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ELECTROMAGNETIC ANALYSIS FOR FUSION REACTORS: STATUS AND NEF.DS*

Larry R. Turner
Argonne National Laboratory

9700 South Caas Avenue
Argonne, Illinois 60439

Electromagnetic effects have far-reachlnf?
Implications for the design, operation, and maintenance
of future fusion reactors. Two-dtiienslonal (2-D) eddy
current computer codes are available, but are of
limited value In analyzing reactors. Three-dimensional
(3-D) codes are needed, but are only beginning to tie
developed. Both 2-D and 3-D codes need verification
against experimental data, such as that provided by the
upcoming FELIX experiments. Coupling between eddy cur-
rents and deflections has application In fusion reactor
design and is being studied boih by analysis and exper-
iment.

* Introduction

The consequences of electromagnetic effects
in future fusion reactors will be qualitatively dif-
ferent from those of existing fusion experiments, even
from such large-scale experiments as TFTR am) JET.
Design of the reactor In response to these electromag-
netic concerns has far-reaching implications in the
configuration, operation, and maintenance ;>f the
reactor.

This paper describes the Impact of electro-
magnetic effects on future reactors, the status; of com-
puter codes for analyzing those effects, the need for
experiments to validate the codes, and the FELIX exper-
iments which will provide the needed data for code
validation. Finally, the coupling between eddy cur-
rents and deflections Is discussed, a topic of impor-
tance for fusion reactor design and one for which
analysis and experimentation is underway.

Impact of Electromagnetic Effects on Future Reactors

There are two major differences between the
electromagnetic effects in existing devices and In
future fusion experiments and reactors. First, In
existing devices, the induced eddy currents are almost
entirely toroidal while in future tokamaks, the cur-
rents will be more complex, with pololdal components
and possibly radial components as well. Second, plas-
mas In existing tokamaks are surrounded by thin vacuum
vessels, with short time constants with very little
delay and perturbation of the poloidal field. Plasmas
in future tokamaks will be surrounded by thick FWBS
structures, which will Introduce sizable poloidal field
delays and perturbations.

Most existing fusion experiments, TFTR and
JET in particular, have bellows or other segments to
provide continuous but high resistance first wall
current paths. The high resistance bellows decrease
the L/R time constant of the first wall, facilitate
magnetic flux penetration, and tend to limit the In-
duced current flowing In the first wall; but to first
order they do not change or constrict the current
path. Induced currents flow toroldally, do not inter-
act with the toroidal field, and can to fair approxima-
tion be modelled by a relatively small number of
coaxial current loops. Other fusion devices, such as
PLT, have a dielectric break In the vacuum vessel to
prevent circulating currents. Opposite currents flow
on the inside and outside surfaces of the vessel, and
the currents decay even more quickly, but their analy-
sis Is similarly fairly straightforward.
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By contrast, future fusion reactors will have
segmented FWBS components to permit remote maintenance
and rapid replacement of FWBS sectors. Induced cur-
rents In the first wall will flow from sector to sector
at a United number of electrical connectors. Current
paths will not be strictly toroidal: there will be
poloidal current components where the current con-
stricts near the connectors. If maintenance and
materials considerations force the connectors to be
located at the back of the FWBS sectors rather than at
the first wall, there will be radial currents as
well. (Concerns about arcing may eliminate this design
alternative, as discussed below.) These radial and
pololdal currents and the non-axlsymmetrlc toroidal
currents will Introduce transient field ripple Into the
plasma region, possibly up to many hundreds of gauss in
magnitude. Whereas toroidal currents Interact only
with the pololdal field, the radial and pololdal
currents will interact with the toroidal field,
typically ten times stronger, and produce -J severe and
complex distribution of forces and torques.

The segmentation of the FWBS jystem to faci-
litate remote maintenance also introduces the possi-
bility of electrical arcing between segments during a
plasma disruption. If arcing welds neighboring FWBS or
limiter sectors together, removal and replacement of
the sectors may result in months of delay. The danger
of arcing may well require that the electrical con-
nectors between sectors lie no more than 10 cm from the

rst wall despite the increased thermal, radiation,
and maintenance difficulties that result. Even if
arcing does not weld neighboring sectors together. It
can provide a low-resistance current path between them
and produce eddy currents, forces, and torques far
higher than those designed for the nominal case of no
arcing.

The field from the EF coils and flux from the
OH coils must penetrate into the plasma region without
undue delay or distortion. In existing fusion experi-
ments, the major encumbrance to field penetration is
the thin and high-resistance first wall, deliberately
designed to have a short L/R time constant (0.5 ms in
JET, 3 ms for TFTR) in order to minimize electromag-
netic delay.

However, in future fusion reactors, the major
encumbrance to field penetration will be the thick
blanket and shield sectors, truly three-dimensional
bodies, with large thickness relative to the skin depth
and long L/R time constants (100 - 300 ms for INTOR and
STARFIRE). Moreover, the gaps between sectors will be
small and convoluted to prevent neutron streaming. The
computation of a complete 3-D system with narrow gaps
is beyond existing capability.

Finally, non-axisymmetric conducting first
wall segments, electrical connectors between those
segments, and active or passive saddle colls enclosing
the plasma region may be needed for the control of
plasma position. However, these conducting elements
may interact electroraagnetlcally with the changing
magnetic fields from the PF colls or from a plasma
disruption to create problems of force restraint or
power demand which would be highly expensive or even
Impossible to solve through conservative design. At
present, we cannot adequately determine either if such
conducting elements are needed or what complications
they may introduce.



Status of Eddy Current Computer Codes

Computer codes capable of calculating these
electromagnetic effects are just coming into use.
Existing codes can handle no nore Chan: (1) several
Interacting systems, all with axlsymmetry; or (2) a
single system of thin, segmented pieces; or (3) a
single thick piece. None of the existing codes can
handle systems with narrow gaps.

Today's codes deal best with thin shells
carrying axlsymoetrlc currents, a somewhat adequate
characterization of the present generation of tokamak
vacuum vessels. Only now are we beginning to develop
codes which are useful in modelling future tokaraaks
with thick, segmented FWBS systems and three-
dimensional eddy currents. Network codes can crudely
represent a single system, Including Its segmenta-
tion. Codes with coupled coaxial current loops can
crudely represent Che electromagnetic interactions of
several systems, but only undei the aBsuraptIon of axl-
symmetry. Codes which can Include both segmentation
and interaction between systems do not exist.

Following is a description of the kinds of
eddy currant codes which are of some use in electromag-
netic analysis of fusion reactors. References to some
codes are given In each section For a more complete
survey of codes, see reference [1|.

No distinction is made here between finite-
element or integral-equation formulations or between
field or network conceptualizations since all have
achieved roughly the same level of development. Also,
It should be pointed out that after the problem is
solved In terms of one variable (e.g., potential,
field, or current), the other variables, Including
forces and torques, are readily calculated.

Axisymmetric Codes [21, [3], |4]

Many tuo-dimensional (2-D) codes can also
model axlsymmetrlc systems with toroidal current and
radial and pololdal fields. They can model some fusion
applications, but it is intrinsic in their 2-D nature
that they cannot handle breaks in the toroidal current
path. Hence they do not predict the large, complex
distribution of forces and torques that result from
Interaction between eddy currents and the toroidal
field.

Coupled Coaxial Current Loops (5)

An axisymmetric system is modeled by up to a
hundred coaxial current loops. The resistance and
self- and mutual-inductances are assigned. The passive
loops respond Co each other and to a number of loops
with specified currents as a function of time, repre-
senting the plasma and PF colls. Again by their 2-D
nature, these codes cannot handle segmentation or the
Interaction between eddy currents and the toroidal
field.

Coupled Coaxial Current Loops, Single Break [6]

If In one of the above codes one or more sub-
sets of the passive loops Is constrained to have zero
net current, that code can treat axisymmetric systems
with a single current break. However, a single break
is a poor model of segmentation, and these codes can
err by an order of magnitude in the size and time
variation of eddy current forces and torques.

Plates and Shells (71, [81, [91, [101

Some codes can model eddy currents in plates
and shells If the plate thickness is less than the skin

depth and the currei.t density is uniform across the
plate or ehell, although there Is still some contro-
versy about the solution of what Is an intrinsically 3-
D problem with 2-D codes. These codes can also nodel
systems of plates and shells. They cannot predict the
dependence of field penetiition on the size of the gap
between plates. They require validation experiments to
determine the needed degree of tine and space discreti-
zation.

Three-Dlnenslonal Codes [11], [12], [13]

Three-dimensional (3-D) codes, allowing cur-
rent In all three dimensions, suffer from two problems,
one conceptual and the other practical. The conceptual
problem is finding a formulation in which the variable
Is uniquely determined and the boundary conditions,
especially the boundary conditions between conducting
and non-conducting regions, are well defined In terms
of the variable. There has been much progress in solv-
ing this problem in recent years. The practical
problem is the choice of a mesh which is sufficiently
fine to simulate the physical system yet coarse enough
that computation can be performed with existing compu-
ters. Some 3-D codes have reached the degree of devel-
opment that a simple 3-D geometry (brick, finite cylin-
der, sphere** can be solved. But, systems of such
shapes, with narrow gaps between them, are still beyond
the capability of these codes and existing computers.
These codes require much development and testing.

Need for Experimental Code Validation

No eddy current computer code Is based on
Maxwell's equations alone. Identifying a continuously
variable field with its values at a discrete number of
points and computing those values can only be carried
out after many assumptions are made. Some of these
assumptions can be checked by standard procedures em-
ploying the code itself or by comparing results with
another code with different assumptions. But other
assumptions are intrinsic to all formulations, and
their consequences require verification against experi-
ment. Moreover, the more closely the verification
experiments resemble the systems to be analyzed, the
more confidence can be placed in the code's predic-
tions.

A good example of the requirements and
benefits of experimental verification occurs in
attempting to model 3-D geometries with 2-D codes.
Practical 3-D codes are at least five to ten years In
the future. Meanwhile 2-D codes are being used to
solve 3-D problems. We can judge the limits of
validity of this procedure if we have results from
suitable 3-D experiments. A combined program of code
development and experiments will provide the capability
to solve design problems before 3-D codes become avail-
able, and screen a large number of design concepts,
choosing only a few for 3-D analysis. Among the 3-D
geometries which can to some degree be simulated with
2-D codes augmented by experiments are:

1. Thin plates. Except in the resistance-dominated
(low magnetic Reynolds number) limit, place problems
are 3-D problems; it is an open question how well 2-
D codes model them. For example the sharp edges of
plates can create 3-D electric fields with large
gradients that pose an arcing problem.

2. Modelling a thick shell with a thin, high-
conductivity shell.

3. Systems with 2n/n symmetry. In some cases these can
be modeled by axisymmetric systems.

4. Misaligned axisymraefic systems. Differences



between results of two axlsymmetric computations can
sometimes predict the results of asymmetry.

5. Segmented, but otherwise axl symmetric systems. It
would be highly useful to know If any electromag-
netic effects of these systems could be modeled by
an aiclsymmetric system with modified properties.

FELIX Experimental Program

The first round of experiments In the FELIX
[14 J (Fusion Electromagnetic Induction Experiments)
program are 2-D and 3-D geometrical experiments for
computer code validation. These are scheduled first
because:

• The need for computer code verification Is clear and
pressing. The snail amount of available experi-
mental data Is used very widely.

• The properties to be measured (fields, currents,
temperatures, forces) and parameters to be varied
(applied field, field decay rate) are known.

• The expected relationships among currents, fields,
temperatures, and forces are known. Hence, the
measured values should be correlated, and these
correlations provide a check on the Instrumentation,
which, after it Is evaluated and calibrated In the
hostile pulsed-field environment, will then be ready
for subsequent FELIX experiments and for
incorporation Into fusion experiments.

Among the expected output of Che 2-D
experiments will be:

• Experimental information (current and temperature
distributions, torque and field perturbation as
functions of time) for flat plates. Flat plates are
a first-order model of many fusion reactor compo-
nents.

• Qualitative and, in many cases, quantitative
Information about the effects (current and force
concentrations, temperature distributions) of slits
and holes. Even for this simple plate geometry, it
may be years before the codes could provide this
information, which is Immediately applicable to
estimating electromagnetic effects around
penetrations.

Among the expected output of the
experiments will be:

3-D

• Detailed results on field shielding by a cylindrical
shell, with appropriate scaling rules, for use by
reactor designers. Results with the shell have
immediate applications to field and flux penetration
through the first wall, blanket, and shield (FWBS)
system.

• Detailed results on segmentation effects, with
appropriate scaling rules, tjr use by reactor
designers. The segmentation effects have Immediate
Impact on the configuration of a FWBS or limiter
system for any device.

• Shielding of a cavity in a symmetrical stack of
rectangular blocks, with scaling for block size and
gap between blocks. Knowing the effect of gap size
will have high impact on blanket and shield design
because of the conflicting requirements for flux and
field penetration and for avoiding neutron
streaming.

• The time-varying force acting on one block in an
array.

Example: Coupling Between Eddy Currents and
Deflections

It has recently been pointed out 115) that
the coupling between eddy currents and the deflections
resulting fro™ those eddy currents can make electromag-
netic effects such as forces, torques, and power dissi-
pation be less severe than would be predicted without
regard for the coupling. For example, consider a
segment of plasma ltmlter experiencing both toroidal
field and the field from the plasma current. In a
plasma disruption, eddy currents will be Induced In the
llmlter segment; the currents will interact with the
toroidal field and twist the llmlter segments, tending
to align it perpendicular to the toroidal field. As
the segment turns into the toroidal field, t!ie flux
from the toroidal field partially compensates for the
decaying flux from the plasma current. Hence the peak
eddy current and the peak force of Interaction between
the eddy current will be reduced.

The simplest case for analysis ts a conductor
which electromagnetically can be characterized as a
single current loop with fixed resistance R and
Inductance L, and which mechanically behaves as a rigid
body able to rotate onlv about a fixed axis with a
linear restoring torque. The conductor is Initially
parallel to a uniform, steady magnetic field and
perpendicular to a uniform, decaying magnetic field.
Even for this simplest case there are four dimen-
slonless parameters which govern the behavior:

1. The ratio of the magnetic field decay time to the
L/R time of the conductor.

2. The ratio of the period for free oscillation of the
rigid body to the L/R time.

3. The ratio of the Initial magnitudes of the two mag-
netic fields.

4. The ratio of the "magnetic stiffness" of the con-
ductor in the decaying field to the mechanical stiff-
ness of the restoring torque.

Analyses have been carried out over a limited
range of these diraenslonless parameters, for a
prototypical llmlter segment (15J and for a FELIX plate
experiment (16J. Figure 1 shows the plate experiment,
and Figures 2 to 5 show the results of the analysis.
In the runs, the parallel field magnitude B (0.1 T,
1.0 T) and L/R time of the plate (48 ms, 4.8 ms) were
varied: other parameters were held fixed: decaying
field amplitude • 0.5 T, field decay time • 10 as, and
period of free oscillation • 35 ms. The figures show
that coupling effects are small for B • 0.1 T but
dominate at Bs - 1.0 T. The effect of coupling In
limiting deflections is shown in that when the parallel
field is Increased by a factor of ten, the maximum
angular deflection Increases only by a factor of 5.7
for L/R » 4.8 ras and 3.2 for L/R - 48 ras.
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