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Objective 
The present objective is to establish capabilities for VDE 
modeling with NIMROD. 
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Introduction: Simulation of VDEs requires attention 
to initialization and coupling to external regions. 

•  A sample result provides the best introduction: 

The	  plasma	  moves	  from	  its	  ini1al	  posi1on	  
and	  transi1ons	  from	  diverted	  to	  limited.	  

Evolu1on	  is	  over	  the	  1me-‐scale	  
of	  magne1c	  diffusion	  through	  
the	  resis1ve	  wall.	  

n	  at	  t=760	   T	  at	  t=760	   Jφ	  at	  t=760	  

Contours	  of	  Jφ	  show	  
a	  sheet	  of	  posi1ve	  
current.	  

•  Initializing realistic diverted tokamaks without EFIT data helps the study. 
•  Initial flux-surface alignment is not important. 



We have enhanced the NIMEQ solver [Howell and Sovinec, 
CPC 185, 1415] to distinguish open- and closed-flux 
regions without aligned meshing. 

•  NIMEQ is a direct solver: ψ is computed on the R-Z mesh, and P(ψ) 
and F(ψ) are re-evaluated at every node of the mesh during each 
nonlinear (Picard) iteration.  

•  The solver needs to decide how much flux is closed and where the 
closed-flux region resides at each iteration. 

•  Were we to locate separatrices at each iteration, the code would still 
need to decide whether each mesh-node lies inside or outside. 

•  The alternative approach considered here traces Bpol from each of 
NIMROD’s spectral-element nodes during each Picard iteration. 

•  Traces reaching a modest upper limit before hitting the domain 
boundary identify points within the closed flux. 

•  The identification is used when evaluating P(ψ) and F(ψ). 



While tracing is computationally intensive, assorted 
techniques make it tractable. 

•  Bpol is evaluated directly from NIMEQ’s representation of flux. 

                                               , 

where                   is the expanded dependent variable. 

•  The maximum required length is the circumference of the separatrix, 
estimated as 3-6 times Router . 

•  LSODE is used for the tracing. 

•  Applying the stiff method option can help during the first iteration 
of the GS solver, where fields are far from the final state. 

•  Starting from the solution to a nearby equilibrium also helps if 
one is available. 

•  After the first iteration, points well inside the separatrix do not need 
new tracing, and open-region traces are relatively fast. 

•  With further development, the traces can be run in parallel. 

Bpol = 2Λẑ+ Rφ̂ ×∇Λ

Λ =ψ / R2



Δx	   dl	  

A new block-based search algorithm improves the 
speed of tracing. 

•  The mapping from element coordinates to 
R-Z is continuous over entire rblocks. 

•  One routine checks whether a point lies 
within a block, accounting for the curvature 
of the element sides. 

•  The element edge nearest a point is 
identified first. 

•  Sign of (Δx × dl)φ indicates containment. 
•  The search within rblocks skips the element-

based linked lists and performs Newton 
iteration using the entire block’s mapping. 

•  A polar-coordinate estimate that is 
based on rays from the degenerate 
point and the ATAN2 function provides a 
first guess in degenerate rblocks. 

Illustra1on	  of	  two	  curved	  rblocks.	  	  	  

Black	  arrows	  show	  vectors	  used	  
for	  checking	  containment.	  	  

Blue	  and	  orange	  arrows	  indicate	  
rays	  used	  to	  ini1alize	  Newton	  
searches	  in	  degenerate	  blocks.	  



An example shows the initialization for one of the 
cases presented later. 

•  Expecting large n=0 displacement, the mesh is rectangular 
(72×96, bicubic) and not aligned with the magnetic flux. 

•  The stopping length for poloidal-field tracing is 6×Router. 

Final	  ψ	  distribu1on	  
has	  one	  X-‐point	  
inside	  the	  domain.	  

Normalized	  length	  as	  a	  
func1on	  of	  launch	  point	  
iden1fies	  closed	  flux.	  

Pressure	  (leI)	  and	  F=RBφ	  (right)	  are	  
prescribed	  to	  be	  constant	  where	  the	  
normalized	  length	  is	  less	  than	  unity.	  



For other applications, the open-field capability can 
be used to refine equilibria read from other solvers. 

•  Externally generated equilibria are interpolated to a flux-aligned mesh 
using the FLUXGRID code from Glasser/Kruger. 

•  NIMEQ re-solves the equilibrium on that mesh. 

This	  ψ	  distribu1on	  is	  
a	  refinement	  of	  EFIT.	  

Approximately	  aligned	  
mesh	  aids	  Bpol	  tracing.	  

Pressure	  (leI)	  and	  Jφ	  (right)	  show	  H-‐
mode	  pedestal.	  

•  A more sophisticated approach couples FLUXGRID and NIMEQ, traces the 
separatrix, and refines both equilibrium & mesh [King, BAPS 59, 15, BP8.5].  



External region coupling: The multi-region code 
(a CVS branch) treats each region as a separate 
domain. 
•  Plasma modeling is in the central 

region only. 
•  Regions are coupled by an implicit 

implementation of the thin-wall 
equation. 

 

•  The plot on the right demonstrates 
poloidal flux leaking into a 
horseshoe-shaped external region 
(used in the following).  
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The use of ‘regions’ in NIMROD came from Stitch. 
•  Stitch is a pre-processing code that assembles separately defined 

regions of grid-blocks into a single collection of grid-blocks and seams. 
•  Stitch regions are user-defined types that have an array of rblocks, 

an array of tblocks, and seam structures. 
•  An array of regions is used to assemble the separately initialized 

structures. 
•  Using regions within NIMROD facilitates computation with external 

numerical vacuum modeling. 
•  The CVS branch has a region array. 
•  Different regions are accessed by assigning rb, tb, seam, matrix, and 

pardata pointers to the respective memory. 
•  Interfaces are defined through the seam0 structures for the regions. 
•  A region_share routine exchanges data. 

rb and seam arrays for region 1 rb and seam arrays for region 2 interface 



•  Domain decomposition is applied to 
each region with the same set of 
processes. 

•  The geometry of the interface and the 
decompositions of the regions dictate 
communication patterns. 

•  An interface (red lines) is at least 
part of the seam0 structures for two 
regions. 

•  In the example shown at right, process 
1 communicates with processes 0 and 
2, while processes 0 and 2 only 
communicate with process 1. 

Development for parallel communication across 
(resistive-wall) interfaces is near completion. 

Schematic shows a 2-region, 3-process 
example.  Each region has subdomains, 
and processes are numbered from 0. 



The new parallel communication for interfacing regions 
is patterned after NIMROD’s parallel seaming. 

•  Initialization takes advantage of the fact that all processes have 
access to all seam0 structures, which are used to identify interface 
connections. 

•  Seam0 pointer information and the pardata “block2proc” 
“local2global” arrays for each region establish the required 
communication patterns. 

•  New reg_send and reg_recv data structures are saved and are 
analogous to the send and recv structures for parallel seaming 
(within regions). 

•  Parallel interfacing uses asynchronous point-to-point 
communication and performs on-process transfers while waiting. 

Parallel computations reproduce single-process results on small test 
cases but not for larger VDE cases.   

•  Results for CEMM and Sherwood have been completed with serial 
computation. 



Conclusions and Discussion 

•  Tracing field-lines to distinguish open- and close-flux 
regions is tractable with recent developments. 

•  Zz Riford has applied the new search algorithm to 
NIMFL and finds a significant (> 5×) speedup relative to 
the (very) old search. 

•  Development for parallel seaming is complete, but 
remaining discrepancies need to be resolved. 

•  Another strategy would be to use a unique domain 
decomposition for the magnetic-field advance, which 
encompasses all regions. 

•  See CEMM and Sherwood presentations for results on 
VDE modeling. 



Next Steps 
•  Develop free-boundary solving for NIMEQ. 

•  This will require re-computation of B along the 
boundary of the domain using Biot-Savart for the 
external coils and for the plasma current. 

•  The new boundary flux values are then reset at each 
nonlinear iteration. 

•  Find the parallel interfacing difficulty! 


