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ABSTRACT

A model of the induced currents and resultant elec-
tromagnetic forces and stresses during a disruption event
in the ARIES-RS tokamak design is presented. Like
many other power reactor concepts, the ARIES-RS has
a modular design consisting of toroidally segmented in-
ternal structures to limit disruption induced currents
and facilitate maintenance. During a disruption, cur-
rents driven in these structures cross the large toroidal
magnetic field producing substantial electromagnetic
forces.

To consider these effects, a transient three-dimen-
sional electromagnetic finite element model of the
ARIES-RS device was created, implemented by the com-
mercial code ANSYS. The same code was used for dy-
namic structural analysis.

The model includes all major components (the first
wall, blankets, divertor plates, stabilizing shells, vac-
uum vessel, shields) electromagnetically coupled togeth-
er. The magnets are assumed to remain energized dur-
ing the disruption. The plasma current decay is pre-
scribed, not coupled with the current in the structure.
Halo currents and vertical displacement events, which
may produce larger forces than found in this study, are
not considered.

The results illuminate important design tradeoffs.
For a centered fast plasma current quench, the outboard
first wall/blanket modules were found to experience the
most severe loading. Current in the sidewalls generates
forces that produce large torques on these structures.
Supports are needed to react these loads; however, ther-
mal stress considerations drive designs toward a first
wall with a compliant support system. Thus, supports

needed to reinforce against disruption loads can lower
the maximum permissible heat flux on the first wall.
Further, electromagnetic pressure on the first wall re-
quires a factor of two reduction in the coolant chan-
nel width in some regions, resulting in higher pumping
power.

Extension of the results to other modular tokamak
designs is discussed.

Color versions of the figures are available on the
world wide web at http://silver.neep.wisc.edu/disrupt
or by contacting the authors.

I. INTRODUCTION

This study investigates the electromagnetic and re-
sulting dynamic structural behavior of the ARIES-RS
tokamak design during a disruption event to identify
the components that are at risk and illuminate design
options which mitigate these loads.

A disruption event in a tokamak occurs when mag-
netohydrodynamic instabilities in the plasma cause a
rapid loss of plasma energy confinement. The plasma
current decays away on a time scale of milliseconds in
the resulting cold and highly resistive plasma. This
change in plasma current induces currents in the sur-
rounding conducting structures. The induced currents,
flowing in the presence of a magnetic field, can apply
substantial electromagnetic forces on the near-plasma
components.

Chazalon, et al.1 reviewed the frequency of disrup-
tions in large experimental tokamaks such as JET and
TFTR and found that between 5 and 50% of the dis-
charges ended in a disruption. A statistical analysis
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Figure 1: The ARIES-RS tokamak design.3

of disruptions in the ASDEX device was performed by
Zohm, et al.2 They found that, after eliminating the
most dangerous operation regimes, 17% of all shots end
with a disruption. These experiments often explored
operational limits; lower disruption frequencies occur
when these devices are operated more conservatively.
Damage from disruption-induced currents has occurred
in JET as well as other experimental tokamaks.

The proposed ARIES-RS reactor exceeds these ex-
perimental devices in major radius (5.52 m), plasma
current (11.3 MA) and on-axis magnetic field (8.0 T),3

making disruption damage a greater concern. Figure 1
shows a cut-away view of the device. The first wall and
blanket material is vanadium alloy. Tenelon (a high
manganese steel) is used both in the vacuum vessel and
with vanadium alloy in the shields. The passive stabiliz-
ing shells are tungsten. More on the ARIES-RS concept
can be found in a series of articles in reference 4.

This investigation used the finite element method
with a differential formulation as implemented by the
commercial finite element code ANSYS version 5.3 (Uni-
versity high-option)5. A transient three-dimensional
electromagnetic model of the ARIES-RS design was
created. ANSYS was also used for dynamic structural
analysis of some components.

II. FINITE ELEMENT MODEL

To facilitate component replacement and mainte-
nance and reduce thermal stresses, the power core of
the ARIES-RS design is toroidally segmented into 16
sectors. As shown in Figure 2, an individual module in-
cludes the first wall, divertor plates, blanket, and some
shield structures. The lack of toroidal electrical conti-
nuity in these near-plasma components greatly reduces

Figure 2: A sector module of the ARIES-RS tokamak.6

the disruption induced currents. However, the currents
that are induced must cross the strong magnetic field,
generating substantial electromagnetic forces.

Modeling the current induced in these box-like struc-
tures requires a three-dimensional formulation. There
are several such formulations available. The most suc-
cessful of these solve for electric and magnetic fields
in terms of potential fields. These approaches select
potentials which automatically satisfy one or more of
Maxwell’s equations, reducing the number of equations
and unknowns which must be simultaneously satisfied.
The formulation used in this study employed a mag-
netic vector potential with an electric scalar potential
in conducting regions.

Note that each ARIES-RS module is identical, and
each is symmetric about a vertical midplane. If the
decaying plasma current does not become azimuthally
asymmetric, then a substantial reduction in problem
size can be achieved. As discussed in reference 7, mod-
eling a half-module with appropriate boundary condi-
tions produces results applicable to the entire system—
only 1/32 of the full domain needs to be solved. (Two
solutions using different boundary conditions need to be
found and appropriately combined.) For a “centered”
disruption, where the plasma current does not move as
it decays, symmetry about the horizontal midplane per-
mits a further reduction in problem size by a factor of
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Figure 3: Finite element mesh of the conducting struc-
tures.

two.

One quarter of a module was modeled as the finite
element mesh shown in Figure 3. For clarity, only con-
ducting elements are shown—the model includes addi-
tional elements which make up the toroidal and poloidal
field coils and fill the plasma chamber and external
space. “Infinite” elements modeled the far-field bound-
ary.

Some of the ARIES-RS blankets are internally di-
vided into an array of poloidal coolant channels. The
walls forming these channels have electrically insulated
surfaces to limit magnetohydrodynamic pressure drops
in the liquid metal coolant. These walls were not in-
cluded in the model. It is expected that neglecting
these additional conduction paths will cause the compu-
tational results to underestimate the induced currents.

Since the superconducting toroidal and poloidal field
coils will have a quench time on the order of seconds, it
was assumed that they remained energized during the
comparatively brief disruption.

A fast plasma current quench of 10 ms where the
plasma remains stationary during the disruption was
chosen as the reference case for this study, for consis-
tency with previous design studies8 and because this
scenario is considered representative of one of the most
severe seen experimentally. Vertical displacement events,
which may produce more severe forces, were not con-
sidered in this study. The current quench is modeled as
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6.128
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36.671
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Figure 4: Current density (in MA/m2) in the conduct-
ing structures at the end of a 10 ms disruption.

a linear rampdown of the plasma current density at all
points in the plasma chamber. Halo currents, which are
currents following through both plasma and structure,
were not included in the model.

III. RESULTS

The current density and magnetic force density in
the conducting structures of the ARIES-RS device at
the end of a 10 ms centered disruption are shown in
Figures 4 and 5. At this moment, the currents and
forces both peak. The current density is at a max-
imum in the near-plasma wall of the outboard blan-
ket/reflector (a blanket behind and independent of the
first wall/blanket structure). However, the greatest
magnetic force density is applied to the outboard first
wall/blanket. This component experiences the greatest
electromagnetic disruption induced stresses.

Figure 6 plots current density and Figure 7 plots
the magnetic force density in the outboard first
wall/blanket.

The internal walls which form coolant channels in-
side the outboard first wall/blanket join the first wall,
kink stabilizing shell and back wall so that they be-
have mechanically as a composite plate. To determine
the mechanical behavior of this component, a struc-
tural model of plate elements was made and the mag-
netic forces computed over time in the electromagnetic
model above were mapped onto this model.
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MAX=265.611
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Figure 5: Magnetic force density (in MN/m3) in the
conducting structures at the end of a 10 ms disruption.
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Figure 6: Current density (in MA/m2) in the outboard
first wall/blanket at the end of a 10 ms disruption.
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MAX=265.611
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Figure 7: Magnetic force density (in MN/m3) in the
outboard first wall/blanket at the end of a 10 ms dis-
ruption.

The structural supports for this component have
not been specified in the ARIES-RS design. To mini-
mize thermal stresses compliant supports are desirable.
However, note from Figure 7 that much of the load
is applied within the side wall of the first wall/blanket
where the current crosses the strong toroidal field. Sup-
ports are needed along the sides of the component to
react this load and prevent disruption-induced stresses
from becoming excessively large.

If the edges of the first wall/blanket structure are
supported against displacement (but allowed to rotate),
results show a peak von Mises stress of about 110 MPa
occurs on the back surface of the component at 1.25 ms
after the end of the disruption (see Figure 8). This
stress is not in excess of the design allowable stress of
156 MPa in bending.

However, in addition to stresses computed by this
structural model, there is localized stress from electro-
magnetic pressure across the the span of each coolant
channel. This is a concern in the 3 mm first wall where
the coolant pressure applies 0.5 MPa of pressure caus-
ing 156 MPa of stress—a marginal design even with-
out disruptions. The peak electromagnetic pressure of
0.76 MPa adds 240 MPa of stress which would fail the
first wall. A reduction in the width of the coolant chan-
nels by about a factor of two is required.
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Figure 8: von Mises stress (in MPa) on the back sur-
face of the outboard first wall/blanket 1.25 ms after
the end of a 10 ms disruption. Unlike Figures 6 and 7
which show a quarter module, this model represents a
full module.

The loads on other components are less severe.
While the peak induced current in the vacuum vessel
is 9.6 MA (nearly the original plasma current), this
current is largely aligned with the magnetic field. As a
result, the peak hoop stress is 56 MPa in the inboard re-
gion, well below the allowable stress for tenelon. Other
components are discussed in reference 7.

It is difficult to extend these results to other toka-
mak geometries. However, all else being equal, the cur-
rents and magnetic forces and corresponding stresses
in the first wall/blanket structures are approximately
inversely proportional to resistivity for materials with
higher resistivity than vanadium alloy and inversely
proportional to disruption duration for disruptions
longer than 10 ms. By contrast, for the toroidally
continuous components such as the vacuum vessel, the
maximum currents, magnetic forces and resultant
stresses are, to a point, independent of material resis-
tivity or disruption duration.

IV. CONCLUSIONS

The most significant design issues for the ARIES-RS
tokamak arise in the outboard first wall/blanket struc-
ture. In the design of plasma facing components, there
is a trade-off between supporting the structure rigidly

enough to limit disruption induced stresses but compli-
antly enough to mitigate stresses from differential ther-
mal expansion. The results show that for ARIES-RS,
the blanket structures must be supported at their edges
due to large loads on their side walls.

Disruption-induced stress in the thin first wall was
found to be excessive. A reduction in coolant channel
width by a factor of two is required.

All other components were found to be within ac-
ceptable stress limits during a severe centered disrup-
tion.
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