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Ø   Brief description of the simulation tool – HiFi modeling 
framework  

Ø   Single plume SSX MHD wind tunnel simulations  

Ø   Counter- and co-helicity tunnel merging simulations 

Ø   Future work and directions 
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HiFi Overview 
Algorithm: 

Ø   Fortran 90/95; Modular; Parallelized with MPI and PETSc;  

Ø   PDE Formulation: generic flux-source form of the equations; 

Ø   Spatial discretization: high order C0 spectral elements – low numerical 
dispersion + geometric flexibility + adaptable grid + domain decomposition 
preconditioning + semi-structured grids; 

Ø   Time step: fully implicit, 2nd-order accurate, Newton iteration, direct or 
iterative solvers + multiple algebraic preconditioner options available in 
PETSc + home-grown preconditioning; 

Ø   Adaptivity: robust and automated in time – based on the rate of Newton 
convergence, and in space – based on the spatial convergence error and use 
of harmonic map generation (needs extension to full 3D); 

Ø   I/O: parallelized with the portable HDF5 data format. 



HiFi Overview 

User Interface: 

Ø   Main algorithm compiled into a library that is transparently used by the 
user-specified physics file constructed according to a provided generic 
template; 

Ø   Pre-Processing: external grid generation and smoothing with CUBIT 
package + advanced grid quality evaluation + check for some of the 
common mistakes in user-constructed physics file; 

Ø   Post-Processing: parallelized conversion of check-point datafiles into data 
on a physical grid + user-specified integral data diagnostics; 

Ø   Visualization: external VisIt package for up-to 3D data and XDRAW for 
up-to 2D data; 
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Basic Plasma Physics & Geospace / Astrophysical applications: 

EPR-focused research: 



SSX MHD Wind Tunnel 

Gray, et al., PRL [2013]; Schaffner, et al., PPCF [2014]; Schaffner, et al., PRL [2014]; 
Schaffner, et al., ApJ [2014]. 

 
 

²  Focus on turbulence and Taylor relaxation 

²  Long flux-conserver, L:R ~ 11:1 

 



PDEs for SSX modeling: Hall MHD 

•  Resistivity model combines Spitzer and Chodura: 



PDEs for SSX modeling: Hall MHD 

•  Cooling and momentum loss, assumed to be due to plasma wall recycling, are 
imposed in a thin boundary layer (~ 0.4 cm thick).  The effective characteristic 
wall “recycling time” in the simulation is empirically determined to be ~1.4 µs 
by comparing measured B-field decay rates determined by Spitzer resistivity in 
the experiment and simulations. 

•  The relative importance of the Hall term, i.e. the degree of decoupling between 
convective motions of magnetic field lines and the ion fluid, is characterized by 
the magnitude of the normalized ion skin depth di = (c/ωpi)/L0 ~ (density)-1/2, 
which varies substantially in space and time during an SSX wind tunnel 
experimental shot.  An average reference value is di ~ 0.1, or 1/10th of the flux-
conserver radius with (c/ωpi) ~ 0.8 cm. 



Single Plume 

•  Single-fluid and Hall MHD simulations of the SSX wind tunnel are initialized 
with a spheromak-like magnetic configuration immersed into cold high density 
plasma at one end of the tunnel, with virtually no magnetic field and 100 times 
lower plasma density in the rest of the domain. 

•  Domain boundary is assumed to be a perfect conductor.  



Single Plume: Magnetic Spectra 

•  Synthetic diagnostic of B-field spectra 
from resistive-MHD and Hall-MHD 
simulations can be compared to the 
equivalent experimental spectra. 

Magnetic power spectra as a function of frequency 
[left: total power; right: parallel & perpendicular w.r.t. the local time-averaged field]   

Schaffner, et al., PPCF [2014]; Schaffner, et al., ApJ [2014] 
 
 



Single Plume: Time Evolution 

•  However, direct comparisons 
of time-traces show that there 
is a lot left to be desired:   

1)  The simulations did not 
include the plasma density 
loss observed in the 
experiment – this is being 
corrected; 

2)  Line-tying and gradual 
injection of the plasma and 
magnetic field that takes 
place in the experiment has 
to be included (ongoing 
work). 

Schaffner, et al., PPCF [2014] 
 



Counter-helicity Merging 

•  Similar initial condition as in single plume simulations, but now there are two 
spheromaks located at the two ends of the tunnel. 

•  The relative orientation of the poloidal & toroidal fields of the two spheromaks is 
such that total helicity in the domain is zero. 



Counter-helicity Merging 



Counter-helicity Merging: Temperature 

•  Temperature evolution produced in the simulations with wall recycling is 
consistent with experimental measurements. 

•  However, experimental data indicates that SSX ion and electron temperatures are 
likely different.  Two-temperature simulations are one of the next steps.    



Counter-helicity Merging: Density Loss Effects 

•  The experimentally measured electron density loss as a function of time can be 
reproduced when assuming ¼ of the particles to be lost to the wall. 

•  For these simulations, both time-traces of locally measured quantities and power 
spectra of magnetic and velocity fluctuations are yet to be compared in detail to 
the experimental measurements, as well as to the simulations without density 
loss. 



Counter-helicity Merging: Density Loss Effects 

with density loss 

without density loss 



Co-helicity Merging 

•  Relaxation and merging of two spheromaks with the same helicity results in a finite-
helicity state similar to that from single spheromak simulations. 

•  More comparative analysis between co- and counter-helicity merging is needed.  
Also, to compare with previous work on co-helicity merging in 3:1 flux-conserver 
SSX configuration [Gray, et. al., PoP (2010); Lukin & Linton, NPG (2011)]. 



Future Plans  

Ø   Conduct more detailed analysis and cross-comparisons between the 
simulations and experiments of single-plume turbulent relaxation, co-
helicity, and counter-helicity merging for the initial configurations with pre-
existing spheromak(s).  

Ø   Complete and analyze simulations with line-tying at the guns and gradual 
injection of both plasma and magnetic field for all configurations.  Cross-
compare with prior simulation results. 

Ø   Study the dependence of the simulated plasma turbulence characteristics on 
the amount of magnetic helicity injected into the plasma chamber.  Compare 
with the known experimental results. 

Ø   Model additional acceleration of the plasma by external coils.  Determine 
optimal placement and timing of the coils for achieving maximum velocity 
of the plasma plume. 

Ø   Model a scaled-up version of the SSX wind tunnel for determining the 
impact of further scale separation on the plasma turbulence in an MHD wind 
tunnel.  



Ongoing Work:  Gradual Field & Plasma Injection  

•  First step: Embed 10% of the 
initial spheromak into the back of the 
domain and apply radial electric field 
on the boundary to inject magnetic 
field and helicity, as well as apply a 
density source at the boundary to 
inject cold plasma. 


