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Summaxry

The objective of this paper is to present a decription of the main features of the finite
element code ZERO-2, which allows the static and dynamic analysis of axisymmetric structures
with non symmetrical loads, taking into account dynamic fluid-structure interaction effects.
The structure is assumed to have an elastic behaviour and the acoustic approximation is made
for the fluid. The liquid is considered as compressible and sloshing effects may be taken into
account. The structural displacement field, the fluid pressure distribution and the applied
loads are expanded as a Fourier series to describe circumferential variations, so that the
problem is reduced to the solution of decoupled equations for the amplitudes for the harmonic
terms. The structure may be composed of thin an thick elements characterized by different nod
al degrees od freedom. The static analysis may be performed with thermal loads and distribut—
ed or concentrated forces on the structure. The dynamic loading may consist of distributed or
concentrated forces on the structure, prescribed pressures on some part of the fluid surface,
prescribed nodal displacements and seismic ground acceleration. The seismic response may be
computed taklng into account multiple support excitations acting both ofi the strucutre and on
the fluid. The dynamic equilibrium equations are solved by means of the modal superposition
method and in the case of fluid-structure interaction problems, the normal modes of the cou-
pled system are used. One of the major problems to be considered when using modal superposi-
tion method, is the choice of an appropriate number of modes to have accurate results.
The modes taken into account are in general those relevant to frequences below a cut-off value
which depends on the particular exitation considered. In order to approximate the contribu-
tions of the neglected high frequency modes, the "missing modes" correction is applied. In the
case of prescribed displacements, prescribed fluid pressures or loads on the structure near
the constraints, a change of variable has been performed. The dynamic response is considered
as the sum of a "pseudo-static" solution, which represents the system response to the equiv
alent loads applied statically, and of a "relative solution® which is computed by modal super

position method. This formulation highly improves the efficiency of modal superposition meth-
od. The numerical methods used in the ZERO-2 code are frontal technique for the solution of

linear systems and the simoultanecus iteration method for vibration characteristics computa-
tion. This method has been modified to easily treat cases in which zero frequencies exist, as
it happens, for axisymmetric vibration modes, when portions of the fluid are completely sur-
rounded by the strucutre or sloshing modes must be determined.

In order to demonstrate the potentiality of the code, examples of applications are presented.

— 579 —



1. Basic features of ZERO-2 code

The ZERO-2 code is a finite element program for linear analysis of axisymmetric structures
subjected to non axisymmetric static and dynamic loads. In the dynamic case the fluid- stxruc-
ture interaction effects can be taken into account by assuming that the fluid is compressible
and its motion is restricted to small displacements and low velocities, so that fluid pressure
is governed by the wave equation. The boundaries of the fluid region not interacting with the
structure may be:
~ free surface with zero pressure;

- surface with fixed pressure;
- free surface in a gravity field;
- moving surface with prescribed acceleration.

The circumferential variation of the displacement and pressure fields is expressed by
means of complete Fourier series of the form:
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where u, v, w are the axial, circumferential and radial displacements respectively and p 1is

the fluid pressure. If a similar expaﬁsion is assumed for the external'loads, the equilibrium

equations for the amplitudes of the harmonic terms are decoupled and can be solved by means of
the finite element method. The following elements are at present available in the ZERO-2
library.  Structure:

- thin conical shells in which a linear variation, with respect to the local meridional coor-
dinate,is assumed for axial and circumferential displacements and a cubic variation is con-
sidered for the radial displacement;

- thick isoparametric quadrilateral and triangular linear elements;

- arbitrary elements whose geometry is undefined but elastic kinematic response can be speci-
fied by stiffness or mass coefficients. The matrix is assumed to relate two nodal points.

~ isoparametric quadrilateral and triangular linear elements.

The structure may be composed of combinations of thick and thin elements. The modular
built-up of the code permits ease extension of the element library. In the near future parabol
i¢ thick elements for structure and fluid and structural thin elements with parabolic shape
functions for axial and circumferential displacements, will be implemented.

The static loads are:

- concentrated loads;

- body forces;

- pressures;
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- prescribed nodal displacements;
- thermal loads.
The dynamic loads are:
- concentrated or distributed forces on the structure;
- simple or multiple seismic excitation acting on the structure and/or on fluid external
surfaces;
- prescribed nodal displacements or velocities or accelerations;
-~ prescribed nodal fluid pressures.

Rigid and/or elastic const}aints may be considered and in the dynamic case concentrated
masses may be added to the consistent mass matrix. Pre and post processors are available for:
input automatic generation; input data cheking and plotting, including element shrinking capa
bilities; output data elaboration and graphic presentation. Many restart options allow the in
termediate results of analysis to be saved on mass storage. The user may recall any of the

data sequences so obtained to perform additional analysis.

2. Theoretical outline

The finite element dynamic equilibrium equations for the amplitudes of each harmonic term

of the Fourier expansion are: -
~ o LA
#veey+ EVIE)+ MV (©)= F(E)
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X,C,M are stiffness, damping and mass matrices of the structure; A and B are the volumetric and
inertial matrices of the fluid; H is the fluid-structure interactiocn matrix; § and p are vec-
tors of the nodal displacements and fluid pressures; F1 and F_ are vectors of equivalent nodal
loads on the structure and on the fluid respectively. If structure only must be considered, one

has: ~ ~ . -
K=K ; €=C ; M= ; Vvs3d ; F=§ (4)

The definition of static equilibrium structural equations is straightforward. Static analysis
is performed by solving the equilibrium eguations using frontal technique. The dynamic equa-
tions are solved by means of modal superposition method using the undamped normal modes of the
system. Damping effects are taken into account by modal damping ratios. The dynamic response
is obtained by time history method, and, for seismic excitation, also response spectrum method
is available.

2.1.. Computation of vibration characteristics

The undamped eigenvalue problem associated to motion equations (2) is:

Kx=Mx0® ; x"rx=T (5)
where:

P K for structural problems,

— 581 — B 9/7



K -
F=[o 8 for fluid-structure interaction problems.

The first few frequencies and vibration modes are computed by means of the simultaneous itera-
tion method Q,z}. This algorithm has been generalized to solve problems with singﬁlar matrix
g without. destroying its sparseness by performing pivoting operations. Matrix g is singular
for fluid-structure interaction problems when axisymmetric vibration modes must be computed and
a portion of fluid is completely surrounded by the structure or a free surface in a gravity
field is considered. The vibration modes are used to obtain decoupled equations which are
solved analitically. The response is computed by superposition of modal contributions, includ-
ing those relevant to the zero frequency modes. These last contributions are not zero for the
first harmonic term (m=0) when seismic analysis is performed and sloshing effects or multiple
excitation are considered.

2.2. Modal masses

In the case of seismic excitation in which all the support nodes are subjected to the same
acceleration, the code computes modal masses which can give significant information on the ac-
curacy of modal superposition method. The modal mass relevant to the Rth mode is defined by:

2 2
my =, W (6)

where hz and w,, are the Rkt partecipation factor and frequency respectively. It can be shown

R
that the following relation holds:

Zal = Mg+ My 7

R=4
where N is the total number of the system degrees of freedom, 4715 is the total mass of the
structure and Wn; is the "adjoint mass" due to the fluid. This last term is given by:

’mr_s ?(.GTHTAEqu (8)
where ?& is the fluid density and €@ is a vector geometrically connecting accelerations at
nodes and ground acceleration. A comparison between the right hand side of eq.(7) and the sum
of the modal masses relevant to the vibration modes used to perform modal analysis, may be help
ful to decide if an adeguate number of modes has been considered.

2.3. Missing modes

Modal analysis is generally performed taking into account all the modes relevant to frequen
cies below a cut-off value ¢{,above which the excitation frequency spectrum is supposed to have
a negligible amplitude. This approximation is usually satisfactory for displacement computa-
tions but it may produce substantial errors in stresses at the supports because their values
can be significantly influenced by the high frequency modes. To improve the efficiency of modal
analysis, the "missing modes correction" [3} can be computed which is aimed to approximate the
contribution of the neglected modes without the need of their evaluation. This is done by as-
suming that the modes whose frequency is above the cut-off value & produce only a pseudo-stat
ic response. Therefore their global contribution may be obtained by computing the pseudo-static

response of the system,from which the pseudo-static contributions of the low-freguency modes
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are subtracted. This technique is in general applied to seismic response computation but it
can be used, on principle, for other loading conditions.

2.4. Prescribed nodal values of displacement and /or fluid pressure

When the loading conditions are given by prescribed nodal displacements (or velocities,or
accelerations) and/or prescribed nodal fluid pressures, the motion equations (2) assume the

form:
LA

Rys+ EVs + MgV = - Koo ve - & -MYe =F (9)
where V. is the vector of the prescribed nodal variables; index s refers to the system degrees
of freedom and matrices R;g'zSC';(ﬁ» take into account connections among not constrained and
constrained variables. Modal analysis can be applied to solve eq.(9), but the results are in
general unsatisfactory. Indeed eq.(9) are the equilibrium equations of a system with rigid
constraints and equivalent loads applied only to nodes near the constraints. This implies that
many modal contributions might be necessary to evaluate the dynamic response with reasonable
accuracy. To overcome this difficulty a changg of vafiable has been performed, in analogy with
the procedure followed to describe structural dynamic response produced by prescribed motion
of the supports f4 ]. The total response Vg(t) is considered as the sum of two contributions:
Ve (By= W (EY+ Vg (B) (10)
where the "pseudo-static response” v&(t) is given by:
Vq (¥) = - Rt Ve (8)
The "relative solution" W verifies the equation:
Rw & + MV = [ﬂéﬁ"l‘zs‘—es{] V4 [F‘lﬁ“/lzu-f:lsc]vc (11)
Eq.(11), with proper initial conditions, is solved by means of modal superposition method.
3. Applications
In order to demonstrate the capabilites of the ZERO-2 code a few examples of applications

with bearing to fluid structure interaction problems are presented:

3.1. Prescribed pressure on the fluid

The fluid-structure system considered (fig.1) is composed by the twc cylinders 1 and 2.
Cylinder 1 is filled with water and it is closed at its bottom by a circular plate. Cylinder 2
is much more flexible than cylinder 1 and its density is assumed to be zero. The dynamic load-
ing condition is given by a constant pressure py acting on the free surface of the fluid. The
structure is idealized using thin shell elements. The dynamic response was computed with the
first Fourier harmonic term (m=0) using ten modes. The results obtained have been compared
with those relevant to a simplified mathematical model based on the following assumptions:

- cylinder 1 is considered as rigid;
= fluid pressure is constant in radial direction;
- the structure mass M (cylinder 1 and circular plate) is concentrated at the bottom

of the fluid;
Ea

- cylinder 2 is equivalent to a spring whose stiffness is K = T

where E,A and L are Young's
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modulus, normal section and height of the cylinder respectively.

With these assumptions the equilibrium equations are:

K8 +MEE) + S p(6H =0
Pp.oa O

Pzz ot

p(n,E)=h,

op =06 (¢

] IRELAIC

where S is the circular plate surface; p(o,t) is the fluid pressure on the circular plate; h

is the height of cylinder 1; c is the sound speed in the fluid and ?fis its density. The dis-
placement and the fluid pressure on the bottom of cylinder 1, obtained analytically or by
ZERO-2 code, are shown in figs. 2,3 and 4. As the figures show, the agreement between the com-—
puted and analytical response is quite satisfactory. It must be noticed that the dynamic re
sponse computed without the change of variables described in paragraph 2.4, was far from conver

gence, even if evaluated using 20 modes.

3.2, Missing modes

In order to evaluate the efficiency of the missing modes correction, the fluid-structure
system shown in fig. 5 has been considered. The structure is a clamped cylinder surrounded by
water which is contained in a rigid tank. The cylindrical shell has zero density and two con-
centrated masses M1 and M2 in the radial direction are considered, as shown in fig. 5. The cou
pled system was discretized using 2 elements for the structure and 2 quadrilateral elements
for the fluid; the total number of vibration modes is six. The excitation has been simulated
by a horizontal ground acceleration acting on point Q (see fig.5). The dynamic response has
been computed using:

i) the first mode
ii) the first mode and the missing modes correction
iii) six modes (exact solution).

The dynamic response of mass M2, in terms of displacements and stresses is, as expected,
coincident for the three cases considered. Figg.6 and 7 show the radial displacement of mass M
and the shear stress in the element near the constraint. It can be noticed that the missing mode
correction improves the results. The displacement and the shear stress obtained, in the time in
terval O <t 5_0.3 s, without the missing mode correction, are underestimated (30% for displacg

ment, 35% for shear stress) while the use of the correction gives gquite acceptable results.

3.3. Reactor Assembly of a Poael-type LMFBR

As an example of industrial problems solved by ZERO-2 code we can mention the seismic analy
sis of the reactor assembly of a 1200 Mwe pool-type LMFBR. The computations were performed both
for the vertical and horizontal earthquake components (Fourier harmonic terms m=0, m=1 respec-

tively). The finite element idealization of the coupled fluid structure system, used for compu
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tations is shown in figg. 8,9. The number of structural and fluid degrees of freedom was 831
and 520 for the harmonic term m=0 and 1212 and 520 for the harmonic term m=1. Fig. 10 shows

the fundamental modal shape for the axisyvmmetric case.

3.4. Benchmark problem

The ZERO-2 code has been used to solve the seismic benchmark problem on fluid-structure in
teraction proposed by the working Group for Codes and standards~Stress analysis of CEC,
Bruxelles. The proposed calculatioés were aimed at investigating the effect of liquid sodium
on the vibration characteristics of an immersed structure representative of a component in a
pool type fast reactor. The results obtained are included in the paper B8/6 by M. Dostal.

The agreement among experimental and computed frequencies is quite satisfactory being the

maximum error = 10%.
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