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Abstract. Two types of numerical, nonlinear simulations using the NIMROD code are presented.
In the first simulation, we model the disruption occurring in DIII-D discharge 87009 as an ideal
MHD instability driven unstable by neutral-beam heating. The mode grows faster than exponential,
but on a time scale that is a hybrid of the heating rate and the ideal MHD growth rate as predicted
by analytic theory. The second type of simulations,which occur on a much longer time scale, focus
on the seeding of tearing modes by sawteeth. Pressure effects play a role both in the exterior region
solutions and in the neoclassical drive terms. The results of both simulations are reviewed and their
implications for experimental analysis is discussed.

Long wavelength instabilities in fusion plasmas have often been described within the framework of magnetohydrodynamic (MHD) theory. These instabilities are often categorized by
the physics in the generalized Ohm’s law required for the instability to be described (e.g.
ideal, resistive, neoclassical). The types of instabilities have different time scales associated with their growth, with the ideal modes growing on the Alfvenic time scale, and the
other modes having a time scale that is a hybrid of the Alfvenic and resistive time scales.
For both types of instabilities, understanding the mode onset is crucial for predicting the
operational limits of future devices.
Recently, an analytic theory [1]has been put forth to describe the growth of an instability
being driven through the marginal point. Assuming that the free energy of the mode is
2
proportional to β; ω 2 = δW/δK ∼ −γ̂M
HD (β/βcrit − 1); and approximating the heating
as a linear increase in β with a heating rate γh near the marginal point; β(t) = βcrit (1+γh t);
one obtains that the resultant mode grows with a faster-than-exponential rate:
h
i
3/2
ξ = ξ0 exp (t/τ )
.
(1)
The time constant of the mode is a hybrid of the variation of the growth rate with beta and
the heating time scale:
(3/2)2/3
.
(2)
τ≡
1/3
(γ̂M HD )2/3 γh
As the limit of either γ̂M HD or γh go to zero, the mode does not grow because it is exactly
at the marginal point.
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Fast-time scale simulations

The heuristic analytic theory of the previous section was successfully used to explain many
of the features of DIII-D discharge 87009 which disrupted during neutral-beam heating.
[1]To further test this theory and gain additional insight into the nonlinear behavior, we
have modeled discharge 87009 with an equilibrium with similar pressure and safety factor
profiles as the actual discharge at 1681.7 msec, but with the plasma pressure raised to the
marginal stability point when a conducting wall is placed on the last closed flux surface.
To model the heating of the plasma, we apply a heating source that increases the equilibrium pressure self-similarly ∂p
= ... + γh peq . As the plasma heats, the flux surfaces will
∂t
shift outward, but the heating will still be peaked at the old magnetic axis. Because our
heating rate will be slow compared to the growth of the mode, but still much faster than the
resistive decay time (γ̂M HD  γh  1/τR ), we satisfy the assumptions of the analytic theory. Note that throughout the simulations, NIMROD’s finite-element grid which is aligned
to the equilibrium magnetic field does not move.
The NIMROD simulations were run with Lundquist number, S = 106 , Prandtl number
(ratio of normalized resistivity to kinematic viscosity) P r = 200 with heating rates of γh =
10−3 s−1 and γh = 10−2 s−1 . A finite-element grid in the poloidal plane with 128 radial
vertexes and 64 poloidal vertexes were used with cubic polynomial Lagrangian elements.
The toroidal direction is discretized using the pseudo-spectral method with the n = 0 and
n = 1 modes kept. The results of a NIMROD simulations with γh = 10−3 s−1 are shown
in Figure 1a, and the fits for both heating rates are shown in Figure 1b. As predicted by
the analytic theory, the growth of the mode is faster than exponential as represented by the
straight lines in Figure 1b. The slight difference between the two heating rates is believed
to be due to the fact that we actually start slightly above the marginal stability point and due
to non-ideal effects. Fitting the results to the exponential growth given by Eq. (1), gives a
−0.72 −0.28
which agrees well with the analytic prediction
fit to the time constant of τ ∼ γ̂M
HD γh
given by Eq. (2). Unlike internal kinks, which can often saturate at small amplitudes with

LN(Magnetic Energy)

10

0

-10

Exponential
Growth

-20
0

0.0001

time (seconds)

0.0002

Figure 1: In 1a (left), the mode clearly grows faster than exponential. In 1b (right), both heating
rates give good fits to the scaling of Eq. (1) as shown by the straight lines.

current sheets, [2], or tearing modes, that are discussed in the next section, these nonlinear
instabilities have both robust growth and no loss of confinement as they enter into the
nonlinear stage; an observation consistent with experimental observations.
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Slow-time scale simulations

Unlike the interchange-parity modes observed in the previous case, tearing modes break
field lines at all amplitudes causing significant loss of confinement even though their saturated amplitudes and growth rates are smaller. The seeding mechanisms of such modes
remain poorly understood [3]and remain a critical unsolved problem for prediction of future reactors. In this paper, we consider the self-consistent generation of tearing modes
by 1/1 sawteeth within the context of strictly fluid models. Because we use only fluid
models, have the conducting wall on the last closed flux surface, and have no shear flow,
these simulations are limited. However, because we use exact equilibrium reconstructions
and run at relatively large Lundquist numbers, these are important steps in gaining a full
understanding of how these modes arise in experiments.
DIII-D discharge 86166 is an ITER-like long-pulse experiment which observes a series of sawtooth events and the eventual emergence of a m/n = 3/2 tearing mode which
causes confinement degradation. Because the beam power is constant throughout the time
sequence shown, and there is relatively little variation in plasma parameters, the emergence
of the 3/2 mode after a series of nearly identical sawteeth has been a mystery. Recently, a
theory has been put forth [4]which explains the triggering of the 3/2 mode as being classically driven due to a sharp increase in ∆0 when the plasma is near an ideal MHD stability
boundary.
To test the theory, equilibria were obtained from two time slices, t = 2990 msec and
t = 3600 msec. The primary difference between these two equilibria is in the pressure
profiles. For the simulations presented in this section, a resistive MHD model is used with
a Lundquist number S = 2.4 × 106 and a Prandtl number P r = 1000. A comparison of
the mode growths for the two cases is shown in Figure 2. In both cases, the initial mode
perturbation is due to a 1/1 mode. As the mode becomes larger, the n = 2 mode is driven
nonlinearly as can be clearly seen from the slope of the n = 2 curve being twice that of
the n = 1 curve. After being nonlinearly driven, the n = 2 mode from the earlier case
decays, while the t = 3600 case continues to grow. To match to experiment, we plan on
using neoclassical closures.
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Figure 2: Despite similar equilibria, the m/n = 3/2 island grows in the later discharge
after the sawtooth.
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Recently, a heuristic closure was developed [5]to improve previous forms. The closure
gives as the divergence of the stress tensor for each species α
~
~ · Πα = ρα µα B 2  Vα · ~eΘ ~eΘ ,
∇
2
~ · ~eΘ
B

(3)

where the viscous damping coefficient, µα , contains information about the magnetic geometry and particle trapping and ~eΘ is a unit vector in the poloidal direction. This closure
improves previous numerical closures because in addition to the perturbed bootstrap current
drive, it includes the physics of enhanced polarization current, neoclassical enhancement of
the resistivity, and poloidal flow damping. Furthermore, this closure is entropy-producing
when averaged over the plasma volume and is relatively easy to implement. This closure has been well-benchmarked [5]and is successful in reproducing the analytic stability
boundary as seen in Fig. 3.
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Figure 3: The heuristic closure numerically reproduces the stability boundary expected
from analytic theory.
To test the closure on an experimental case to determine if it can give quantitative
description of the growth of a m/n = 3/2 mode in DIII-D discharges, we examine DIIID discharge 86144 which is similar to the discharge 86166 described above. As in the
previous simulations, we are trying to understand the onset mechanisms of this mode. We
first investigate the nonlinear coupling of this mode. Numerical results show that as the
Lundquist number increases, the generated island decreases as predicted by analytic theory
[6]
Simulating neoclassical tearing modes requires sufficient pressure flattening in the vicinity of the island. Finite perpendicular diffusivity gives a threshold island width that scales
1/4
as Wd ∼ χ⊥ /χ||
. [7]For the mode to grow, sufficiently large parallel thermal diffusivity is needed to overcome this threshold. To match the same asymptotic regime as the
experiment, scale length of the thermal diffusivity anisotropy needs to be greater than the
visco-resistive layer width (Wd > δV ), [8]which implies that the simulations need to be run
at large Lundquist number. This decreases the generated island size which implies that we
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need to have have a larger parallel thermal diffusivity to lower the threshold. As pointed
out in Ref. [8],this implies that the simulations need to operate at same plasma parameters
as the experiment. We show the results of the simulations of DIII-D discharge 86144 in
Figure 4. To date, we have not had the island grow to the experimentally observed island
size of ∼ 6 − 10 cm.

Figure 4: Simulations of DIII-D discharge 86144 show sensitivity to the diffusivities used in the
simulations.
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Discussion and Conclusions

NIMROD simulations of DIII-D discharges have focused on two types of discharges, a fasttime scale instability which is believed to have caused a disruption, and the seeding of slowtime scale tearing modes. The simulations have several goals in common: a self-consistent
description of how the plasma reaches the unstable state, the need for running simulations
at realistic plasma parameters, and the importance of mode coupling in interpreting the
results.
The ability to routinely run simulations of tokamak discharges at realistic values of diffusivities (kinetic, electrical, and thermal) has greatly increased the power of these calculations in making experimental comparisons and in being able to operate near the marginal
stability point. As the NIMROD project continues to develop and evolve, we expect that the
ability to routinely include additional physics; such as shear flow, the vacuum region, two
fluid effects, and kinetic closures, will both greatly increase the ability to make quantitative
comparisons, and rapidly increase the computational resources required.
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