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Introduction: NIMROD is a growing, flexible 
framework for extended-MHD computation. 
•  Development was planned and executed as a multi-institution team 

effort, starting in 1996. 
•  The implementation has grown to include many features that were 

not envisioned initially. 
•  Distributed-memory parallelism, 
•  Spectral elements, 
•  Asymmetric, 3D implicit operators, etc. 

•  NIMROD has been applied to many magnetized-plasma 
configurations: tokamaks, RFPs, spheromaks, FRCs, ST startup, 
stellarator-tokamak hybrid, dynamo experiments, MHD jets, the 
magnetotail, and idealized configurations for comparison with 
analytical theory. 

•  The publication list presently has 93 papers (https://nimrodteam.org/
NIMROD_pubs.html). 

•  Majority-species parallel kinetics (E. D. Held, USU) and dynamic 
neutrals (P. C. Norgaard, U WA) are new lines of development. 

•  NIMROD is part of CEMM, PSI-Center, and CMSO. 



Recent applications and development at 
Wisconsin support local and national groups.	  
•  Magnetic relaxation in the Madison Symmetric Torus RFP 

•  Non-inductive startup of the Pegasus Toroidal Experiment via 
localized helicity injection 

•  Current-driven MHD in the Compact Toroidal Hybrid (Auburn) 

•  Resistive wall mode (RWM) and transient coaxial helicity 
injection (TCHI) collaborative studies for NSTX. 

•  Vertical-displacement events in large tokamaks 

•  Algorithmic improvements and model development for all 
applications 



Applications gallery: Studies conducted at 
Wisconsin emphasize magnetic evolution.	  

•  Two-fluid relaxation and Lorentz forcing are significant in MST 
sawteeth [Ding, et al, PoP 13 112306; Kuritsyn, et al. PoP 16, 55903]. 

•  Our earlier study demonstrates two-fluid coupling of momentum and 
magnetic relaxation [King, et al, PoP 19, 55905]. 

•  We are presently investigating the changing roles of the Hall and MHD 
dynamo over different relaxation events [Sauppe, et al, PP8.00035]. 

Field and flow profiles evolve over 
a simulated relaxation event. 

Hall and MHD dynamos can act 
together or in opposition. 



Interchange growth rates decrease with 
Hall parameter Λ, but a second high-ω 
mode becomes unstable. 

A spheromak-motivated study shows that drift 
stabilization competes with drift-wave instability in 
pinch interchange.	  

•  The study examines gyroviscous, Ohm’s law, and two-temperature 
effects [Howell and Sovinec, BP8.00025]. 

Results at larger Suydam parameter 
distinguish two-temperature effects. 

•  The “full” two-fluid model includes the Hall effect and   pe in Ohm’s law, 
ion gyroviscous stress and ion diamagnetic flow, and separate Ti and 
Te evolution with diamagnetic heat-flux. 



Isosurfaces of simulated λ = J||/B show ring formation early in the current drive 
(left), formation of a hollow profile with vertical-field reversal later (center), and 
development toward symmetry after cessation of localized injection (right).  

Our study of local helicity injection informs non-
inductive current-drive development in Pegasus.	  

•  Simulations predicted current-ring formation as the phenomenology 
behind poloidal flux development [O’Bryan, et al, PoP 19, 080701]. 

•  The formation of quasi-separatrix layers during ring formation has been 
explored [O’Bryan and Sovinec, PPCF 56, 064005]. 



The above plots show the iota profile from enhanced CTH coil current (left), vacuum 
flux surfaces (center), and magnetic topology after simulated heating (right).  

Stellarator-relevant studies include hybrid 
physics and pressure-driven islands.	  

•  Simulation of resonant MHD from hybrid current-drive in CTH has been 
reported [Schlutt, et al, NF 52, 103023] and continues at Auburn [see 
Hebert and Hanson, UP8.00049 and Roberds, UP8.00048]. 

•  CTH fields are also being used as the basis for a study of pressure-
driven islands [Bechtel, et al, GP8.00048].  



•  At low aspect-ratio, even 
linear computations for RWM 
require resolution of many 
resonances. 

•  In S=107 computations using 
an equilibrium from NSTX 
140110, increasing the wall 
resistivity leads to increasing 
linear growth rates [Becerra, 
et al, BP8.00047].  
(Computed eigenfunction 
components are shown at 
right.) 

Non-ideal plasma evolution in the presence of a 
resistive wall is important for tokamak island physics.	  
•  Resistive-wall effects with Green’s function vacuum response, 

developed with help from Kruger, King, and Pletzer of Tech-X, allows 
RWM and other studies.  

Bφ component p component 



Modeling vertical-displacement events is important 
for tokamak development.	  
•  We first verified linear VDE behavior at large aspect ratio with a 

conducting wall [Bunkers and Sovinec, BP8.00016]. 
•  Resistive-wall effects are added with a numerical vacuum response. 
•  Nonlinear VDE computations exercise Eulerian free-surface evolution. 

Poloidal flux and temperature contours from large R/a nonlinear computations are 
shown at the initial state (left), maximum conducting-wall displacement (center), 
and maximum resistive-wall displacement (right).  



We also investigate edge-localized modes and the 
effects of resonant magnetic perturbation.	  
•  The stabilizing influence of large edge current density on low-n (kink-

dominated) instability has been reported [Zhu, et al, PoP 19, 032503]. 
•  Benchmarking RMP effects is an ongoing effort [Zhu and Sovinec, 

NP8.00018] 

Nonlinear resistive-MHD ELM evolution for an idealized equilibrium applies 
restricted toroidal periodicity and the spectral stabilization method.  



Recent development: Our model and algorithm 
development help keep NIMROD a “living” code.	  

We briefly describe recent model development: 
•  Variable ion magnetization 
•  Resistive wall 
We also describe the following algorithm improvements: 
•  Spectral stabilization 
•  Lagrange-trigonometric elements for doubly periodic 

computations 
•  Numerical hyper-resistivity 



Braginskii ion stress modeling now allows varying 
magnetization for low-temperature regions. 
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Meshed external-field solves within NIMROD provide 
an alternative resistive-wall model. 

•  This approach is used for our VDE computations [Bunkers and 
Sovinec, BP8.00016]. 
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•  The inner region is an Eulerian 
representation of the plasma and 
internal vacuum. 

•  An arbitrary number of outer regions 
represent vacuum (curl-free) magnetic 
field only. 

•  Regions are separated by resistive 
surfaces using the thin-wall 
approximation. 
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•  Regions are numerically coupled by constraint equations derived from 
projections of the thin-wall equation onto NIMROD’s vector basis 
functions [Sherwood, 2014]. 



Our spectral stabilization method is used to converge 
on interchange from the stable side. 
•  Divergence of flow and parallel vorticity are projected onto 

Legendre polynomials at the high-order limit of each element. 
•  Hyperbolic or diffusive response to the projections is added to 

the flow-velocity equation [Sovinec, BAPS 58, no. 16, JP8.125]. 

Numerical γ-values do not exceed the 
analytical γ when stabilization is used for 
ideal cylindrical interchange at Ds=0.44. 

Nonlinear MHD simulations of 
interchange-driven turbulent transport 
are now possible (p and V shown). 



Lagrange-trigonometric elements allow computations 
in idealized geometries to run quickly. 

•  With infinite-precision math, trigonometric cardinal functions are equivalent 
to finite Fourier series [Boyd, Ch. and Fourier Sp. Methods, Dover, 2001]. 

Fifth cardinal function (j=4) for N = 8. 
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•  Elements that are finite in 1D with finite 
Fourier series in a second dimension and 
trigonometric cardinal functions for the 
third have been implemented for slabs 
and periodic-cylinders. 

•  Computation time for linear studies is 
reduced by a factor of 6. 



Careful application of hyper-resistivity improves the 
properties of NIMROD’s implicit 2-fluid B-advance. 

Fluctua-on	  evolu-on	  with	  a	  120×64	  mesh.	   Fluctua-on	  evolu-on	  with	  a	  60×32	  mesh.	  

•  Two-fluid RFP computations with                        ,                     , and 
Pm=1 demonstrate stable evolution with hyper-dissipation.   

η /µ0 = 5×10
−5 ηh = 4×10

−8

•  The implicit Hall operator has a nontrivial null space and leads to ill-
conditioning when it is the dominant effect. 

•  Implicit hyper-dissipation                  removes the null space and avoids 
noise at the finest spatial scales. 

~ ∇2∇2B



•  NIMROD continues to provide modeling support for a variety 
of applications. 

•  Magnetic relaxation is a central aspect of our studies for MST, 
the Pegasus Toroidal Experiment, and other experiments. 

•  Our development work enhances and improves the 
robustness of fluid aspects of the NIMROD model. 

•  Future work includes model development and application of 
plasma-surface effects. 

•  The trigonometric cardinal functions may also prove useful for 
improving solver preconditioning. 

•  Some object-oriented programming aspects of Fortran08 can 
be incorporated for greater flexibility. 

 

Discussion 


