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The dynamics of fusion plasmaslead to instabilities that can spontaneously erupt and degrade con nement and sometimeslead to
catastrophic disruptions of the ertire plasmaitself. These instabilities occur in a broad range of spatial and temporal scales,spanning

many orders of magnitude, often resulting from nonlinear interactions. Computational simulations are crucial to understanding these
phenomena.

NIMR OD(Nonldeal MHD with Rotation - Open Discussion)' is a massiwely parallel three dimensional magnetohydrodynamic simulation
utilizing nite elemerns (FE) to represent the poloidal plane and a fourier decomgosition in the toroidal direction. The use of nite

elemens allows exibilit y in the represenation of the simulation domain. The ability to model experimental shots with NIMR OD
provides a platform to test newideasof plasmabehavior. To expandthe physicscapabilities of NIMR OD, kinetic e ects have beenadded
to NIMR OD by the addition of f PIC(Particle in Cell) module. The addition of kinetic particle e ects captures essetial wave-particle
interactions important in the saturation of various MHD instabilities such asthe internal kink mode, savtooth and sh boneinstabilities,

and toroidal Alfveneigenmales. Particle simulation capabilitiesin NIMR OD canalsobe extendedto simulate various phenomenasud as
neutral beaminjection, ion cyclotron resonanceheating, and anomalouslossmedanisms. In addition, this hybrid kinetic-MHD technique
lays the foundations for a kinetic closureto the MHD equations.

This poster will briey introduce NIMROD and f PIC in general, then detail the developmert of PIC in nite elemers and their
implementation and presen preliminary results.

1C. R. Sovinec et al,"Nonlinear Magnetohydrodynamic Simulation using High-Order Finite Elements", to appear in Journal of Computatioal Physics
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Hybrid Kinetic-MHD  Bridges the Two

captureskinetice ectslostin MHD equations
kinetic e ectsstronglye ect MHD instabilities
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Kinetic MHD Equations 2

Startingfrom Vlaso/s equation:
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2W. Park, et al, "Three-dimensional hybrid gyrokinetic- magnetohydrodynamic simulation" ,Physics of Fluids B,4, 1992



Kinetic Equation and f-metho d3

Vlaso Equation
=0

wheref (z) is the 6 dimensionaphasespacealistributionandz is the phasecoordinate.

Typically(in the fusioncomnunity), kineticequationsareimplemeted asparticle-in-cell(PIC)
simulationsusingthe f -methal.

split phasespacdlistributioninto steadystateand ewlving perturbation:

f =1fo(2)+ f(z;1)

put into Vlasw Equation:
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usingz = zo+ z; andzg % =0
alongthe characteristicz a
b= g

3G. Hu and J. A. Krommes, "Generalized weighting schemefor f particle simulation method", Physics of Plasmas1, 1994



Characteristic Equations of Motion




‘Like NIMR OD, the mighty hunter before the Lord’

NIMR OD (NonldealMHD with Rotation - Open Discussion)

massiely parallel3-D MHD sinulation
domaindecompsitionin poloidalplaneandfouriermodes
utilizesLagrangdype nite elemen
canhandleextremeanisotropies% 1

exibility to modelgenerageometry realexperimens
model experimert rele\art parametersS > 10/

semi-implicitadvance not restrictedby magnetosoni€FL condition



NIMR OD equations

NIMROD ewlvesthe extendedVIHD equations
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wherethe heat ux is h

i
q= n bbb+ @ BB) rT
recall—: 1

Q isasourcderm
Q= J?+ mnrUT:ru
from Ohmicandviscougheating.

plasmaobeysthe idealgaslaw, p = nT.



Spatial representation in NIMR OD

The perturbedNIMROD elds arein FE-Fourierrepresetation
X X X
A(x;t) = Ajo(t) jo+ (Ajn (t) jn + cic)
j i
where
in = Nj(p;q) expin )
(p; q) arelogicalcoordinates

The Lagrangeaype elemets arecompsedof polynomialsof the form:
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sud that
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(1,1) internal kink eigenmode from NIMR OD




Form ulation of PIC In FEM

Particlesin a nite elemengrid have the addedcomplicatiorof anirregulargrid.

nortrivial shage functionsassaiatedwith the gatherand scatterprocess
a morecomplicatedsearh algorithm

addedcomplication®f parallelization

Shape functionusedfor gatherand scatter:
X X X

Ap: Ni(p;C{)Ai; Mj: Nj(p;q)mpJp
i e p

Needto determindogicalcoordinateqp; g) of eat particleto ewaluateshape functions



Solving for the p's&q's

Expresgoarticlecoordinatesn nite elemenfashion:

X® X®
Rp= RiNi(p;d); Zp=  ZiNi(p;0);
i=1 i=1
(p; q) must be soled for in an iterative fashiondue to the nonlinearnature of the releert
equations.

Invert this relationusingNewton-Raphsometha.

_ f(Xx)
Xk+1 = Xk Fqx)
wherethe x = (p;Q)
More explicitly
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Invoke the InverseFunctionTheorem
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Insertingthe de nitions for the shagefunctions
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If 1 p;q lisnottrue,thenthe particleisnotin thiselemet) andanotherelemehneeds
to be searbed. The newelemenhto be searbedis determinedoy the valueof (p;q), left if
p< 1,rightifp> 1,dowvnifg< 1,upif g> 1, andconbinationsthereof.



Particle Sorting

Sortingis importan because:

{ sortingmakesdomaindecompsitionof particlestrivial
{ catethrashingis minimized

Ead processodoesa "budet' sortof it's own assignegbarticles
Particlesaresortedwrt the nite elemengrid

Particleswith a logicalcoordinateoutsideof the processosub-domairare passedo their
appropriateprocessor

A locally sortedlist of particlesis nally tabulatedon ead processor



Parallel performance
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Figure 1: scaling of total time and sorting time wrt #pro cessorsand particle number
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Algorithm s scalabletotal cputime /  —— Srocs

searh algorithmshavsstrongdeppendencenthe number of processordegradingcalabiliy



Load Balancing Issues

Noruniformgrid causesiramaticloadbalancingproblem.

Currert solutionis to restrictdomaindecompsitionto poloidaldirection.



CGL Pressure Tensor

The Kinetic MHD mometum equationis

@
mn —+U rU =J B r
@ P

where Z
Phot= mvv f dv

for CGL pressuréensorwe have
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wherep, = B f dvandps= mvZ f dv so

(r Phot)? =1 2P



Slowing Down Distribution

Assumean energetianinority ion speciesresultingfrom beamsor  particleswith uniform
initial energy Throughcollisionswith electronsthe monaenergetidistribution becomeshe
slowving down distribution
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Particle Equilibration

Within a fewtransit times,the sinulation particledistribution settles
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Phot Shows Eigenfunction Formation




Growth rate and time history of V,




CEMM Energetic Particle Benchmark
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Summary

dewelopPIC algorithmsuitablefor FEM

parallelizatiorscalesvell for smallnumber of processors

sortingis nonscalingnd stronglydepgenden on the number of processors
load balancingan issue

particle noisemust be reduced

particleorbits accuratelycalculated

Phot picks up NIMROD eigenmde

inclusionof kinetic e ectsdrivesinstability

linearresultsagreewith competingsimulation (M3D) for , = 0and , = 8%



