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MODAL ANALYSIS OF A STIFFENED TOROIDAL SHELL SECTOR 

Ft. Cerreta. E. Di Pietro. A. Pizzuto 

Associazione EURATOM-ENEA sulla Fusione. CRE Frascati, 
C.P. 65 - 00044 - Frascati. Rome. Italy 

ABSTRACT 

This paper presents the results of the modal analysis of a sector of 
the toroidal vacuum vessel of a new experimental machine for research 
in the field of controlled thermonuclear fusion (FTU - Frascati 
Tokamak Upgrade). The vacuum vessel, one of the most critical compo
nents of the experimental device, consists of 12 stainless steel 
toroidal sectors, and it is designed to withstand pulsed elec
tromagnetic loads during operation. 

Results of the modal analysis of the stiffened toroidal shell sector 
are compared and discussed with regard to the experimental data. 

Theoretical eigenvalues and eigenvectors have been predicted by means 
of ABAQUS finite element code. Experimental analysis has been carried 
out on a full scale model and natural frequencies have been measured. 
Satisfactory agreement between experimental and theoretical eigen
values has been found. 

I.-INTRODUCTION 

One of the critical points of most tokamak reactors for research on 
fusion power production is the pulsed nature of their operation and 
this topic has strongly influenced the design of all existing tokamaks 
and, in particular, of Frascati Tokamak Upgrade (FTU). 

This machine, now under construction, is mainly devoted to the 
following scientific objectives^): 

a) the study of confinement at reactor relevant conditions with medium 
high plasma density in presence of strong additional RF heating; 

b) the study of RF heating, in reactor condition of electron-ion 
coupling; 

c) the study of plasma edge- physics close to reactor conditions; 

d) the study of RF current drive at relatively high density. 
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Its vacuum chamber is a stainless steel structure completely welded 
with a major radius of 0.935 m and a minor radius of 0.335 m 
consisting of 12 toroidal thin sectors joined together by thick rigid 
sectors which incorporate 6 equatorial ports alternated to 6 full 
tees. 

The present work aims to evaluate the modal behaviour of one sector of 
the FTU vacuum chamber by the finite element code ABAQUS and to 
compare the results with the experimental data. 

Modal analysis is an interesting technique because it has some 
advantages with respect to the direct integration of the dynamic 
equations. 

Major benefits are: 

- it 1s CPU time-saving; 

- it allows a better physical understanding of the phenomena; 

- it can be used together with coupling and decoupling techniques 
which allow greater flexibility in the design of complex structures; 

- its results can be easily compared to the experimental data; 

- the knowledge of natural frequencies has an interest which goes 
beyond the evaluation of mechanical stresses in the structure (e.g. 
1n relation to the connections to measuring instruments, etc.); 

- it evaluates the dynamic behaviour of the structure after an im
pulsive loading and, by comparison with the experimental data, it 
gives the correct damping factor. 

2. - CALCULATION MODEL 

The sector is formed by a two millimeters thick shell stiffened by 
twelve circular ribs spaced by a 2° angle abound the vertical axis of 
the torus. Furthermore at both the ends two thicker ribs are present 
to allow the coupling to the other sectors of the tokamak (Fig. 1). 

This component has been modelled by means of a mesh made of by 8-node 
shells and 2-node beams. 

The shells are doubly curved thin seml-Loof elements(2). These 
elements are based on Kirchoff assumptions and their conception 1s 
tied to Ahudd's elements. These last ones model the shells as a group 
of curved layers that cannot slip mutually. The displacements 1n the 
seml-Loof elements are Interpolated as in the Ahmad's ones. The 
elements have a central node where a particular bubble function ' ? 
defined aiming to satisfy a patch test(3). Rotational shape functions 
are different from the ones of the Ahmad's elements and they are 
defined in the so-called Loof nodes. 

The beams are classical Euler-Bernoudi elements whose cross-section 
is assumed not to be deformed 1n its plane, or warp out of its plane, 
and to remain normal to the beam axis. These elements give satisfac
tory results for tMn structures. 
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FIG. 1 - FTU vacuum chamber toroidal sector 

The mesh has been made by the pre-processor COCO belonging to the 
CASTEM family of calculus codes and is illustrated in Fig. 2. 

§ 

It 1s useful to emphasize that the sector has a thermal shield 1n Its 
interior to avoid dangerous thermal stresses during operation. This 
Inner wall has a large number of cuts and its contribution to the 
stiffness of the structure 1s negligible. On the other hand its mass 
1s not small and it has been modelled by lumped masses placed 1n the 
nodes of the ribs. 

The material has been assumed elastic with the Young's and Polsson's 
modulus equal respectively to 210 GPa and 0.3. 

The model has been supposed not constrained at all to allow a 
simplification of the experimental tests. 

.1. - KINITK KI.KMKNT MKTHOI) KKSULTS 

The calculus code ABAQUS has been utilized to calculate the 
eigenvalues and the eigenvectors of the structure. 
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Fig. 2 - FTU vacuum chamber mesh 

This goal is achieved by solving the following equat1ons(4): 

(-u2|M| + |K|>|«H = 0 

where: 

co » natural frequency; 
(M| * mass matrix; 

|K| » stiffness matrix; 

{<!>} eigenvectors. 

The algorithm used by ABAQUS is based on the method of the subspace 
iterations, a classical procedure made popular by Bathe and W1lson(5). 

The basic idea is a simultaneous inverse power iteration. A small set 
of base vectors is created, thus defining a S'ibspace that 1s then 
transformed, by Iteration, into the space containing the lowest few 
eigenvectors of the overall system, at which point the lowest 
eigenpairs are naturally available. 

In essence if we consider |X}! the matrix of the p starting Iteration 
vectors, simultaneous Inverse iteration vectors on the p vectors can 
be written: 
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IK||XK + || = |M||XKI K = 1.2 

When K increases, the matrix (XK| approximates the eigenvector values. 

By the knowledge of eigenvectors, it is ianediate to calculate the 
respective eigenvalues. 

Calculated eigenvalues are shown in Table 1 and the corresponding 
modal shapes are illustrated in Figs. 3+8. 

TABLE 1 

Calculated natural frequency of the sector 

! NT 
! 

! ' 
! 2 

; 3 

4 

5 

6 

Natural Frequency (Hz) 

87.4 

102 4 

246 6 

273.3 

466 3 

500.1 

The first natural frequencies are characterized by two loop modal 
shapes while eigenvectors for the highest modes have an higher number 
of loops. These ones have different orientation with respect to the 
horizontal plane for all modes. Furthermore for the first modes 
bending stresses are prevalent with respect to membrane stresses. 

By this consideration a simplified analysis for the research of the 
first natural frequency was performed. The basic idea was to replace 
the stiffened sector by another one whose material was orthotropic and 
where the internal ribs were suppressed. 

Unfortunately the results have not been satisfactory because the 
lowest eigenvalues calculated on this model gave a value o: frequency 
equal about to the 50X of the true frequency. 

4.-KXI'KKIMKNTAI. ANALYSIS 

Experimental analysis has been conducted on the sector supported by 
springs fixed at one end by a tip to a rigid tubular frame and at the 
other end to the sector (Fig. 9). 

The measurement system consisted of a FFT (Fast Fourier Transform) 
analyzer, two accelerometers, a preamplifier and Its power supply. A 
schematic view of this system is shown in Fig. 10. 
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TU VACUUM CHAMBER MODAL SHAPE 

Fig. 3 • First calculated eigenvector (f - 87.4 Hz) 

». racial. •».«-« 

TU VACUUM CHAMBER MOOAL SHAPE 
•» I MMM WJMN» * * - ! « 

Fig. 4-Second calculated eigenvector (f • 102.4 Hz) 
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Fig. 5- Third calculated eigenvector (f • 246.6 Hz) 
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Fig. 6 - Fourth calculated eigenvector (f • 273.3 Hz) 
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Fig. 7 Fifth calculated eigenvector (f » 466.3 Hz) 
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Fig. 8 Sixth calculated eigenvector (f • 500.1 Hz) 
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Fig. 9 - Supporting system during the tests 

The FFT was carried out by a Scientific Atlanta Analyzer (type SD 380) 
with four channels input. It has an anti-aliasing filter with 
selectable cutoff frequencies and permits to average the signal to 
eliminate white noise. 

The accelerometers (B&K type 4366) were piezoelectric with a delta 
shear design and a sensitivity of 4.5 p,C/ms . The useful frequency 
range is 9+0.9 kHz and their weight is 28 gr. 

The preamplifier (B&K type 2635) had a measurement range with an upper 
limit of 8*10* m/s"' and a lower one of 10"3 ms"z. It allows to set 
with great accuracy the sensitivity between 0.1 and 11 pC/ms"z. 

The analyzer results were plotted on a HP plotter (type 7470a). 

5. - EX l»KK IM KN'IA L IIKSU I.TS 

At first the sector was subjected to free oscillations as a rigid body 
about its rest position to calculate the natural frequencies of the 
system formed by the elastic springs, the sector and the rigid frame. 
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Toroidal Sector 

Bruel and Kjaer 
4366 acceierometer 

Bruel and Kjaer 
2365 preamo1i f ier 

Hewlett Packard 
7470A plotter 

Scientific Atlanta 
SD 380 analyzer 

Fig. 10 - Schematica! view of the measurement system 

The results are plotted 1n Fig. 11 by which it is possible to verify 
that the typical values of the frequencies in the spectrum are very 
low and surely not in the range of interest of the sector eigenvalues. 

The structure has been excited by an ordinary hammer and tne spectrum 
obtained is shown 1n Fig. 12. This diagram has been made by averaging 
over one minute the signals received by the analyzer; the noise 
broad band has been filtered. 

Natural frequencies resulting from measurements have been compared 
directly with the theoretical ones without any experimental data 
processing (e.g. curve fitting). The reasons of this assumption are: 

a) as shown 1n Fig. 12 the frequency peaks are well separated; 

b) the structure damping has been estimated as very low being the 
sector fully welded. 
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GRP SPEC UPPR 
SPEC A AVG 

VV BOOB CH AB FR 10HZ 
DG 008 KTGH A .?V B ,2V 

2E-5 DL 
NORN LNX1 BASE 

1.9500 HZ Ai .00155 V 
0500 HZ 10.000 

SPEC EXP N 10 

Fig. 11 - Experimental frequency spectrum of the supporting system 

The response function peaks corresponding to resonance frequencies are 
reported In Table 2 where they are compared with the calculated values 
and the percentual error 1s indicated. 

Comparison between theoretical and experimental results for the modal 
shapes has not been carried out because, at the moment, the necessary 
software for data processing and eigenvectors extraction was not 
available. However the good results obtained for natural frequencies 
make us confident on computed modal shapes. 

6.-CONCLUSIONS 

A modal analysis of a stiffened toroidal shell sector has been 
described. Good agreement between theoretical and experimental results 
has been found. 

This fact shows that both tne model with lumped masses and the 
algorithm utilized are valid. 
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SETUP 
01: 23: 46 

2 

LOG 

2E-4 

GRP SPEC LOWR 
SPEC A AVG 

VV 8008 Di A FR 500HZ 
OG OOB WTG H A 2V 
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AVG» .00678 V 

JL 
ùF 2.500 HZ 500.00 

SPEC EXP N 10 

Fig. 12 -Experimental frequency spectrum of the toroidal sector 

TABLE 2 

Comparison between calculated and experimental natural frequencies 

N° 

1 

2 

3 

4 

5 

6 

Natural Frequency 
(Hz) 

874 

102.4 

2466 

273.3 

466.3 

500.1 

Experimental Frequency 
(Hz) 

89 

100 

237 

261 

430 

481 

Error 
(%) 

-1.8 

+ 2.4 

+ 4.0 

+ 4.7 

t 8.4 

+ 4.0 



15 

A future work devoted to the calculation of the first eigenvalue of a 
complete tokantan will be carried out based on these results. 

Finally nodal analysis has been shown to be a powerful tool in the 
dynamic study of vacuum vessels for nuclear fusion experiments and so 
a direct integration of dynamic equations can be replaced by this 
cheaper study. 
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