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The Center for Extended Magnetohydro-
dynamics Modeling" (CEMM) is the
nation’s premier research organization for
simulating  macroscopic  dynamics in
magnetically confined plasmas. With
support from the SciDAC initiative, CEMM
has brought together leading researchers in
fluid-based plasma simulation, plasma
theory, computational meshing, and parallel
solver algorithms. Originally separate
efforts, the M3D and NIMROD code
development teams now interact
productively on a number of applications
through CEMM. A notable example is the
simulation of edge localized modes (ELMs),
where the sharing of equilibrium data and
simulation strategies led to successful
completion of office-wide annual program
performance targets for FY05 and 06, the
first ever for theory and computation. On
the computational side, synergism from
sharing experience and ideas on energetic
particle methods, spatial representation,
implicit algorithms, and solver strategies has
led to improvements in both codes. As
envisioned for the SciDAC program,
CEMM has received invaluable assistance
from leading computational groups, such as
APDEC, ITAPS and TOPS. Their
contributions have boosted the performance
of the two large codes and have spawned
test-beds, such as the AMRMHD code, that
explore new approaches, which is essential
for continued improvement in the area of
macroscopic plasma simulation. In turn,
CEMM’s efforts have motivated the
computation collaborations to develop new
methods for our challenging applications.

The applications being addressed are
characterized by having a wide range of
both space and time scales and by extreme
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anisotropy associated with the strong
background magnetic field.  The space
scales arise from the need to describe highly
localized reconnection layers as well as the
global configuration. The time scales arise
from the need to include the fast timescale
physics associated with Alfven and whistler
waves as well as the long timescales
associated with instabilities growing on the
slow dissipative  timescales. The
combination of these leads to an extremely
demanding computational problem that
requires the best algorithms and the most
powerful computers available. The multiple
time and space scales require the use of
implicit algorithms, which imply solving
large sparse algebraic systems of equations
each time step. Our Center has become one
of the major drivers for developing efficient
and scalable sparse matrix solvers at the
teraflop scale and beyond.

The equations we use do not make any
approximations  related to  simplified
geometry, small amplitude disturbances, or
ratios of the self-generated to background
magnetic fields. As a result, the extended
MHD description has been extraordinarily
successful in describing the macroscopic
equilibrium  and  non-linear  stability
properties of a wide range of fusion
experiments, including tokamaks,
stellarators, reversed-field pinches, and
spheromaks. [We have attached a
bibliography from our Center for the FY04-
07 funding period.] The application areas we
are currently concentrating on are a balance
between opportunities for verification and
validation of our codes in new regimes,
opportunities for supporting the U.S.
experimental program in magnetic fusion,
and opportunities to address unresolved
issues for the international ITER
experiment, presently under construction.
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The two workhorse simulation codes M3D
and NIMROD, and the AMRMHD code
being developed jointly by CEMM and
APDEC, use very different numerical
representations and algorithms and have
different  strengths and  capabilities.
However, there is a large range of overlap in
the problems they can address. We have
effectively used these codes together to
perform a series of benchmark problems that
serve as both linear and non-linear
verification exercises for all codes. Recent
benchmark exercises include computing the
interaction of a fast ion component with the
internal  kink mode, computing fast
collisionless reconnection, and computing
the stabilization of the gravitational
instability due to the gyroviscous force.
However, our most notable success is the
detailed M3D/NIMROD nonlinear
benchmark calculation of three complete
sawtooth cycles in a small tokamak. This
significant benchmarking achievement has
given us great confidence in the nonlinear
results in both codes, and we are building on
this new credibility by undertaking a number
of important extensions.

During the last year we have improved the
underlying extended MHD description of
the plasma we use by including the
gyroviscous force, improving the calculation
of long-mean-free-path parallel closures,
and by developing an improved formalism
for further closures development. The M3D
team is developing and testing new
representations: one that uses higher
continuity finite elements and is more
strongly implicit (M3D-C') and one that
involves high order spectral finite elements.
We have also made great progress in
extending the M3D partially implicit
algorithm to allow a 5-times increase in
timestep. The NIMROD team developed
and implemented a new algorithm for
solving the two-fluid plasma model. Both
codes have improved their parallel scaling
efficiencies so that the codes can now
effectively use 4000-5000 processors,
resources permitting. We have addressed

cutting-edge applications in the areas of the
internal kink mode (sawtooth and fishbone),
Edge Localized Modes (ELMs), and mass
redistribution after pellet injection.

To ensure a high level of reliability, we are
now embarking on a number of critical
verification and validation benchmark
problems that test the new extended MHD
closures, some of which have been recently
implemented and some which we will be
implementing in the near future. The M3D-
C! effort is being taken from 2D to 3D so
that it can be fully evaluated against the
existing M3D approach, which itself is
being improved through further extensions
in the implicit algorithm and the completion
of the introduction of spectral finite
elements. We are also investigating a
technique known as FETI-DP which shows
promise for dramatically improving the
parallel scalability and preconditioning in
M3D. The NIMROD code will investigate
an improved class of spectral basis functions
and preconditioning methods, and will also
evaluate a nonlinear implicit time advance
based on the Newton-Krylov method.

Application areas we are now addressing
include further sawtooth studies in larger
machines with a more complete physics
model and more demanding parameters, the
introduction of an energetic ion component
into the sawtooth studies, the calculation of
the excitation and control of neoclassical
tearing modes (NTMs), further studies of
ELMs with the improved extended MHD
equations, resistive wall modes, error field
studies, and disruption mitigation studies.
Each of these applications has a validation
component in which the simulation results
are compared with experimental data in
CDX-U, DIII-D, C-Mod, and NSTX. We
see these applications as not only
opportunities to clarify the physical
processes in these complex nonlinear
phenomena, but also as essential steps in
building a credible simulation tool for ITER.
We continue to have strong collaborations
with many other SciDAC centers and will
extend and build on these.
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