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Abstract

To model the consequences of a plasma disruption in a tokamak one must
combine a code that computes the detailed MHD behavior of the plasma with
one that treats the three-dimensional features of the conducting toroidal
components around the plasma. The NET {Next European Torus) Team have
undertaken a treatment of electromagnetic effects from plasma disruptions
using both open loop and closed loop integrations of codes. In America,
workers at Oak Ridge National Laboratory, Idaho National Engineering
Laboratory, a;J Argonne National Laboratory have looked at plasma disrup-
tion effects on the ITER blanket using the codes TSC and EDDYNET. Results
show how the forces on a blanket segment depend on the number and size of
the segments and on the gap between them.

Approach to Modelling

Disruptions of the plasma in a tokamak fusion device or reactor can
induce large currents in the electrically conducting components of the
tokamak, resulting in large electromagnetic forces. These forces have been
observed to cause severe damage in tokamaks. In the proposed International
Thermonuclear Experimental Reactor (ITER)1, the plasma current may drop
from 20 MA to zero in 20 ms during a disruption, and the resulting forces
may be huge if the components are not designed to reduce them.

Figure 1 shows a general view of ITER, and Fig. 2, a sector of the
ITER blanket. The blanket is segmented both to facilitate installation and
replacement and to reduce eddy current effects.

In the past, computations of plasma disruptions and^their consequences
took two approaches. In some cases, the plasma was described by a detailed
MHD calculation, and the surroundings treated s$ ^^jerfectly conducting,
axisymmetric shell. In others, the vacuum vessel and other toroidal compo-
nents were treated as a complex 3-D geometry with varying conductivities,
and the plasma as a fixed filament with current varying in a simple way,
linearly or exponentially, with time.

Recently, there have been some attempts to treat the plasma and its
surroundings in similar detail. The DSTAR code2 treats the plasma with the
Tokamak Simulation Code (TSC)3, and models the vacuum vessel with many



Figure 1.i A design for the ITER fusion reactor,
proposed by the U.S. ITER Team. Cour-
tesy of Royce Sayer, Fusion Energy
Design Center, Oak Ridge National
Laboratory.

Figure 2. A design for a blanket sector of the
ITER fusion reactor, proposed by the
U.S. ITER Team. Courtesy of Royce
Sayer, Fusion Energy Design Center,
Oak Ridge National Laboratory.



resistive loops inductively coupled to each other and to the plasma. TSC
solves the coupled MHD and Maxwell's equations for a resistive plasma.

NET Team Approach

The NET (Next European Torus) Team have undertaken a fuller treatment
of electromagnetic effects on the vacuum vessel and blanket from plasma
disruptions using the two codes PROTEUS'* and CARIDDI5.

PROTEUS is an axisymmetric finite element code to study plasma beha-
vior. It is used to model plasma evolution, instabilities, and disrup-
tions. It can include external structure (passive stabilization) and cir-
cuits (e.g., active stabilization). The code can treat non-linear iron;
hence it can be calibrated to JET results.

CARIDDI is a true 3-D integral code for the current density J (actual-
ly for a unique current vector potential T). The plasma current is treated
as a single filament.

There is little direct 3-D effect on the plasma from the 48 segment
first wall of NET. Poloidal current on opposite sides of each gap are
equal and opposite, and so there is little perturbing field. Major effects
are axisymmetric, namely:

1. Added resistance due to the poloidal current path,
2. Added inductance due to the field in the gap,
3. No net circulating current in the first wall.

PROTEUS permits coupling to external circuits. Shorting elements together
poloidally yields no net current, and other circuits can incorporate the
resistance and inductances.

Coccorese6 has described two approaches to combining plasma codes and
eddy current codes in analyzing a disruption, a plasma start-up, or a ver-
tical instability. In open-loop integration, the output of one code serves
as input to the next. For example, PROTEUS can calculate a plasma equili-
brium; NAPS-G, another code of the NET Team, then computes the motion of
the plasma for an assumed disruption initiation and outputs a set of fixed
filimentary loops with time varying currents modelling the moving plasma.
CARIDDI then determines the eddy currents, induced fields, and forces in
the vacuum vessel, for example, and sends these on to a stress analysis
code.

In closed-loop integration, output from later codes (e.g., CARIDDI)
are input into earlier codes (e.g., PROTEUS),-~*amJ • ihe process—iterated
until a consistent solution is achieved. However, the number of degrees of
freedom of the CARIDDI solution far exceeds the capacity of PROTEUS. The
technique called model reduction, commonly used in control theory, has been
applied7 to modeling the NET vacuum vessel. The CARIDDI solution, with 16
degrees of freedom, was transformed to a form ordered in decreasing contri-
bution to ohmic power and magnetic energy. In that case, keeping one, two,
or four degrees of freedom reproduced the maximum ohmic power and induced
magnetic energy to within 4, 1, or 0.01 percent respectively. Applying the
method to solutions with 100 or more degrees of freedom is underway.



Approach in USA

In America, a somewhat different approach is underway. Royce Sayer at
Oak Ridge National Laboratory, Brad Merrill at Idaho National Engineering
Laboratory, and the author are studying eddy current forces in the seg-
mented ITER blanket with the plasma analysis code TSC and eddy current code
EDDYNET.8 We have analyzed a fixed-position midplane disruption, and are
now looking at a disruption scenario in which the plasma moves vertically
to the divertor region in 80 ms before disrupting.

TSC models the axisymmetric poloidal field (PF) coils and vacuum ves-
sel with coaxial rings on a mesh with 150 mm spacing radially and axially.
Modeling the blanket the same way would neglect the all-important effects
of segmentation.

Instead, an open loop approach is employed, in which the radial and
vertical components of field are output from TSC at all times and at the
radial and vertical coordinates r, z of the centers of all EDDYNET loops of
the blanket. The field from the plasma, vacuum vessel, and PF coils can be
examined separately, to find the effect of each. Changes in this applied
field drive eddy currents. EDDYNET computes the currents, induced fields,
and the forces of interaction between the eddy currents and the toroidal
field (TF).

The overall goal of the computations is to define a blanket model,
axisymmetric but with no net toroidal current. The resistances of the co-
axial loops representing the blanket will be varied to get an eddy current
pattern like that of the EDDYNET computation.

Modelling the ITER Blanket

ITER1 is the object of an international conceptual design study for an
experimental fusion reactor being carried out by a design team from the
European Community, Japan, the United States, and the Soviet Union. The
parameters of the design, even its overall dimensions, are in the process
of change; Fig. 1 shows the design considered here, from the U.S.
contribution.

Similarly, design of the blanket is currently being revised; the blan-
ket considered below is the 160 mm thick physics-phase water-cooled solid-
breeder option from the U.S. contribution.

ITER is to have 16 toroidal-field (TF) coils and 1j> blanket sectors.
From considerations of assembly and maintenance and of electromagnetic
forces, each sector is to-consist of from" one ~to "ttfree segments^ or even
more, which need not be identical. The modelling below is for a blanket of
from 15 to 40 identical segments.

The EDDYNET Code

The computer code EDDYNET8 uses a wire grid approach to solve eddy
current problems. The conducting surface is approximated by a quadrilater-
al mesh of conducting lines. Line resistances and loop inductances are
defined in a manner consistent with the approximation. The system of loop



equations, with a dense matrix, is solved to give the loop currents, each
of which corresponds to the total current encircling that loop. The cur-
rent flowing locally is the line current, found by subtracting two neigh-
boring loop currents. Repeated computation gives the time development of
the eddy currents, magnetic field, and dissipated power.

With a relatively small expenditure of data preparation time and com-
puter time, results can be obtained of an accuracy suitable for making
engineering decisions. EDDYNET has been employed to find the eddy currents
in flat plates (stationary and moving), hollow cylinders and spheres, and
many different toroidal geometries.

The conductor can consist of multiple sheets, i.e., multiple z values
at a given x, y position. Also, only a portion of the geometry need be
modelled, with the remainder treated through reflection in the x-y plane
and reflection in vertical planes every 2u/n about the z axis.

Modifying EDDYMET to Treat the ITER Blanket

The blanket is modeled as a segment of a torus. For the outer wall
(shield wall), a major radius (5.8 m) and minor radius (2.51 m) are speci-
fied. The blanket cross section is not circular; it is treated as
elliptical by scaling up all z values by a factor of 2.4.

The ITER blanket for the physics phase is 0.16 m thick. The inner
wall (first wall) is modeled as a second sheet with all displacements from
the center of the plasma (r=5.8 m, z=0) reduced by a factor (2.51-0.16)/
2.51 = 0.9363. At the top the blanket would then be too thick by the fac-
tor of 2.4. Hence if z coordinates for corresponding points on the shield
wall and first wall differ by more than 0.16 m, the z of the first wall is
increased accordingly.

Elements connecting the first wall and shield wall comprise the side
wall. See Fig. 3 for the folded mesh representing the shield wall, side
wall, and first wall.

The ITER blanket is to consist of from 16 to 64 segments. The mesh
shown in Fig. 4, and schematically in Fig. 3, represents one half of the
upper half of one blanket segment. Effects of the other half of the top,
the bottom half, and the other segments are included by means of reflec-
tions symmetry in the midplane and vertical planes. At the mid-segment lo-
cations (i.e., the tt.'o long edges of the mesh in Fig. 4), the current flow-
ing toroidally is taken to flow to the other half of tti£ segment. Conse-
quently, the mesh and its mirror image make up a closed current loop. The
current flowing in that loop is determined by TfieTtme rate of "change of
the magnetic flux it encloses. To include that flux in the computation,
another half row of elements is added, of non-conductor, which close the
mesh at the outboard midplane. See Fig. 3. The loop currents computed for
those elements are the total current circulating around the upper half of
the blanket segment.

The divertor at the top and bottom of ITER separates the inboard and
outboard blanket segments and prevents eddy current flowing between them.



Figure 3. Schematic showing how the logical
i mesh is folded to produce the first

wall, side wall, and shield wall of
an ITER blanket segment. The mesh
represents one-half of the top-half
of the segment.

Figure h. The EDDYNET mesh for one-half of
the top-half of a blanket segment.
The non-conducting elements that
model the divertor gap at the top
are enhanced in the drawing.



This separation is included in the computation by assigning zero
conductivity to one row of elements at the top of the segment.

The blanket was taken to be made of stainless steel; the shield and
side walls 40 mm thick, and the first wall 10 mm thick. (Other cases with
passive copper conductors attached to the outboard first wall and sidewall
were also computed, but will not be discussed here.)

In the analysis, both the number of segments and the angular gap
between segments were varied. If <j> is the toroidal angular extent of the
half segment and n is the number of segments, then the angular gap between
segments is 2Tt/n - 2 <j>. The mean linear gap is the major radius (5.8 m)
times the angular gap. Results are described below for n = 15, 20, 24, 30,
and 40 segments and for gaps of 4 mm, 40 mm, and "large". For the "large"
gap, all blanket segments but one were assumed to be removed.

The eddy currents induced during a plasma disruption interact with the
changing field from the plasma and from the eddy currents themselves, and
with the unchanging toroidal field to exert forces on the blanket.

Because the toroidal field is much stronger than the other fields, the
forces of interaction with the toroidal field dominate, and only those are
computed with EDDYNET. In the shield wall and first wall, only the poloi-
dal component of current interacts; in the side wall, both the poloidal and
radial components do.

The forces on one half of the blanket segment are opposite to those on
the other half; there is no net force on the segment, but there is a net
torque.

Using the TSC code, Royce Sayer of ORNL has computed an ITER plasma
disruption at a fixed midplane position. The current drops from 20 MA to
zero in 20 ms. Brad Merrill of INEL used these TSC results to find the
field at the center of each EDDYNET element at all times. The driving
voltage for EDDYNET is the change in flux through each element.

Results for a Midplane Disruption

Many variables are computed in the EDDYNET analysis of an ITER blanket
segment, e.g., the current distribution and force distribution as functions
of time. Here we present only the net radial force, inboard and outboard,
on half of the upper half of a blanket segment. The force on the other
half is equal but opposite, resulting in a net torque „but no net force.
For this symmetrical midplane disruption the radial force on the lower half
is the same as the upper, -while the vertical is"~eqiIaT"but opposite*. More-
over, we give the forces only at the time, 20 ms, when the forces are
greatest.

Table 1 gives those forces for 15, 20, 24, 30, and 40 blanket segments
and for 4 mm, 40 mm, and "large" gaps between segments. The "large" gap
actually corresponds to only a single isolated blanket segment. The number
of segments being considered for ITER is 16, 32, or 48.



Table 1
Radial Force in MN Acting on One Half of the Upper Half of an ITER

Blanket Segment at Time 20 ms

Segments Location "Large" Gap 40 mm Gap 4 mm Gap

15

20

24

30

40

Inboard
Outboard
Total

Inboard
Outboard
Total

Inboard
Outboard
Total

Inboard
Outboard
Total

Inboard
Outboard
Total

0.0
9.0
9.1

0.4
3.9
4.3

0.4
2.5
2.9

1.2
10.6
11.8

1.3
7.3
8.6

1.2
5.5
6.7

1.0
3.7
4.7

—

1.9
10.8
12.6

1.8
7.4
9.2

0.6
5.3
5.9

—

—

From the table it can be seen that the force on the outboard portion
is generally three to ten times as large as the force inboard; that the
force increases, but not dramatically, as the gap decreases between seg-
ments; and that the force increases as the number of segments decreases.
The force varies somewhat faster than inversely with the number of seg-
ments. These trends were also observed by others9 studying electromagnetic
effects to ITER.

Acknowledgements

The author gratefully acknowledges the contributions of Royce Sager of
ORNL, who carried out the TSC computations, of Brad Merrill of INEL, who
prepared the TSC data for use with EDDYNET, and of Steven, Rosenberg of ANL,
who assisted in the modification and use of EDDYNET.

References

1. ITER Conceptual Design Activity, Final Report of the Definition
Phase, ITER-1, International Atomic Energy Agency (October 1988).

2. B.J. Merrill and S.C. Jardin, "DSTAR: A Comprehensive Tokamak
Resistive Displacement Model for Vacuum Vessel Components," Fusion
Engineering and Design, Vol. 5, pp. 235-249 (1987).



3. S.C. Jardin, N. Pomphrey, and J. Delucia, "Dynamic Modeling of
Transport and Positional control of Tokamaks," Princeton Plasma
Physics Laboratory, PPPL-2258 (1985).

4. R. Albanese, J. Blum, and 0. DeBarbieri, "Numerical Studies of the
Next European Torus via the PROTEUS Code," Twelfth Conference on the
Numerical Simulation of Plasmas, San Francisco (September 1987).

5. R. Albanese and G. Kubinacci, "Solution of Three Dimensional Eddy
Current Problems by Integral and Differential Methods," IEEE
Transactions on Magnetics, MAG-24, pp. 98-101 (1988).

6. E. Coccorese, "Integration of Electromagnetics Codes for Fusion
Applications," Electromagnetic Workshop and Meeting on the Industrial
Applications of Eddy Current Codes, Commission of the European
Communities Joint Research Centre EUR 12124 EN, pp. 125-130 (Capri,
October 1988).

7. S. Coco, "Examples of Application of a Model Reduction Technique to
Eddy Current Problems in a Tokamak Device," Electromagnetic Workshop
and Meeting on the Industrial Applications of Eddy Current Codes,
Commission of the European Communities Joint Research Centre EUR
12124 EN, pp. 131-138 (Capri, October 1988).

8. L.R. Turner and R.J. Lari, "Developments in Eddy Current Computations
with EDDYNET," IEEE Transactions on Magnetics, MAG-19, pp. 2577-2580
(1983).

9. Japanese Contribution to ITER Blanket Studies (June 1989).


