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NSTX	VDE	Benchmark	Update	
•  NSTX	VDE	benchmark	involves	

M3D-C1,	NIMROD,	JOREK,	and	
possibly	the	LANL/Sandia	
SciDAC	group.	

•  All	computations	so	far	are	
axisymmetric.	

•  Computations	use	modified	
Spitzer	resistivity	profiles.	

•  3	sets	of	computations:	
Equilibrium	P	and	Ψ	on	left;	Jφ/R	on	right.		
Note	edge	current	layer.	

1.  Linear,	M3D-C1/NIMROD	with	

2.  Linear	phase	of	nonlin.	M3D-C1/JOREK	with	

3.  Nonlinear	M3D-C1/JOREK/NIMROD	with		

η =η0 T −Toff( )
−3/2

Toff = 0 κ|| =κ⊥

Toff =13.65 eV κ|| =107κ⊥

Toff = 0 κ|| =107κ⊥  or 105κ⊥



We	configured	NIMROD	to	help	match	the	M3D-C1	runs.	
•  Viscosity	and	thermal	conductivities	are	independent	of	n(x).	

•  Added	Toff	,	though	not	used	in	recent	computations.	

•  Created	an	external	vacuum	where	the	outer	geometry	nearly	matches	that	
used	by	M3D-C1.	

New	NIMROD	outer	region	(right	–	test	waves	
plotted)	is	nearly	the	same	as	C1’s	(left).	
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Domain boundary size

Krebs	showed	this	dependence	
on	vacuum	region	size	last	year.	



The	most	recent	linear	comparisons	are	close,	not	perfect.	
•  We	have	been	running	the	NIMROD	computations	with	normalized	

parameters	that	have	been	checked	and	rechecked.	

Comparison	of	linear	phase	of	nonlinear	
computations	is	also	from	Krebs,	et	al.	

Latest	comparison	of	true	linear	computations	
is	from	Krebs,	et	al.	manuscript.	
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Figure 4. Equilibrium poloidal magnetic flux of the VDE benchmark case (M3D-C1).
Also shown are the separatrix (magenta) and the resistive wall (green and blue).
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Figure 5. Comparison of VDE growth rates from linear M3D-C1 and NIMROD
simulations. The growth rates deviate by  11%.

density profiles are defined in the geqdsk equilibrium file. Note that the geqdsk file, and

files containing the coil positions and currents are available as supplementary material

to this article.

Dynamic viscosity, perpendicular and parallel heat di↵usion coe�cients and the

particle di↵usion coe�cient are constant in space and time. Their values are given

in Table 1, where Set A refers to the simulations discussed in Section 2, Set B to

the simulations in Section 4, Set C to the simulations in Section 5 and Set D to the

simulations in Section 6. The plasma resistivity is given by the Spitzer model (i.e.

⌘(Te) = 1.03 · 10�4 · Z · ln⇤ · (Te[eV])�3/2 ⌦m, where Z = 1, ln⇤ = 17). The ion mass

is set to twice the proton mass. A loop voltage is not applied.

4. NIMROD & M3D-C1 - linear simulations

While NIMROD and M3D-C1 have similar physics models, the numerical methods di↵er,

which makes benchmarks between these two codes particularly valuable. In contrast to
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Figure 6. Comparison of VDE growth rates from the linear phase of 2D nonlinear
M3D-C1 and JOREK simulations. The growth rates deviate by  9%. Also shown are
the results of linear M3D-C1 calculations.

5. JOREK & M3D-C1 - linear phase of axisymmetric nonlinear simulations

For simulations with JOREK that include a resistive wall, the JOREK-STARWALL

coupling is used [9, 16]. Similar to NIMROD and in contrast to M3D-C1, JOREK uses

a spectral representation for the toroidal discretization. Cubic Bézier finite elements

are used for the discretization in the R-Z plane. There are a few di↵erences between

the model that JOREK uses for the benchmark simulations and the models that M3D-

C1 and NIMROD use: (i) Although JOREK has a full MHD model, it uses a reduced

MHD model [17] for the VDE calculations presented here since the JOREK-STARWALL

coupling is not yet available for the full MHD model. (ii) In JOREK-STARWALL, the

vacuum contribution is implemented by using a Green’s function method. Therefore, it

is not necessary to discretize the vacuum region and apply ideal wall boundary conditions

in an outer boundary. This property comes from the fact that the full vacuum response

can be expressed as a function of the magnetic field at the plasma boundary. (iii) At

the resistive wall, instead of no-slip boundary conditions, only the normal component

of the velocity vanishes.

For the JOREK simulations presented here, a polar grid is used with increased

resolution in the region surrounding the point of contact between plasma and wall. The

number of Bézier elements used is 22000 and the number of linear triangular elements

used for the representation of the wall is 48000.

Since JOREK does not have an option that allows linear simulations with toroidal

mode number n = 0, we compare the VDE growth rates in the early, linear phase of the

evolution obtained in 2D axisymmetric nonlinear simulations.

In order to be able to run benchmark cases in the regime where the VDE growth

rate is not influenced by response currents in the open field line region, the value

of the edge temperature has to be su�ciently small. Since in nonlinear simulations

too small values of the edge temperature can lead to numerical problems, we use a



First	nonlinear	NIMROD	result	is	now	part	of	the	
nonlinear	comparison.	

Evolution	of	radial	position	of	magnetic	axis.	

•  Motion	of	magnetic	axis	in	all	three	computations	agrees	reasonably	well.	

•  Timings	are	adjusted	according	to	contact	of	last	closed	flux	surface.	

•  Perpendicular	thermal	conductivity	and	particle	diffusivity	are	increase	
at	this	time.	
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Evolution	of	axial	position	of	magnetic	axis.	



Evolution	of	current	and	internal	energy	show	a	larger	
discrepancy.	
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Plasma	current	evolution	appears	similar,	
although	NIMROD’s	grows	initially,	likely	due	
to	loss	of	reversed	edge	current.	

NIMROD	computation	also	loses	more	
thermal	energy,	even	before	contact	of	
closed	flux,	when	conduction	is	increased.	

•  NIMROD	computations	were	run	with																						instead	of																							.	κ|| =10
5κ⊥ κ|| =10

7κ⊥



Update	on	VDE	Edge/BC	Modeling	

•  VDE	evolution	is	influenced	by	open-field	current.	
•  Predictive	computation	requires	detailed	modeling	of	open-

field	plasma	conditions	and	boundary	conditions.	
•  Kyle	is	developing	simulations	with:	

•  Magnetized-sheath	boundary	conditions	
•  Braginskii	closures	
•  More	information	in	P2.046	



Boundary	modeling	is	based	on	magnetic	presheath	
entrance	conditions.	

The boundary equations that are derived are adapted to

NIMROD.

In the zeroth order (✏ = ⇢s/L) cold ion

approximation , with V the ion velocity and

cs =
p
Te/mi the sound speed

n̂ · Vwall = cs n̂ · b̂wall , n̂ · rTe = 0

Te

nq
n̂ · rn = n̂ · r� = �mics

q
n̂ · r(V · b̂) ⇠ 0

n̂ · J = qncs sin↵(1� exp[⇤� ⌘])

Here ⇤ = ln(
mi

2⇡me
) and ⌘ is the normalized

potential relative to the wall.

Strauss
2
has considered sheath compatible

boundary conditions and implemented a

Neumann velocity boundary condition with

e↵ects similar to this Chodura-Bohm criterion.

Magnetic presheath

coordinate directions.

2Strauss, Phys. Plasm. 21 (2014) 032506.
K.J. Bunkers, C.R. Sovinec

•  Modeling	is	an	adaptation	of	Loizu	and	Ricci,	PoP	19,	122307.	
•  Present	implementation	is	lowest	order	in	ρs/L.	

The boundary equations that are derived are adapted to

NIMROD.

In the zeroth order (✏ = ⇢s/L) cold ion

approximation , with V the ion velocity and

cs =
p
Te/mi the sound speed

n̂ · Vwall = cs n̂ · b̂wall , n̂ · rTe = 0

Te

nq
n̂ · rn = n̂ · r� = �mics

q
n̂ · r(V · b̂) ⇠ 0

n̂ · J = qncs sin↵(1� exp[⇤� ⌘])

Here ⇤ = ln(
mi

2⇡me
) and ⌘ is the normalized

potential relative to the wall.

Strauss
2
has considered sheath compatible

boundary conditions and implemented a

Neumann velocity boundary condition with

e↵ects similar to this Chodura-Bohm criterion.

Magnetic presheath

coordinate directions.

2Strauss, Phys. Plasm. 21 (2014) 032506.
K.J. Bunkers, C.R. Sovinec



Closure	relations	include	magnetization	(Ωcτ)	effects.	
•  Magnetization	effects	had	been	implemented	by	John	O’Bryan	for	

Pegasus	localized	helicity	injection	modeling.	

The thermal di↵usivities are calculated using the Braginskii
model.

The Braginskii model should apply well in the sheath region where the

low temperatures have smaller mean free paths.

The thermal di↵usivity forms are shown below with the magnetization

coe�cient xs = ⌦s⌧s .
�k,s =

Ts⌧s

ms

�0,s

�0,s

�?,s =
Ts⌧s

ms

�1,s x
2
s + �0,s

x4s + �1,s x2s + �0,s

⌧e =
12⇡3/2pme (kBTe )

3/2✏20p
2ne e4 ln ⇤

⌧i =
12⇡3/2pmi (kBTi )

3/2✏20

ne e4 ln ⇤

K.J. Bunkers, C.R. Sovinec

Braginskii coe�cients have huge variation over the plasma
region.

The parallel di↵usivity becomes extremely large in high
temperature regions, while the perpendicular peaks in a
relatively low temperature region.

The ratio of �?/�k becomes extremely small in the main
plasma region.

K.J. Bunkers, C.R. Sovinec

Spatial	variation	of	Braginskii	conductivity	coefficients	when	modeling	edge-plasma	
conditions	of	order	1	eV.	

•  Computations	with	the	MPS	boundary	conditions	+	Braginskii	
closures	are	being	sorted	out.	



Conclusions	
•  NSTX	VDE	benchmark	now	includes	first	NIMROD	results.	

•  Behavior	is	similar	M3D-C1	and	JOREK	results.	
•  Faster	thermal	decay	needs	further	investigation.	

•  VDE	modeling	with	sheath	and	edge-plasma	modeling		close	
to	production	ready.		


