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SUMMARY 

The International Thermonuclear Experimental Reactor (ITER) is intended 

as an experimental thermonuclear tokamak reactor for testing the basic 

physics, performance and technologies essential to future fusion 

reactors. 

The ITER design will be based on extensive new design work, supported by 

new physical and technological results, and on the great body of 

experience built up over several years "rom previous national and 

international reactor studies. Conversely, the ITER design process 

should provide the fusion comiunity with valuable insights into what key 

areas need further development or clarification as we move forward 

towards practical fusion power. 

As part of the design process of the ITER toroidal field coils the 

mechanical behaviour of the magnetic system under fault conditions has 

to be analysed in more detail. 

This paper describes the work carried out to create a detailed finite 

element model of two toroidal field coils as well as some results of 

linear elastic analyses with fault conditions. The analyses have been 

performed with the finite element code ANSYS [1]. 

INTRODUCTION 

The function of the toroidal field coils (TF coils) is to generate a toroidal 

field of 4.85 T in the plasma region. The TF coil system consist of 16 D-shaped 

coils uniformly spaced around the torus. To achieve the required field level the 

total current in each of the coils is 9-1 MA and the coils will be designed to 

operate at a peak level of 11.5 T. The coils are made up of a winding pack 

enclosed in a steel casing. In the central region the noses of the coils are 

wedged shaped and fit together to form a circular vault. This vault is secured by 

shear keys and bolts between adjacent coils, fitted through flanges at the top 

and bottom of the inner leg, inside the poloidal field coil. This poloidal field 

coil (PF coil) is rigidly mounted on each TF coil. On the outside of the coil two 

intercoil structures join the coil above and below the equator. These structures 

are jointed with a system of bolts and shear keys to allow individual coil 

assembly/disassembly. They form a continuous ring around the outside of the 

fflachine. All joints in this ring, and the intercoil interface at the noses of the 

coils in the vault must be electrically insulated to reduce eddy current heating 

of the 4 K structure. Therefore the coil case is not closed in the vault region. 

The TF coils are mounted on gravitational supports. These supports, manufactured 

of a series of thin plates, allow movement of the TF coil in radial direction but 

are stiff in axial and toroidal direction. The lower part of a gravitational 
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support is made of glass-epoxy res in to allow the transition between k K and room 
temperature and to get a good electrical insulation between TF coil and main 

structure. Figure 1 shows the toroidal field coil system. 

The faulted loads which have to be analysed are: 

a) Symmetric but non-uniform loads, since for discharge the coils are connected 

in two series with alternate coils in each circuit. The non-uniform loads 

arise from different discharge rates in the two series if some discharge 

switches fail to operate. No out of plane forces can arise but the centering 

forces vary alternatively in toroidal direction. This load replaces the 

in-plane uniform loads. One of the worst cases for design consideration is 8 

coils with half current and 8 coils with full current. The other normal 

operation loads remain. The stresses and displacements appearing with this 

fault condition have been calculated with a finite element model of two TF 

coils. 

b) Non-symmetric loads in the coils due to a short circuit in a coil. Coils 

adjacent to the shorted one will experience a resultant out-of-plane force. 

The loads must be considered as replacing the in-plane uniform loads but are 

additive to the other normal operating loads. One of the worst cases which 

must be considered is one with 150JI normal current and all the other coils at 

75% of full current. To calculate the stresses and displacements appearing 

with this fault condition it is necessary to make electro-magneto-structural 

analyses (coupled field analyses) with a finite element model of the complete 

TF coil system (16 coil model). 

GEOMETRIC MODELLING 

The finite element model (FE model) has been made uith PATRAN [2] in combination 

with ANSYS. 

In order to keep the model within reasonable bounds as far as computer time is 

concerned, some simplifications of the real geometry were necessary. The most 

important ones are: 

- The winding pack and PF coils are supposed to be nade up of one material with 

orthotropic properties reflecting the behaviour of all constituting materials. 

- The original 16-plate support structure has been replaced by a 3-plate support 

structure with the same radial, axial and toroidal stiffness. 

- The outer intercoil structure has been modelled with shells with such a 

thickness that the stiffness is equal to the stiffness of the real structure. 

- The electrical insulation in the central vault between two coils has been 

neglected. Two analyses have been made to be able to determine the interaction 

between adjacent coils. 

- The shear keys at the top and bottom of the inner coil have been replaced by a 

fixed contact over a small area. 

With these simplifications the geometry of two TF coils has been modelled with: 

10480 eight-node brick elements for the vault region, upper and lower PF-coil, 

and glass-epoxy resin, 56 3-D beams for some undisturbed parts in the outer leg, 

and 208 four-node shell elements for the outer intercoil structure as well as the 

plates in the support structure. Figure 2 shows the finite element model of two 

TF coils. 
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Fig. I. Toroidal field coil system 

Fig. 2. Finite element model of two TF coils 

MATERIAL PROPERTIES 

In ANSYS the material properties are coupled to the elements by a material 

identification number (MAT-ID). To select certain regions of the FE-model during 

pre- and post-processing 14 MAT-ID*s have been used even if the material 

properties do not vary. The structural material is stainless steel and is used 

in: the TF coil casing, the outer intercoil structure, and support structure. The 

winding pack and PF coil elements have orthotropic properties, and epoxy 

properties have been used for the glass-epoxy block of the support structure. 

Due to different areas of cross section the outer leg of the TF coil has been 

divided into three sections modelled with beams. 

The Young's modulus for these sections has been calculated by the law of 

mixtures. 

A same approach has been used for calculating the modified moments of inertia for 

these sections, entered as real constant values for the beam elements. 

SUPPORT STRUCTURE 

The gravitational support exerts some restraints on the lower part of the coil. 

To take the influence of the support structure on the TF coil into account, the 

stiffness of the FE-model has to be equal to the stiffness of the original 

geometry. To achieve the equality of stiffness in all directions, the moment of 

inertia in radial and toroidal direction as well as the areas of cross section of 
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both Models have to be equal, i.e. 

Irwi (FE-model) - I (original geoaetry) = 0 (1.1) 

I t o r (FE-Model) - 1 ^ (original geoaetry) » 0 (1.2) 

AREA (FE-aodel) - AREA (original geoaetry) - 0 (1-3) 

Combining equations 1.3 and 1.1 gives a third order polynomial of which the roots 

are possible values for the thickness. 

Combining equations 1.3 and 1.2 gives as result that the width of the plates in 

the FE-aodel has to be equal to the width of the plates of the original geoaetry. 

The thicknesses of the plates have been entered as real constant values. 

CONSTRAINT EQUATIONS 

In the finite element aodel a nuaber of discontinuities coupled with linear 

constraint equations are present. These equations have been applied in 4 

sections, i.e. in the outer leg for coupling the beaas to the solids in lower and 

upper part, and in the support structure for coupling the top and bottom flange 

with the TF coil and the glass-epoxy resin. 

For the outer leg the constraint equations have been generated with a automatic 

constraint equations generator for defining rigid regions. Due to the different 

degrees of freedom of the solids compared with the beams, an option in the rigid 

region cooaand has been used for generating a partial set of constraint 

equations. This option is useful for transaitting the bending aoaent between 

elements having different degrees of freedoa at a node. 

In the support structure linear constraint equations have been used for coupling 

the top and bottom flange to respectively the TF coil and glass-epoxy resin. 

The ANSYS shell eleaent (STIF63) has both aeabrane and bending capabilities and 

for this type of eleaent it is known, that the in plane displacements do not 

affect the bending deformations and vice versa. Also it is known that the in 

plane rotation is not entered as a variable in either the in plane or out of 

plane shape functions. This degree of freedoa and associated stiffness c_n be 

neglected, but to prevent free rotation of the nodes and to avoid numerical 

problems ANSYS uses a noainal value for this stiffness. 

The ANSYS approach for calculating the bending stiffness is according to [3]-

This means that every quadrilateral shell eleaent is divided into 4 overlaid 

triangles. For generating the constraint equations a different approach is used. 

Because the shells are rectangular, a polynoaial expression can be used to define 

the out of plane shape function. 

By applying the theory of [4], the necessary constraint equations can be 

generated. Compared with the ANSYS approach a small error is aade but can be 

neglected. The advantage of using this function ir that the procedure used for 

generating the constraint equations is such simpler and easier to program. 

In the finite element model a gap exists between the shells and the solid 

elements. It is desirable that the gap does not change during the analyses. Thus 

the applied theory for coupling the in plane displacements has been extended with 

extra terms. 
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BOUNDARY CONDITIONS 

Eight-fold syaaetry boundary conditions have been applied on two vertical planes 

because the loading is repetitive. The parts of the TF coil cut by these planes 

are: inner leg coil-coil contact surfaces, shear key region. PF coils, and the 

outer intercoil structure. 

The symmetry conditions have been iaposed by coupling degrees of freedom for all 

corresponding node pairs on these two planes in radial, toroidal and vertical 

direction. The coupling of degrees of freedoa in toroidal direction is achieved 

by rotating the nodal coordinate systems. 

Two types of boundary conditions have been used to be able to determine the 

interaction between adjacent coils through the electrical insulation: one with 

full friction between the casings and one without friction. In both cases the 

normal pressure transmission is maintained. The friction between the coils in the 

vault is reinforced by shear keys at the top and bottom of the inner coil, so for 

this region the full friction condition is maintained in both analyses. The shear 

keys, however, have been replaced by a fixed contact over a small area. The nodes 

belonging to the casings and shcv key regions are coupled with constraint 

equations. The advantage of using constraint equations compared with coupled 

degrees of freedoa is that constraint equation reaction forces are given in the 

ANSYS printout. These reactions forces can be used for post-processing. The 

penalty is that the number of equations in the £ iffness matrix increases. Figure 

3 shows the boundary conditions for the central vault region. 

The TF coil is supported by a flexible leg linked to the "real world". The 

displacement constraints for the lowest part of the glass-epoxy resin are equal 

to u "u "u "0. 
x y z 

y»ll frictie» «Mlyti» 

«1(1) • W(») 

01(2) • M<3) 

Ul(l) • BT(») 

ST(I) • BT(J) 

W(l) - K<*> 

R(2> • BIO) 

tm ffictlw —ly«l> 

«I(l> • R(4) 
R(» • n») 

Fig. 3. Boundary conditions for central vault 
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moisnc LOADING 

The electromagnetic loads (Lorentz forces) have been calculated with the program 

HEDO [5]. The input for this program consists of: connectivity and coordinates of 

the Minding pack eleaents. current magnitude, and electromagnetic properties. The 

HEDO-prograa calculates the total force distribution at specific points and 

transfers this distribution into a continuous distribution over the winding pack 

volume by using spline fits. These splines are used to integrate the volume 

forces over the individual elements. The equivalent r.odal forces are calculated, 

according to the element shape functions, by integration of these distributed 

body forces over the volume of each element. 

The calculated forces are consistent with the fault condition: one coil full 

current, one coil half current. 

The total net centering force for the coil with full current is 305 MN and for 

the coil with half current 176 MN. 

RESULTS 

The full presentation of the results of the analyses requires considerably more 

space than is available here. We therefore attempt to pick out some main features 

and summarize the extreme values of the stresses. The upper and lower limit of 

the stresses [MPa] in the stainless steel casing and in the winding pack in local 

coordinates are given in table 1 and 2 respectively. 

The local element x. y, and z coordinate system corresponds with the machine 

axial, radial, and toroidal direction. 

With the full friction analysis the two coils have been coupled together in all 

directions. The maximum inward displacement in machine radial direction of both 

coils in the central vault is 2.05 •»- The outward radial displacements of the 

outer leg of the coil with full and half current are 5-6 mm and 1.9 am 

respectively. 

The peak axial and toroidal displacements are 5*1 and .4 mm. 

Table 1. Stresses in casing. 

Sig-x 

Sig-y 

Sig-z 

Sig-xz 

Sig-xy 

Sig-yz 

von Nises 

Intensity 

Full 

-31.3 

«101.5 

-199.2 

-20.5 
-31.6 

-I5.3 
3-8 
1.3 

friction 

-> 

-> 

-> 

-> 

-> 

-> 

-> 

-> 

163.3 

79-3 
66.1 

20.5 

33-9 

52.1 

280.5 

321.9 

No friction 

-617.2 

-23O.5 
-209.O 

-174.3 

-246-9 

-87.4 
2.8 
4.3 

-> 829.2 

-> 2«l6.0 

-> 101.7 

-> 175.1 
-> 245.2 

-> 86.3 

-> 944.3 
-> 1024.0 

To keep the coil stresses below those at which yielding occurs a stress intensity 

limit S is defined which should not exceed 2/3 S where S is the 0,2} yield 

stress. 

This criterion is valid as long as stainless steel is considered. 



Table 2. Stresses in winding pack. 

Sig-x 

Sig-y 

Sig-z 

Sig-xz 

Sig-xy 

Sig-yz 

von Hises 

Intensity 

Full 

5.1 
-37-3 

-52.2 

-3-9 

-10.0 

-11.3 

7.7 
7.9 

friction 

-> 61.5 

-> 25.7 

-> 25.6 

-> H.O 

-> 9-8 

-> 11.2 

-> 8l.l 

-> 92.7 

Mo friction 

-337-5 -> 437.1 

-53-7 -> 66.6 

-68.0 -> 88.0 

-3*».8 -> 35.0 

-39-3 -> *»0.*J 

-19.8 -> 19-8 

6.9 -> *35-7 

7-3 -> «59-9 

Typical data for cryogenic steels, suitable for casing and other structural 

coaponents. suggest that S - 1200 MPa can be achieved. As can be seen f roe table 

1 the stress intensity is acceptable in case of full friction. 

The shear stress x in the winding pack must satisfy the criterion: T <. 30 MPa. 

Recent design studies of the material properties of the winding pack have 

demonstrated considerable differences with the values used in the analyses. 

Applying the new values would result in a reduction of t»ie stress intensity 

(2 T ) froa 92.7 HPa to 62.6 HPa. Figure 4 shows the stress intensity in the 

winding pack froa the full friction analysis. 

W1SYS 4.4 
rww? 5 >99e 
88:86:36 
PLOT NO. I 
P0ST1 STRESS 
SI <AHii 

xii »-1 
YU -8.3 
zv -e.7s 
DIST-96f3 
XF «6197 
ZT - 1 7 8 9 
CCnTROlD HIDDFH 
CD ?.v;v 

24.981 
41 87 
58 8? 
75.769 
98.718 

Fig. 4. Stress intensity in winding pack from full friccion analysis 

With no friction boundary conditions the coils have been coupled in toroidal 

direction only. The central vault of the coil with full current has an inward 

displacement of 57 am. The difference in centering force in coabination with the 
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wedged shape of the central vault results in an outward displacement of 53 aa of 

the coil with half current. Figure 5 shows the displacements of the winding pack 

from the no friction analysis. The radial displacements of the outer leg for both 

coils are almost equal to those of the full friction analysis. The peak axial and 

toroidal displacements are 10.8 and 11.3 ma respectively. 

Compared with the allowable limits, the stresses in the stainless steel casing 

and «rinding pack are unacceptable. Figure 6 and 7 show the stress intensity in 

the casing and in the winding pack from the no friction analysis. 

In reality there will be some friction between adjacent coils which reduces the 

stresses. With the results of the full friction analysis an estimate of the 

necessary friction coefficient has been made on two different ways. 

The first estimate is given by the ratio of the shear force and the normal force 

in each node of the central vault, while the second estimate is given by the 

ratio of the shear stress and the normal stress along a path defined from lower 

to upper shear key region. The first estimate gives a necessary friction 

coefficient in the range of 0.004 to 2.9- The mean value is 0.18. The aam mum 

value occurs at a node close to the shear key region and can be neglected due to 

the presence of shear keys. 

The second estimate gives a necessary friction coefficient in the range of 0.02 

to 0.36. Figure 8 shows the ratio of the shear stress and the normal stress. If 

a different path is defined with a different radial coordinate no essential 

differences in friction coefficients appear. The necessary friction coefficient 

to obtain full friction can be achieved with the materials used but is an upper 

liait. 

Fig. 5. Displacements of vinding pack from no friction analysis 
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Fig. 6. Stress intensity in casing fcoo DO fr ic t ion analysis 

ARSYS 4.4 
FfB ?t 1990 
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Fig. 7. Stress intensity in vinding pack froa no fr ic t ion analysis 
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Fig. 8. Ratio of shear stress and normal stress 

CONCLUSIONS 

The results from the structural analysis with full friction boundary conditions 

of the toroidal field coils confirm the overall structural feasibility of the 

proposed design under fault conditions. 

In reality some parts of the vault will slip, so more detailed analyses are 

required to look more thorougly at the effect of intercoil slip with realistic 

friction coefficients between the coils. 
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