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Structural Analyses of ITER Toroidal Field Coils 
under Fault Conditions 

C.TJ. Jong 
Netherlands Energy Research Foundation, ECN 

SU-Technology, P.O. Box 1 1755 ZG Petten, The Netherlands 

ABSTRACT 

The International Thermonuclear Experimental Reactor (ITER) is intended to be an 
experimental thermonuclear tokamak reactor testing the basic physics performance and 
technologies essential to future fusion reactors. The magnet system of the ITER reactor 
consists essentially of four sub-systems, i.e toroidal field coils (TF coils), poloidal field 
coils (PF coils), power supplies, and cryogenic supplies. These subsystems do not contain 
significant radioactivity inventories, but the large energy inventory is a potential accident 
initiator. The aim of the structural analyses is to prevent accidents from propagating into 
the vacuum vessel, tritium system, and cooling system, which all contain significant 
amounts of radioactivity. As part of the design process three conditions are defined for the 
PF and TF coils, at which the mechanical behaviour has to be analysed in some detail, 
viz: normal operating conditions, upset conditions, and fault conditions [1]. 

This paper describes the work carried out by ECN to create a detailed finite element 
model of sixteen toroidal field coils as well as results of some fault condition analyses 
made with the model. Due to fault conditions, either electrical or mechanical, the magnetic 
loading of the TF coils becomes abnormal and further mechanical failure of parts of the 
overall structure might occur (e.g., failure of tne coil, gravitational supports, intercoil 
structure). The analyses performed consist of linear elastic stress analyses and elcctro-
magneto-structural analyses (coupled field analyses). 

INTRODUCTION 

The function of the toroidal field coils (TF coils) is to generate a toroidal field of 
4.85 Tesla in the plasma region. The TF-coil system consists 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 9.09 MA, and the coils will be designed to operate at a peak level of 
11.5 Tesla. The coils are made up of a winding pack enclosed in a steel casing. In the 
central vault region of the machine the noses of the coils are wedge 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 (shear key 
regions). Figure 1 shows the toroidal field coil system. 

On the outer leg of the coil two intercoil structures join the coils above and below 
the equator These structures are jointed with a system of bolts and shear keys to allow 
individual coil assembly/disassembly and they form a continuous ring around the outside 
of the machine. All joints in this ring, and the intercoil interface at the noses of the coils 
in the vault, have to be electrically insulated to reduce eddy current heating of the 
cryogenically cooled 4 K structure. 

The TF coils are mounted on gravitational supports. These supports, consisting of a 
scries of thin plates, allow movement of the TF coil in the machine radial direction but are 
stiff in the machine axial and toroidal directions. The lower part of the gravitational 
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support is made of glass-epoxy resin to obtain good electrical insulation between the TF 
coils and the main structure. 

GEOMETRIC MODELLING 

The geometry of the TF coils has been derived from a large set of drawings, which 
relate to the status of the ITER TF-coil design of May 1990. 
The finite element model (FE model) of sixteen TF coils has been derived by rotating the 
geometry of one TF-coil model, which has been made with the solid modeller of ANSYS 
Rev. 4.4A [2J. After generation of the elements and nodes for one coil the ANSYS NGEN 
command is used to generate the nodes for the remaining 15 coils. The node increment, in 
counterclockwise direction, between the coils is 2000. To achieve a minimal wavefront for 
the analyses, the elements for the remaining 15 coils are generated outside ANSYS in such 
a way that the element sequence is spirally. 
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 is assumed to be made up of one material with orthotropic properties 
reflecting the behaviour of all constituting materials. 

- The upper and lower poloidal field coils, which are rigidly mounted on every TF coil, 
are not modelled. 

- The original 16-plate support structures have been replaced by 3-plate support structures 
with the same stiffness in the machine radial, axial and toroidal directions. 

- The outer intercoil structure has been modelled with shells with such a thickness lhat 
the toroidal as well as the main bending stiffness equal the stiffnesses of the real 
structure. 

- The electrical insulation between the two haives of the stainless steei casing has been 
neglected. 

- The shear keys/bolts in the top and bottom flanges in the inner leg of the TF coils have 
been replaced by a fixed contact over a small area. 

With these simplifications the geometry of sixteen TF coils has been modelled with: 
11776 eight-node brick elements (ST1F45) for the winding pack, stainless steel casing, and 
glass-epoxy resin, and 3328 four-node shell elements (STIF63) for the outer intercoil 
structure as well as the plates in the support structures. The total number of nodes is 
24576. Figure 2 shows a part (13 coils) of the finite element model of the TF-coil system. 

MATERIAL PROPERTIES 

In ANSYS the material properties are coupled to the elements by a material 
identification number (MAT-ID). Seven MAT-ID's have been used to select certain 
regions of the FE model during pre- and post-processing, even when the material 
properties do not vary. The structural material is stainless steel and has been used in: the 
TF-coil casings, the shear key regions, the outer intercoil structures, and support structures. 
The winding pack elements have orthotropic properties (STIF45; KEYOPT(4)=l), and 
epoxy properties have been used lor die glass-epoxy block of the support structures. 



REAL CONSTANTS SUPPORT STRUCTURE 

The ITER toroidal field coil system is supported by 16 legs which are flexible in the 
machine radial direction only. These legs exen some restraints on the lower pan of the 
coils. To take the influence of the suppon structure into account, the stiffness of the 
3-plate FE model has to be equal to the stiffness of the real geometry. To achieve the 
equality of stiffnesses in all directions, the moments of inertia in machine radial and 
toroidal directions, as well as the cross section areas of both models, have to be equal, i.e. 

1 rsd (FE model) - / rmi (original geometry) = 0 (1) 
I w (FE model) -I ,„ (original geometry) = 0 (2) 
AREA (FE model) - AREA (original geometry) = 0 (3) 

Combining equations (3) and (1) gives a third order polynomial the roots of which 
are possible values for the thickness. Combining equations (3) and (2) gives as result that 
the width of the plates in the FE model has to be equal to the width of the plates of the 
original geometry. The thicknesses of die plates have been entered as real constant values. 

BOUNDARY CONDITIONS 

The 16-coil finite element model is not "continuous", which means that every coil is 
a separate part of the model with duplicate nodes on the contact surfaces in the central 
vault, the upper and lower shear key regions, and the outer intercoil structures To make 
the model "continuous" all degrees of freedom (translations and rotations) for the 
corresponding node pairs on the contact surfaces are coupled (with CP commands) in the 
machine radial, axial, and toroidal directions. The coupling of degrees of freedom in radial 
and toroidal direction is achieved by rotation of the nodal coordinate systems, using a 
cylindrical coordinate system. There is no penalty, wim respect to the wave front size, for 
using die method of coupled nodes contrary to "merging" the nodes. The method of 
coupled nodes enables the variation of the coupling conditions, to simulate mechanical 
faults: i.e. damaged connections (bolts, wedges, and keys), and loss of friction. 

The gravitational suppon structures of the TF coils are linked to the "real world". 
The displacement constraints for the lowest pan of die glass-epoxy resin are 
", = "v = u, ~ 0-

LOADING CONDITIONS 

The analysed fault conditions consist of; a thermal fault, electrical faults, and 
mechanical faults. The mechanical faults have been applied simultaneously with an 
electrical fault. 

THERMAL FAULT 

The winding pack consists of conductors winded into a number of 'pancakes'. When 
a coil quench has been initiated in a conductor, it spreads through the winding pack due to 
the expulsion of hot helium carrying the heat and by heat conduction through the 
interpancake (contact surface between pancakes) and intertuin insulation to adjacent 
conductors. Due to this quench the temperature of the coil increases. To consider the 
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mechanical consequences of one coil being at a higher temperature than the remaining 15, 
the thermal fault loading consists of an arbitrary increase in temperature applied in one 
coil. The permitted temperature increase can be deduced, using a scalar comparison with 
stresses. 

ELECTRICAL FAULTS 

The main function of the TF coil power supplies is protection of the coils, since 
charging can be on a long timescale at low voltage. The coils are primarily connected in 
one or two series circuits (with alternate coils in each circuit) with a discharge resistor and 
switch for every coil and a ground resistor at every coil. The current within the coils 
remains broadly symmetric except in the case when either a fast discharge of the coils 
with a high applied voltage is attempted and a coil shon circuit occurs, or in the case 
when coil current leads are disrupted (e.g. by a severe impact). 
In the first case, the current in a single coil is driven to a maximum of about 2.6 times its 
operating value while the current in the other coils decreases to near zero. The current in 
the TF-coil system after start of discharge is time dependent. 

In the second case, the coil terminals would almost certainly become bridged by an 
arc due to the high coil terminal voltage that develops when the current is interrupted. The 
subsequent behaviour depends on the action of the power supply system. If the other coils 
are put into a fast discharge, the coil with the failed terminals behaves as a shorted coil. If 
the coils remain charged there will be a slow discharge of the shorted coil into the arc 
while the same time some of the coil energy transfers to adjacent coils in order to 
conserve flux. Eventually the coil current in the faulted coil will reach zero while all the 
others remain fully charged. 

The electromagnetic faulted loads (Lorentz forces) have been calculated, by the 
NET Team, with the programs HEDO/SHAPE [3] and GENTOR[4]. The program HEDO 
performs the field and force calculation. HEDO calculates the total force distribution at 
specific points and transfers this distribution into a continuous distribution over the 
winding pack volume using spline fits. These splines are used to calculate the volume 
forces over the individual elements. 
The program SHAPE converts these volume forces, based on the element shape function, 
into ANSYS PREP7 input commands for application of nodal forces F,, Fy, and Ft in the 
nodal coordinate system. The input for the program SHAPE consists of: connectivity and 
coordinates of the winding pack elements, a coded geometric definition of the coils, and 
data relating to the magnetics (currents, winding etc.), and the output files of the program 
HEDO. 

For non-toroidally symmetric loading, the full TF coil system must be analysed. The 
number of runs of HEDO/SHAPE becomes unmanageable. To reduce the number of 
HEDO/SHAPE runs, the program GENTOR has been written by the NET Team. With this 
program it is possible to create quickly any desired set of ANSYS input files for defined 
currents. 

MECHANICAL FAULTS 

The mechanical fault loads relate to damaged connections in the bolts, wedges, and 
shear keys/bolts in the outer intercoil structure and upper shear key region in the central 
vault, and with loss of friction. The structural integrity of the TF coil system is dominated 
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by the behaviour of the central vault, although the joint of the outer part of the coils to the 
outer intcrcoil structure is also important. In nomvJ operation the centring forces of the 
coils wedge them together in the vault and allow torsion to be transmitted by friction 
across the insulated coil-coil interfaces. To give overall stability the coils are joined by 
insulated shear keys/bolts in the flanges at each end of the central vault. When a single 
coil current is increased as the remaining coils are discharged, die wedging action in the 
vault becomes unbalanced. To investigate the effect of loss of friction in the vault a 
number of analyses have been made with infinite (full) and without (no) friction between 
the contact surfaces in the central vault, with or without shear key failure in the upper 
shear key region or the upper outer intercoi! structure. The mechanical faults have been 
applied simultaneously with an electrical fault. 

LOAD CASE DEFINITION 

Load case 1: Normal operating conditions with infinite friction in central vault. 
Load case 2: Thermal fault, i.e. one coil with a higher (homogeneous) temperature than 

the remaining 15. 
Load case 3: Electrical fault where the electromagnetic load (Lorentz forces) consists of 

an overcurrent in one coil (coil short) and corresponds to the current 
distribution 6 seconds after start of discharge (one coil with 17.9 MA; 
remaining coils with 4.35 MA). Infinite friction has been assumed in the 
central vault. 

Load case 4: Electrical fault where the electromagnetic load consists of an overcurrent 
in one coil (coil short) and corresponds to the current distribution 20 
seconds after start of discharge (one coil with 24.3 MA; remaining coils 
with 0.78 MA). Infinite friction has been assumed in the central vault. 

Load case 5. Electrical fault in combination with mechanical fault. The electromagnetic 
load used corresponds to load case 4. The mechanical fault consists of loss 
of friction in the central vault. 

Load case 6: This load case can be considered to be the firs; step of a "simplified elasto 
plastic analysis" of load case 5. With the results of load case 5 the 
Young's moduli of all (stainless steel) elements with a Von Mises stress 
larger than 1200 MPa have been modified. 

Load case 7: This load case can be considered to be the second step of a "simplified 
elasto plastic analysis" of load case 5. With the results of load case 6 the 
Young's moduli of all (stainless steel) elements with a Von Mises stress 
larger than 1200 MPa have been modified. 

Load case 8: Electrical fault in combination with mechanical fault. The electromagnetic 
load used corresponds to load case 4. The mechanical fault consists of 
infinite friction in central vault and a shear key failure in the upper shear 
key region. 

Load case 9: Electrical fault in combination with mechanical fault. The electromagnetic 
load used corresponds to load case 4. The mechanical fault consists of 
infinite friction in central vault and a shear key failure in the upper outer 
intercoil structure. 

Load case 10: Electrical fault where the electromagnetic load consists of zero current in 
one coil. Infinite friction has been assumed in the central vault. 
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RESULTS 

The analyses have been made on a CONVEX C220 computer with 512 Mbyte main 
memory and 10 Gbyte disk space. The run time of one analysis is 12000 CPU. The 
ANSYS program uses a wavefront solver and during an analysis the stiffness matrix is 
written into a file (fileII). The size of this file is 1.36 GByte. The total disk space 
required for one analysis is 1.7 GByte. Some problem statistics are presented in table 1. A 
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 and displacements for load case 4 and 5. These load cases 
can be considered to be the extreme loads with respect to friction in the central vault. 

Table 1: Problem statistics 

Number 

nodes 

| elements 

| prescribed displ. 

| prescribed forces 

| CP-equations 

degrees of freedom 

wavefront 

R.M.S. Wavefront 

Load case 4 

24574 

15104 

720 

16704 

6480 

78864 

3608 

2247 

Load case 5 g 

24574 

15104 

720 

16704 

6480 

79148 

3620 | 

2254 J 

DISPLACEMENTS 

The peak values of the ux, uy, and ut displacements in the nodal coordinate system for 
load case 4 and 5 have been given in table 2. The nodal coordinate system of the nodes in 
all coils corresponds with tiie machine radial, axial, and toroidal direction respectively. For 
both analysed load cases the most affected coil is the coil with the overcurrent. With load 
case 4 the inward displacement of a node in the middle of the central vault in the machine 
radial direction is 13.0 mm. The outward displacement of a node in the middle of the 
outer leg in the machine radial direction is 41.97 mm. With load case 5 the inward 
displacement of a node in the middle of the central vault in radial direction is 369.5 mm 
and the radial outward displacement of a node in the middle of the outer leg is 45.9 mm 
Figures 3 and 4 show the displacements of the model for both load cases. With load case 
4 the strain in the winding pack varies smoothly and has its maximum in the middle of the 
outer leg. The strain in the winding pack in poloidal (winding) direction for load case 5 is 
far from rniform and has its maximum in the middle of the central vault. The maximum 
occurring absolute radial displacement of a node at the location of the upper poloidal field 
coil is 7 mm for both load cases. However, the maximum values occur at different coils. 
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The displacements at load case 5 are unacceptable because the central vault will interfere 
with the vertical support of the central solenoid 

Table 2: Pe?Jc displacements of TF coils. 

Load case 4 

Min. [mm] 

-13.2 

-8.8 

-41.3 

Max. [mm] 

42.6 

5.1 

10.8 

Load case 5 

Min. [mm] 

-371.6 

-31.4 

-80.9 

Max. [mm] 

74.6 

31.7 

70.0 

STRESSES 

The maximum and minimum stresses in the local element coordinate system for the 
winding pack and stainless steel casing are given in table 3 and 4 respectively. The local 
element x, y, and z coordinate system corresponds with the poloidal (winding), axial, and 
toroidal direction. The local element x and y direction varies with the tangent in the 
poloidal direction. 

Table 3: Stress range in winding pack in local coordinates 

Sig-x 

Sig-y 

Sig-z 

Sig-xy 

Sig-yz 

Sig-xz 

Sig-eq 

Sig-si 

Load case 4 

Min. [MPa] 

-148. 

-110. 

-257. 

-57. 

-25. 

-20. 

1. 

1. 

Max. [MPa] 

193. 

27. 

96. 

63. 

22. 

30. 

233. 

252. 

, ^ j 

Load case 5 

Min. [MPa] 

-587. 

-115. 

-134. 

-89. 

-46. 

-150. 

0. 

0. 

Max. [MPa] 

1004. 

115. 

235. 

90 

40. 

171. 

1066. 

1115. 

To keep the stresses in the stainless steel casing below the value at which yielding 
occurs a stress intensity limit Sm has been defined which should not exceed 2/3 Sy, where 
S, is the 0-2% yield stress [5]. This criterion is valid as long as stainless steel is 
considered and does not need to be applied to stress concentrations. Typical data for 
cryogenic steels, suitable for the casing and other structural components, suggest that 5V = 
1200 MPa can be achieved. As can be seen from table 4 the stress intensity exceeds the 
limit for both load cases. However, the stresses are acceptable in case of infinite friction 
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(load case 4), because the high stresses are very localised. (There is no element with an 
equivalent stress in the integration poin* larger than 1200 MPa.) Load case 5 gives 
unrealistic stresses which exceed the allowable limits. Elasto plastic analyses are necessary 
to determine the effect of plasticity. These analyses have not yet been performed. Figure 5 
shows the Von Mises stress in the stainless steel casing for both load cases. 

Table 4: Stress range in casing in local coordinates 

case 4 

-395. 

-420 

-338. 

-246. 

-140. 

-263. 

1. 

2. 

Max. [MPa] 

1176. 

358. 

349. 

303. 

133. 

249. 

1328. 

1388. 

Load case 5 

Min. [MPa] 

•1982. 

-855. 

-796. 

-626. 

-481. 

-289. 

1. 

1. 

Max. [MPa] 

3547. 

902. 

607. 

572. 

44i. 

443. 

3634. 

3770. 

FORCES AND MOMENTS ON PARTS OF THE MODEL 

To calculate the forces and moments on several parts of the model, necessary for the 
design of several coil components, the ANSYS NFORCE and FSUM commands have 
been used. ANSYS macros have been written to produce tables of forces and moments for 
the upper and lower shear key regions in the central vault, upper and lower outer intercoil 
structure, and support structures. 

FRICTION COEFFICIENTS 

With the results of some load cases an assessment of the friction behaviour in the 
central vault has been made for both sides (contact surfaces) of the most affected coil, 
which is the same coil for all analysed load cases. This assessment has been performed to 
verify the assumption of infinite friction in the central vault. The calculated coefficients 
have not been used in subsequent analyses yet 

With a special ANSYS input file the ratio of the resulting shear force and normal 
force has been calculated along three paths (PATH command) in the central vault with 
different radial coordinates, defined with ten consecutive nodes from upper to lower shear 
key region. First the nodes in the central vault are selected (NSEL) and the forces (F,, F, 
and Fr) acting in these nodes are written to a file. A C-j,rogram is called with the /SYS 
command which reads this file and calculates for every node the resultant shear force and 
ratio. ANSYS reads the file with calculated shear force and ratio and produces x-y graphs 
(PVIEW command). The paths are defined (LPATH command) from the upper to lower 
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shear key region. Due to the interpolation for the path data points, as a result of the PDEF 
command, unrealistic friction coefficients would occur when two adjacent nodes along the 
pam have normal forces with opposite sign. To avoid these numerical problems the 
calculation of the friction coefficients is dene outside ANSYS. 

Most of the post-processing is done by using ANSYS macros in combination with 
UNIX-shells and C-programs. The necessary tables and plots of all analysed load cases are 
produced in this manner and can be included in the report directly by using a "proper" 
format, such as postscript (black and white or colour). 

ELF rrRO-MAGNETO-STRUCTURAL ANALYSIS 

Analysing the mechanical behaviour of the toroidal field coils, according to the 
procedure described above, is a three stage approach. First the magnetic field and forces 
are calculated with one program (HEDO), the forces are then "translated" by a second 
program (SHAPE and GENTOR) and finally the forces are read into the third program for 
making a stress analysis (ANSYS). 
However, the ANSYS program has the capability to solve magnetic problems by scalar 
magnetic potential methods for 3-D analysis. The magnetic load (Lorentz forces) is 
determined for every element from the magnetic flux density and current density due to 
current sources. The currents are set up by performing an electrical current conduction 
analysis. This method has been used to calculate displacements and stresses in one TF coil 
with normal operating conditions. After some evaluation this method has been applied also 
to a 16-coil model with fault conditions. 

Using ANSYS all the transferring of data is carried out automatically by the 
program, which reduces the possibility of making mistakes and allows re-analysing the 
model quickly for small changes in the input data. One detrimental effect is the calculation 
time. Compared with the conventional procedure the calculation time for an electro-
magncto-structural analysis is several times longer (~3x). 

DESCRIPTION OF ANALYSIS 

The 3D electro-magneto-structural analysis requires three separate but coupled field 
solutions. The structural analysis requires the calculation of the Lorentz body forces, 
which in turn, requires knowledge of the magnetic field and current distribution. Firstly, 
an electric current conduction analysis is required to determine the current distribution in 
the coils. Secondly, knowing the current distnbution, and assuming no permeable magnetic 
materials influence the magnetic field, the total magnetic field can be calculated via the 
Biot-Savart numerical integration technique used in the magnetic scalar potential 
formulation. Having solved for the current distribution and the magnetic field, the coupled 
load vector can be calculated; and thirdly, a structural analysis performed. 

ELECTRO-MAGNETO-STRUCTURAL MODEL 

First a "magnetic" finite element model is defined by using the geometry files (file 14 
and fuel5) of one TF coil. For making an electro-rnagneto-structural (EMS) analysis some 
"geometry" and element attributes have to be changed, i.e.: 
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- The units used in the EMS analysis are rationalised MKS units (NL,1,57,1). This means 
that dimensions, and material properties have to be changed. Also the loading must be 
specified in these units. 

- The element type for the elements representing the winding pack of the TF coil is 
changed from STIF45 to STIF5. All winding pack elements have the VOLT degree of 
freedom active for the current conduction analysis, and also have the structural DOF 
active for the stress analysis (keyopt(l)=0). 

- To set up the current distribution in the coil, two sets of overlapping nodes are defined. 
One set is connected to the elements above the midplane, while the other set is 
connected to the elements below the midplane. This "cut" has been prepared so that a 
current flow could be established. For the upper set of nodes the VOLT degree of 
freedom has been coupled and a current of 9.09 MA is applied by using the HFLOW 
command. For all nodes in the lower set the VOLT potential is set to zero The first 
iteration of the analysis will solve the current distribution in every element (winding 
pack elements only) of the coil. 

- A symmetry option in the ANSYS program allows all calculated source currents to be 
symmetrically reflected about the global z axis to set up additional currents. The 
symmetry option (NL table, location 56 for MAT=1) is invoked by specifying the 
number of reflections. For a single coil analysis, 16 symmetry reflections of the 
calculated current are required to completely define all TF currents in the Tokamak 
reactor. 
However, the "old" single TF coil model was defined in a global coordinate system were 
the x, y, z direction correspond with the radial, poloidal and toroidal direction 
respectively. For making an EMS analysis with the symmetry option the model has been 
transformed to a cartesian coordinate system were the x, y, z direction correspond with 
tie radial, toroidal, and poloidal direction (the y and z coordinate have been changed). 
Also the rotation of the nodal coordinate systems of the nodes on the edge of the model 
(used for the boundary conditions) has been changed. This transformation is done with 
an ANSYS macro. 

- The currents in the PF coils can be presented using two methods in ANSYS. Firstly, 
they can be directly input as current sources (arcs), by specifying the source current, 
position, and geometry. Secondly, the PF coils can be meshed in a similar way as the 
TF coil winding pack, using STlh'5 elements. Because the displacements and stresses in 
the PF coils arc not required, the STlh'5 elements representing the PF coils should have 
been given the volt degree of freedom only (KEYOPT(l)=9). However, due to an error 
KEYOPT(l)=l has been used. Both methods for defining the PF coils (current sources 
and STIF5 elements) have been used. 

- The ANSYS STIF5 element doesn't have a key option (such as STIF45) to define the 
element coordinate system, which is used for the input of the orthotropic material 
properties of the winding pack and for stress output. Therefore, local coordinate systems 
are defined to set the element attribute ESYS for all winding pack elements. Six local 
coordinate systems are defined for assigning the ESYS value to the elements. As a 
results of the definition of the local coordinate systems the material properties for the 
winding pack have been changed. 

- All used MAT-ID's were increased with the value one, because MAT-ID i is reserved 
for modelling "air" and the nonlinear table for material 1 is used for several input 
values. 
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In the absence of permeable materials, the magnetic field can be calculated directly 
by numerical integration of the current source field. Thus, the magnetic potential, <I>, is not 
required since it is only used in the calculation of the magnetised field from permeable 
materials. To allow only for the source magnetic field calculation, all magnetic potentials 
(MAG dof) are set to zero. 
The second iteration of the analysis takes the currents calculated from the first iteration 
and calculates the Biot-Savart load vector, f*, which will enable the magnetic field to be 
determined. An arbitrary electrical conductivity is assigned to all STIF5 elements. By the 
completion of the second iteration, both the current distribution and the magnetic field 
have been determined. The Lorentz force load vector, f**, is calculated after the second 
iteration and made available to the third iteration which is required for the structural 
analysis. 

With die single coil model two EMS analyses have been made, one with the PF coils 
modelled with finite elements (STTF5) and one analysis with the PF coils modelled with 
current sources. The results are compared with a single coil analysis made according to 
the HEDO/SHAPE approach. The results are shown in table 5. The stresses are given in 
the global coordinate system. Figures 6 and 7 show the finite element model used as well 
as the Von Mises stress for all three analyses. The differences between the two EMS 
analyses (use of STIF5 and current sources) are caused by the difference of the plasma 
shape. The shape of current sources is always rectangular. However, the shape of the 
plasma is far from rectangular, thus when using this approach differences occur between 
the two EMS analyses. 
Before making an analysis a check run was made. Some problem statistics of the analysis, 
given by the check run, are: 

Number of nodes 
Number of DOF 
RMS Wavefront 

: 1926 
: 5823 
: 143. 

Number of elements 
Wavefront 
Size of file 11 

: 1066 
: 239 
: 6.4 Mbyte 

At fault conditions the loading on the coils becomes non-toroidally symmetric. To 
calculate the structural behaviour of the TF coil system with the coupled field capability of 
ANSYS, the firthe element model of one TF coil has been transformed, in a similar 
manner as described in the section GEOMETRIC MODELLING, to a 16 coil model. 
Figure 8 shows a pan of the finite element model for coupled field analysis. After 
defining the 16-coil model and its loads a check run has been made. Some problem 
statistics of the analysis, given by the check run, are: 

Number of nodes 
Number of DOF 
RMS Wavefront 

: 29346 
: 99183 
: 2339 

Number of elements 
Wavefront 
Size of filel 1 

: 17056 
: 3880 
: 1.74 Gbyte 

Only very recently did I manage to run this model with normal operating conditions 
and with an electrical fault (load case 4). It should be noted that the actual file size of 
file 11 is 1.54 Gbyte. An extensive evaluation of the results still have to be performed yet, 
so the results of the EMS analyses are at the moment not available for publishing. 
However, figure 8 shows the Von Mises stress in the TF-coil system for the analysis of 
the electrical fault. 
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CONCLUSIONS 

After the evaluation of the results, the following conclusions have been made. 

- The work performed so far has shown that the finite clement program ANSYS is 
suitable for developing and analysing large complex models. Due to the comprehensive 
capabilities of the program the user is flexible in developing procedures for efficient 
pre- and post-processing, although improvement of certain modules is still possible. 

- The analysis of normal operating conditions shows that the finite element model of the 
complete TF-coil system performs well and can be used for further fault conditions 
analyses. Compared with previous analyses performed by the NET Team, the results of 
the analysis with normal operating conditions show acceptable similarity in terms of 
displacements. An exact comparison is not possible because the model(s) used in the 
previous analyses differ too much with the 16-coil model. 

- The analysis of the thermal fault shows high stress gradients in the central vault as far 
as a homogeneous temperature distribution is considered. However, an important effect 
which probably can result in a coil quench is the heat production caused by slip between 
the winding pack and casing. To look more thoroughly at the effect of slip and to verify 
the assumption of a homogeneous temperature as an upper bound, detailed 2D and 3D 
analyses have to be performed, to calculate the heat production, temperature distribution 
and thermo-mechanical stresses. 

- The analyses performed show that overall stability of the TF-coil system is maintained. 
However, the structural integrity of the TF-coil system is dominated by the behaviour of 
the central vault and the analyses performed show satisfactory behaviour when infinite 
friction in the vault is assumed. 

- At most fault condition load cases the shorted coil tends to adopt a circular form, and 
there is some possibility of it contacting the vertical support structure of the central 
solenoid. The shear keys can exert an important restraint on this movement. From the 
safety viewpoint, however, it is worthwhile to investigate whether the central solenoid is 
able to withstand the extra pressure, or that design modifications are necessary to 
prevent the radial movement of the central vault. 

- The linear clastic analysis of some load cases give unrealistic stress levels which exceed 
the elastic limit for material applied in cryogenic systems. These unrealistic stresses are 
in most cases very localised and elasto plastic analyses are necessary to determine the 
effect of plasticity. 

- The coupled field capability of ANSYS is an acceptable alternative for the current 
analysis procedure, although a finer mesh is necessary when accurate results are 
required, with respect to flux density and current density. 

• To make the magnetic 16-coil model easily manageable the use of substructures should 
be investigated. A first assessment has been made and gives encouraging results. 
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Table 5: Results of single coil HEDO and EMS analyses in the coordinate systems defined below. 

JS 

BMAG 

FMAG 

u, 

u y 

m 
Sig-x 

Sig-y 

Sig-z 

Sig-xy 

Sig-yz 

Sig-xz 

Sig-eq 

Sig-si 

1 
PF Coüs (arcs) j 

Minimum 

28.3*106 

2.5 

7.1*10* 

-7.9 

0.0 

-6.5 

-167.0 

-376.0 

-189.0 

-952 

-276 

-179.0 

0.6 

0.7 

Maximum | 

28.9*10' 

5.6 

20.9* 10* 

11.9 

43.8 

11.9 

373.0 

211.0 

398.0 

98.6 

86.0 

184.0 

527.0 

604.0 

PF Coüs (STIF5) | 

Minimum 

28.3* 106 

2.5 

7.1*10* 

-6.9 

0.0 

-6.4 

-142.0 

-376.0 

-180.0 

-85.1 

-24.9 

-166.0 

0.6 

1 0.7 

Maximum 

28.9* 106 

5.6 

20.5*10* 

10.9 

38.5 

11.9 

345.0 

196.0 

356.0 

88.4 

78.3 

173.0 

527.0 

603.0 

PF Coüs (HEDO) 

Minimum Maximum 

n.a. n.a. 

n.a. 

n.a. 

-6.2 

0.0 

-6.7 

1 -147.1 

-408.6 

-177.0 

-81.5 

-28.2 

-167.0 

0.7 

| 0.7 

n.a. 

n.a. 

9.3 

33.7 

12.9 

341.4 

168.0 

325.5 

84.9 

71.2 

171.3 

563.7 

645.9 
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Figure 1: Toroidal field coil system 
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Figure 2: Finite element model of TF-coil system 
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Figure 3: Displacements of TF-coil system (load case 4) 
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Figure 4: Displacements of TF-coil system (load case 5) 
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Figure 5: Equivalent stress (MPa) in stainless steel casing 
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SINGLE TT COIL FOR t - M - S ANALYSIS 
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• HEDO/SKAPE PROCEDURE 
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Figure 6: FE model and equivalent stress (MPa) in single TF coil 
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Figure 7: Equivalent stress (MPa) in single TF coil (EMS analyses) 
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Figure 8: FE model and equivalent stress (MPa) in TF-coil system 


