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Main Ideas *’w

#® PSI|-CenterfurtherdevelopingatetrahedrameshMHD
simulationcodeto modelEmeging Concept(EC)
experimentyMHA4D: Lionello & Schnack2004)

s representhecomplex 3-dimensionagjeometryof mary
EC experiments

» usingexisting programdor gridding, parallel
Implementationandvisualization

® Currentstatus
o vacuumelds in code

s Input/outputin GeneraMeshViewer (GMV) format
(Ortega, 2000)

s preliminarysimulationsof HIT-SI andZAP experiments
with nearexperimentabarameters
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Code: Resitive MHD Model

@A
— = E B=r A J=1r1 B
@
E= v B+ J
@_ .
@
Q@ 2
—+VvV rv = rp+dJ B+ r-“v
@ P
@

—+V I p= r v+r g+
@ P P q+Q

Alfvén velocity: V, = B= -
Alfvén transittime: o = (2 raxis )=Va
Resistve diffusiontime: g = 1=( 2)
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wﬂc‘e ahy P

Include Vacuum Fields “@

PSI-Cente
Assumeexternal elds:

A = Ei
and Biota = B + Bext
) A=V (B+Bex) J* Eex
Dv 5

=r ptJ (B+Bex)t 17V

Dt
where
Eext = VOItcoeff (Vflsin(! t) H szCOS@ t))

Bext — |zluxcoeff (Vflsin(! t) T VfZCOE(! t))

If Bex IS time dependenthenits inducedelectric eld mustbe
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\ence ang ,

Tetrahedral Grid

/,_'ﬁ'!sg,,,i%
7

PSI-Centef
j # Sidesarelabeledby index of
their oppositevertex
c. centroidof tetrahedron
m; : midpointof edgel;
C,: centroidof sideli
S,: vectorareaof sidei

© o o 0o o

S, : vectorareaof dualmedian
surface

°

V.. volumeof tetraderorc

1 1 1

(e h)=" 3l S

2005 47th Meeting, APS Division of Plasma Physics — p.5/29



Finite Volume Formalism

Integral relationsto de ne differentialoperators

Gradient: 7 7
rfdv= AfdS
\ S
Divergence: ~ ~
r Fdv= f FdS
\ S
Curlin 2D 7 |
nr FdS= F di
S C
Curlin 3D 7 7

r FdV = A FdS

V S
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Magnetic Field

VectorpotentialA de ned onvertices
A varieglinearly wighin tetrahedron»

BdV = r AdV = as A

Vv Y S

X4
) BV = Ss AS

s=1

In termsof vertices: 1 X
B — - S A

3V

()

B : constanwithin tetrahedron
A s: averageof A overthe3 verticesof sideS

V : volumeof tetrahedron
( ): indicesof the4 verticesof tetrahedron
S : outwarddirectedsideoppositevertex
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Divergenceof B

Using Gauss'theoremto dualmedianvolumeelement
surroundingvertex

1 X

(I’ B)V::—% B S()

X
A (S S)

()

1
3 V

Vv () %V - volumeof dualmedianvolumeelement

. Indicesof thetetrahedraharingvertex
. Index of the sideof tetrahedron oppositevertex
. Indicesof the4 sidesof tetrahedron

(
(
(

N’ N’ N’

Contributionsfrom commonsidesof adjoiningtetrahedra
cancel
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Another Derivation of B

A varieslinearly within tetrahedron

X 1
A(X) = A 1 BTS (X X))
Take curl of A
@A
B =" =
@
1 X
B = — S A
) 3V O

Sameas nite volumerepresenation.
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Curr ent Density

Apply Stoke's to dualmedianvolumeelement
Z Z Z

Jdv = r Bdv= n BdS
Vv v S

UseB In termsof A

1 X
JVv = = S() B

3()

X X

Jv = M(: 9 Ao
() %)
. 1 T
M (5 )=57 SO Say I Sq)S',

M Is symmetric selfadjointandthediscrete‘curl-curl” opera-

tor
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Variational Principle (VP)
begin with functional:1 (A) = 5 [(r A)? 2] Aldv
minimizel W.r.tvariatifns A letAl A+ A

1

l(A+ A)== (r A)> 23 A dv
2
Z
+  (r A r A J A)dv
| {z }
ZZ )
+ 2dvV
5 (r A)-d
| hasminimumat = Oonlyif C = 0. Vectoridentitiesand
Integrationby partsimply 7
A (r r A J)dV = A (B n)dS
S

where A; = (I An) A
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Let: 1(A)=2[(r A)? 2 AldV

Minimum of | (A) is solutionto r r A = J with A;
speci edon boundary

Minimize | (A) ontetrahedragrid with N verticesandN
tetrahedra. P
ExpandA (x) with basis (X): A(x)= A (X)
Expandgsurrentdensitywith deltafunctions:
J(X) = vl (X X))
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VP givesdiscreteresult

Discretefunctional:

1X X X X
= 5 A M(;9 Ao vl Ao oXx)

0 0

where M = M

Tominimize,-@ =0: 8 = 1:::::N

' @\
X X X
() (X )vJ = M (; )A;8 =1:.:;N
Setting (x ) = IS the nite volumeexpressiorfor solving

J from A
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Boundary Condition

Naturalboundarycondition,
At (B ﬁ) =0

We mustspecifyA; = (I An) A ontheboundary
(Dirichlet)

Item for further PSI-centedevelopment
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Variableson Grid

Vertices:A; J; v
Centroids:B; ; p

Velocity averaged to
facesor centroids

rv
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Partial Implicit Time Stepping

Large spectrunof eigervaluesassociateavith MHD operators
) largerangeof time scales

@ ) . ) Faslzt:t_iﬂ(:,;s{cales ) SlaNé'ﬂ:ejcales
e MY ~ ZRYy T _SEy

Full MHD Operator  Alfv n waves,soundvaves interestingphysics

To avoid time steprestriction,treat"fast" partof operator
implicitly
un+1 u”
t
Quitedif cult to achiere precisediscreterepresentation

= Fu"™ + Su"
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No needfor operator S

F andM areknown operatorsn MHD computations

un+1 u" 1 -
t Fu +fM{z F%u
S=M F
un+1 u"
= Mu"+ tF t

Worksfor arbitraryoperatorf

2005 47th Meeting, APS Division of Plasma Physics — p.17/29



Semi-Implicit Method

For anarbitraryoperatorG

0 1
A+l — n n
Q@ |{g§ u f| + {£|\/| ) U} |{g§ u
Sl operator Explicit Sl operator

Wantto chooseG for easeof inversionandinclusionof modes

of interest
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Semi-implicit MHD operator

useof linearized,deal MHD wave equation

@v
o@ =r I (V Bo) Bo
large spectrunof normalmodes
anisotropicspatialoperator
modify equationof motion

— = rp+J B+ tS
Dt P

where S(v) = r r (v. B) B

Dv @
@

S is self-adjoint.
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Discrete Semi-Implicit Operator

Usevariationalprincziple:

I(v):% r (v B)*+2S v dV

Let: X X X
v B = (vi Bj) j(x); v= Vi j(X); S= S (X Xj)

J J ]
Discretevariationalprinciple:

1X X .
I (v) = 5 vi N(J; k) v+ Sc vk
k]
where N(j; k) = B; M¢(j; k) By andis symmetric

Minimizationof | ! discretesemi-implicitoperatolS;:

@ A .
—=0() S = N(;]) vj; 81
@ | . 2005 47th Meeting, APS Division of Plasma Physics — p.20/29
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Tetrahedral Mesh for HIT -Si



HIT -SI: y-z cut plane
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Domain decomposition



Domain decomposition



Tetrahedral mesh(1cm)



Domain decomposition



Simulation

T =10V n= 10 >=cm °
Applied 2kV from outerto innerelectrode

2005 47th Meeting, APS Division of Plasma Physics — p.27/29



MHAD computing

Tetrahedrameshgeneration
T3D (Rypl, 2004)
Parallelimplementations

MPI
METIS (Karypis& Kumat 1999)for domaindecomposition

PETSc(Baley etal., 2000)for preconditionedCG solver on
unstructuredyrid

Visualization

GeneraMeshViewer (GMV) (Ortega, 2000)for visualizing
dataontetrahedragrid
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Conclusion

ThePSI-Centers re ning thetetrahedrameshMHD simulation
code,MH4D, to modellnnovative Con nementConcepts
experiments.

Currentre nement

GMV format
vacuum elds

Currentchallenges

complicatedooundaryconditions
neutralgasinjectionandionization
Futurechallenges

regionsof nearzerodensity

2005 47th Meeting, APS Division of Plasma Physics — p.29/29



		extcolor {blue}{Main Ideas}
	Code: Resitive MHD Model
	Include Vacuum Fields
	Tetrahedral Grid
	Finite Volume Formalism
	Magnetic Field
	Divergence of �f {B}
	Another Derivation of �f {B}
	Current Density
	Variational Principle (VP)
	
	VP gives discrete result
	Boundary Condition
	Variables on Grid
	Partial Implicit Time Stepping
	No need for operator S
	Semi-Implicit Method
	Semi-implicit MHD operator
	Discrete Semi-Implicit Operator
	Tetrahedral Mesh for HIT-SI
	HIT-SI: y-z cut plane
	Domain decomposition
	Domain decomposition
	Tetrahedral mesh (1cm)
	Domain decomposition
	Simulation
	MH4D computing

