT o 2 O v Sl wl LT o 2 et N et St el
W 0 T
c c

Fre
L1 LI L
AN
T
— L A bt = £
P [V == °
prssie =
25 i =
= ;o s
% e «
% F 1=+ — RS
S .
Lo 1 i
A . -
ST
[ S
[N SERNREN R N
\\\\\ 2
N R -
[l
Lo X
5 S X
=== TTT AT O -
€ e ¢
.

Fig. A.7 Mode shapes for the spherical cap shown in Fig. 9





