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NIMROD Team Meeting Minutes, August 9-11, 2016 
Madison, Wisconsin 

Computational developments: 
Carl Sovinec described the challenges of representing free-surface dynamics from ELMs, 
external kinks, etc. in Eulerian computations.  The two primary challenges for NIMROD are 
advecting the large gradients that lie near the plasma-vacuum interface and solving the magnetic-
field advance with resistivity that varies strongly in the toroidal (Fourier-represented) direction.  
Sovinec has formulated and tested a least-squares finite-element (LSQFEM) projection for the 
density and single-temperature advances for MHD, which stabilizes these equations when 
dissipation is weak.  With this method, explicit upwinding helps maintain monotonicity more 
reliably than the old nonlinear "upwind-like" numerical diffusivities.  For the linear algebra of 
the magnetic advance, incorporating a phi-plane based preconditioner through flexible-GMRES 
(FGMRES) reduces the number of iterations by a factor of 2 or more in some external-kink 
computations.  However, parallelization over NIMROD's processor layers has yet to be 
formulated. 
Jacob King has investigated the possible use of semi-Lagrangian methods for advection to avoid 
an effective time-step restriction in Edge Harmonic Oscillation (EHO) computations.  With these 
methods, the numerical Δ/Δt term is a total derivative that includes the advective contribution.  
High-order interpolation, which is used in NIMROD, is beneficial for these methods.  There are 
two approaches to finding the "departure point" for Δ/Δt, using backward explicit stepping of an 
advection equation and tracing streamlines backward in time.  So far, King has tested the first 
approach.  In shear-wave and tearing test cases with rectangular meshing in slab geometry, the 
semi-Lagrangian method allows large time-steps without loss of accuracy.  At this point, toroidal 
geometry with mapped elements does not show the same benefits.  King will also try the 
streamline based approach to finding departure points. 

Model development: 
Jeong-Young Ji reviewed his work for ion parallel closures.  He described the approximations of 
the often-used Braginskii equations in the context of the general (not closed) moment equations.  
He noted that the approximation of ignoring collisions with electrons for the ion species can lead 
to as much as 20% error, even with Ti = Te.  Ji presented his results for integral-based ion 
closures, which are computed for sinusoidal variation in the particle distribution, as functions of 
AZ2.  His development of fits to the kernel functions leads to a much more practical method of 
calculating the integrals than keeping large numbers of moments.  Interestingly, the fitting 
parameters are smooth functions of AZ2.  Ji is presently working on formulation closures in 
inhomogeneous magnetic field for the collisionless limit through a Krook-type operator.  He is 
also interested in developing integral closures for interactions with neutrals. 
Eric Held presented recent development work on solving the drift-kinetic equation (DKE) in 
NIMROD.  He and student Joseph Jepson have implemented the terms that are needed for 
Chapman-Enskog-like (CEL) computations with an evolving background.  They have used the 
formulation of Jesus Ramos, which is in reference frame of the evolving fluid for each species.  
Some of the terms had previously been implemented for nonlinear computations, but now all of 
the linearized terms are also available.  The coupling with the NIMROD fluid moments is 
described as tight, and the temporal centering of the perturbed distributions is with the fluid 
center-of-mass V.  They have run various basic tests and will soon apply the modeling to tearing 
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computations and to investigate the Kruskal-Oberman kinetic response in the Giant Sawtooth 
(GS) application. 

Applications: 
Jake King gave an update on his study of edge harmonic oscillation (EHO) in DIII-D.  His 
nonlinear computations are now out to 1/4 ms, and long-time oscillations seem to damp as the 
run progresses.  He finds that particle transport is large relative to energy transport, which is 
consistent with experimental results.  King is analyzing the transport from a statistical 
perspective.  While density and temperature fluctuations are of comparable magnitude, their 
phase relations with perturbed flows differ.  On a related topic, King is also looking into 
applying NIMROD to predict asymmetric flows.  There are many competing effects that 
influence the development of flows in tokamaks, and the computational capabilities of the 
NIMROD suite of codes can cover many of them.  The work could help settle different 
perspectives regarding the importance of non-flux-aligned flows. 
Bick Hooper presented recent work on the asymmetric instability of the expanding flux bubble in 
simulations of coaxial helicity injection (CHI) in NSTX.  The instability had been seen in 
previous studies, but it is more virulent when radiation is decreased, resulting in higher 
temperatures.  The mode structure follows field lines and has small toroidal wavenumbers but 
large poloidal wavenumbers.  Linear computations are based on fields from axisymmetric 
nonlinear simulations and allow parameter scans to help identify the mode.  The growth rate is 
found to be somewhat sensitive to resistivity and viscosity, but it is insensitive to particle 
diffusivity.  Hooper has also investigated the role of symmetric flow.  Computations with it are 
more unstable than cases where it is removed, indicating some extent of Kelvin-Helmholtz.  The 
flow also affects the location of the mode, but the mode grows without flow, so it is not the 
dominant source of free energy.  Growth rate scales with resistivity to the 0.4-power, which is 
similar to the scaling of resistive kink, and delta-prime analysis supports this finding. 
Eric Howell is conducting studies of low-q disruption in the CTH hybrid stellarator-tokamak 
experiment.  He reviewed the experimental configuration and noted that experiments see three 
forms of disruption (density limit, low-q(a), and VDE) when Ohmic current drive is applied.  
The different levels of current drive are characterized by the f = ιvac/ιtotal ratio.  In the low-q 
studies, the experiment does not observe immediate effects when q(a) drops below 2, but then 
3/2 activity develops and disruptions often occur when 4/3 develops.  Increasing f tends to 
suppress disruption.  Howell's simulations start with equilibria prior to when disruption is 
observed in the experiment.  The data is from VMEC, and Howell has used, and is enhancing, 
Nick Roberd's code for reading VMEC data into NIMROD.  The simulations show three phases.  
Large regions of edge stochasticity develop, but a clear 3/2 island is not observed. 
Eric Held reviewed the physics and computations of the GS application.  He and Scott Kruger 
had met with M. Choi and A. Turnbull to discuss details of the analyses used in their publication 
on GS in DIII-D.  Held has applied his DKE computations to model the hot particles and has 
compared with PIC-based computations run by Dalton Schnack and Tom Jenkins.  Held finds 
that the linear kink is not sensitive to the pitch-angle distribution used for the hot-particle 
background.  The slowing-down part of the distribution does not stabilize the kink, but its growth 
rate decreases with increasing deposition energy.  Held is separating different physics 
contributions, and as noted earlier, he now has the capability of computing the Kruskal-Oberman 
contribution from thermal ions. 
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Valerie Izzo is modeling a new scheme for disruption mitigation, shell pellets that contain a 
high-Z payload inside a low-Z non-cryogenic shell.  Her simulations investigate optimal 
delivery, where the high-Z material (Ar) is delivered in the core of a tokamak.  They show three 
dynamical stages with good mitigation properties.  The radiated power is high right away--none 
of the MGI-type delay, and this is followed by a two-stage current quench (CQ).  Initial n=1 
activity is excited directly by the toroidal distribution of the pellet payload.  Radiation then 
produces a very hollow temperature profile, and the hollow profile also carries the electrical 
current density.  When the distribution hits the wall, oppositely directed currents develop, and 
the fast part of the CQ starts.  The spatial distribution then filaments and later the slow CQ 
begins.  A large fraction of energy is released radiatively, and the vast majority of simulated REs 
that are traced numerically are lost during the brief early TQ before they would have a chance to 
start an avalanche process. 

Ping Zhu presented a study of lithium-conditioned discharges in the NSTX tokamak. The 
conditioning is between discharges, and subsequent discharges show less edge-localized mode 
(ELM) activity. The stabilizing effects of enhanced edge resistivity due to lithium-conditioning 
on edge-localized instabilities in high confinement discharges in NSTX are identified for the first 
time using NIMROD calculations. Linear stability analysis of the experimentally-constrained 
equilibrium suggests that the change in the equilibrium plasma density and pressure profiles 
alone due to lithium-conditioning may be insufficient for a complete suppression of low toroidal 
mode number peeling-ballooning modes. The enhanced resistivity due to the increased effective 
electric charge number Zeff after lithium-conditioning provides additional edge stabilization of 
current and pressure driven modes. Notably, this stabilizing effect by enhanced edge resistivity 
becomes evident only in two-fluid magnetohydrodynamic simulations. Similar NIMROD 
analysis is being considered for related experiments that have been conducted on EAST. 

Karsten McCollam reviewed the aims and principles of model validation and emphasized the 
iterative nature of the process.  Comparisons are quantified in terms of metrics that are organized 
into a primacy hierarchy.  The MST group is actively pursuing validation of resistive MHD as a 
model for reversed-field pinch (RFP) dynamics.  Craig Jacobson is performing an S-scaling 
study over a limited range of low S-values (10,000-50,000), which is now accessible to MST 
through its programmable power supply.  A second series adjusts the drive to maintain the same 
reversal parameter (F); however, that did not have a large impact on the scaling of magnetic 
fluctuations.  In MST, S is scaled by varying plasma current (Ip), and that produces a stronger 
scaling with larger fluctuations than the simulations at their S-values.  Next steps include 
scanning resistivity profiles, checking the influence of magnetic Prandtl number (Pm), and 
modeling the external circuit for the toroidal field.  McCollam also presented work on modeling 
the Japanese RELAX RFP, which has low aspect ratio (R/a) and a resistive shell.  A strong 
quasi-single helicity (QSH) state (10% fluctuation) is often observed at n=4.  McCollam has run 
NIMROD at S=10,000 and Pm=1 in both cylindrical and toroidal geometry with 0≤n≤21.  He is 
repeating cases that have been run with the MIPS code, but supplied equilibrium profiles are not 
directly useful.  Instead, McCollam generates background fields with axisymmetric computations 
and a specified voltage.  Results from cylindrical and toroidal geometry seem to bracket the 
experimental data.  Near-future plans include varying the resistivity profile, Pm, and resolution. 

Joshua Sauppe presented simulations of magnetic reconnection among flux ropes in the LAPD 
experiment.  He is applying two codes, VPIC for kinetic simulations and NIMROD for fluid 
simulations.  In VPIC, the flux ropes are modeled with the linearly periodic Fadeev equilibrium.  
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An important consideration is whether ions are subthermal or superthermal when modeling with 
numerically accessible particle parameters.  Sauppe finds that it is better to model the 
background and rope particles as separate numerical distributions.  Computations with Ti = Te 
show flux-rope merging.  His recent NIMROD computations are single-fluid MHD with full 
Braginskii thermal conductivity modeling.  The flux ropes are induced by heat and current 
sources, and the simulations show rope formation, merging, and kinking. 

Matthew Beidler is studying forced magnetic reconnection, which is fundamental for mode 
locking in disruptions and for resonant magnetic perturbation (RMP) for suppressing ELMs.  He 
reviewed his slab-geometry computations of the Taylor problem with comparisons to the Hahm-
Kulsrud theory in linear and nonlinear regimes.  Computations with flow have been compared 
with Fitzpatrick's theory and show substantial quantitative agreement in terms of saturated 
amplitudes and phase relations.  Beidler has also reproduced the bifurcation effect where steady 
states jump between two distinct states as the magnetic perturbation is varied.  He is also 
investigating plasmoid formation with large perturbations and is comparing with Vekstein's 
recent theory.  Time-dependent boundary conditions are being developed for varying the 
perturbation dynamically.  Cylindrical geometry computations are also progressing.  The HK 
overshoot in the linear regime is also observed in this geometry.  With axial flow, there is again 
good agreement with Fitzpatrick's theory.  Beidler has had to use time-split viscosity in his large-
flow computations.  Nonlinear computations have not progressed to showing bifurcation, and at 
this time there is some disagreement with analytical predictions. 

Brian Cornille presented his numerical study of RMP in MST tokamak discharges.  He first 
noted experimental results that show m=3 RMPs suppressing runaway electrons (REs) but m=1 
does not.  MST has a thick shell, and RMPs are applied through a narrow poloidal gap.  In his 
modeling, Cornille uses equilibrium profiles that are generated with fits to the MST discharges--
re-solved with NIMEQ at zero plasma-β.  The magnetic boundary condition for the RMPs is a 
limited Fourier expansion of a top-hat function that is scaled to match magnetic measurements 
inside the experiment's shell.  Linearly, (1,1) and (2,2) are unstable for the q(a)=2.2 profiles, and 
the (2,2) eigenfunction shows a (3,2) sideband.  Nonlinear results show sawtoothing with a 
period similar to MHD activity observed on MST.  Computations with m=3 RMP have a broad 
region of edge stochasticity, and sawtoothing may be dumping RE into this region.  
Computations with m=1 RMP do not have edge stochasticity, and this leads to a plausible 
explanation for the different observations on RE confinement.  Cornille is presently investigating 
resistivity-profile effects and is checking resolution, and there are plans to apply Izzo's trace RE 
modeling to investigate confinement properties. 

Kyle Bunkers is studying aspects of vertical displacement events (VDEs) in tokamaks, and is 
presently focusing on external-kink dynamics.  The plasma-vacuum interface is represented by 
the 3D evolving resistivity, and Bunkers showed example results for cylindrical (2,1) and (1,1) 
external kinks, and a toroidal case.  He noted the challenges for solving the algebraic system for 
the magnetic advance with strongly varying 3D resistivity and reviewed different approaches that 
he has tested for improving the solves.  They include 1) the older limited Fourier off-diagonal 
coupling through Gauss-Seidel-like steps, 2) tests for spectral multigrid (MG), and 3) the 
complementary phi-plane solves that were introduced in Sovinec's presentation.  So far, the last 
of the three is the most promising candidate, and Bunkers is developing the matrix computations 
needed to apply it to the temperature advance.  He also presented a set of VDE physics topics 
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that are accessible to study via NIMROD simulation.  They include topics on halo-current 
generation, rotation, and specific findings on NSTX and C-MOD. 

Torrin Bechtel presented work on optimizing NIMROD for 3D stellarator computations.  He has 
considered a configuration that was based on CTH and another that has l=2, m=10 magnetic 
geometry.  He has been applying numerical heating over the NIMROD domain, relying on 
parallel thermal conduction to cool the open-field region.  He finds that with sufficient poloidal 
resolution, magnetic divergence error near the imposed coil fields can be managed.  Also, a 
numerical instability observed at low toroidal resolution is removed when increasing toroidal 
resolution.  With the increased resolution, he is able to run limited-periodicity computations 
(using NIMROD's zperiod option) to steady state.  He plans to investigate stability properties by 
completing the toroidal spectrum, starting from a limited-periodicity result.  Bechtel has had 
difficulty converging the velocity advance when using the 3D semi-implicit operator, and he has 
implemented a phi-plane matrix for complementary preconditioning.  So far, this has not proved 
as helpful as it was for the magnetic advance in external-kink computations.  He has changed the 
way he runs his computations and is now making good progress on seeing limited-periodicity 
cases evolve to 4% beta, where the Shafranov shift degrades outer flux surfaces. 

The Team finished the meeting with an open discussion of the state of code efficiency, 
robustness, model development, and applications.  A point that came out of the discussion is that 
code readability and ease of development are important considerations when investigating 
different tacts of getting NIMROD to run faster. 


