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● A couple quick reminders.

● Progress on developing an analytical explanation for the numerically observed linear 
stabilization by ion gyroviscosity.

● Comments on the nonlinearly saturated mode.

● A quick update on multihelicity simulation progress: an S=80,000 two fluid dynamo study.



 

The cylindrical paramagnetic pinch model is used to study a The cylindrical paramagnetic pinch model is used to study a 
tearing mode in an RFP-like discharge.tearing mode in an RFP-like discharge.

● We choose a force-free profile (no drift effects) to 
isolate a purely current driven tearing mode, with a 
pinch parameter of Θ=1.38.

●

● With R/a=3, this profile exhibits a bath of 
unstable modes.

● We cut a cylinder with R/a=3 down by a sixth, to 
R/a=0.5 to concentrate on the dynamics of a single 
mode at the q=1 rational surface, r

s
=0.34.

● Conducting wall and no slip boundary conditions are 
enforced at r=1.

J 0× B0=∇ p0=0



 

As a reminder, we characterize our two fluid system with As a reminder, we characterize our two fluid system with 
dimensionless parameters.dimensionless parameters.

● We characterize our system in terms of dimensionless parameters: the normalized ion skin depth, 
d

i
/a, the plasma beta, β, the Lundquist number, S, and the ion temperature fraction, f

Ti
.

● We normalize all lengths to the minor radius, a, and all times to the Alfvén time, τ
a
.

● The ion skin depth will be varied in the following calculations, as well cases with cold ions (f
Ti
=0 

and no ion gyroviscosity) and cases with warm ions (f
Ti
=½  and ion gyroviscosity)

● Other dimensionless parameters will be fixed unless otherwise noted.

● The cases presented here are for collisional tearing, where the frozen flux theorem is predominantly 
broken by the plasma resistivity.
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The linear growth rate is suppressed where ion gyroviscosity The linear growth rate is suppressed where ion gyroviscosity 
becomes relevant but enhanced as the ions and electrons decouple.becomes relevant but enhanced as the ions and electrons decouple.

● The small Lundquist number dispersion exhibits a single fluid regime (ρ
s
 ≤ 0.01), 

an intermediate regime where ion gyroviscosity slows the ion flows and the 
growth, and an electron flow dominated regime (ρ

s
 ≥ 0.20).

S=1x106



 

We have made some progress with an analytic explanation for We have made some progress with an analytic explanation for 
the linear gyroviscous stabilization.the linear gyroviscous stabilization.

● Starting from the definition of the ion gyroviscous tensor:

● In magnetic coordinates: 



 

Turning the crank to get full expressions for the divergence of Turning the crank to get full expressions for the divergence of 
the gyroviscous stress tensor. the gyroviscous stress tensor. 

● Using the notation, , to exclude effects from the gradient of the 
coefficient explicitly.

● Dropping terms ~

● We may approximate, as the dominant terms are the ones involving the second order derivatives in 
the Laplacian.



 

The numerical diagnostics have shown that the largest The numerical diagnostics have shown that the largest 
contributions to the ion gyroviscosity comes from the terms contributions to the ion gyroviscosity comes from the terms 

proportional to the Laplacian of the ion velocity.proportional to the Laplacian of the ion velocity.

● The other terms, including the gradient of the coefficient, are small.

S=80,000
ρ

s
=0.05



 

We investigate the flute reduced shear Alfven law, or the We investigate the flute reduced shear Alfven law, or the 
reduced parallel vorticity equationreduced parallel vorticity equation

● The flute reduction actually drops the last term, which is reinserted here, and we will discuss it's 
contribution later. (see chap. 7 Hazeltine & Meiss)

● Contributions from the isotropic viscosity are small for the 'interchange' like term, but are relevant 
for the last term, and slow the growth rate by ~10% for P

m
=0.1 compared to a case with P

m
 

asymptotically small.

● Using 

Interchange drive and 'interchange' like ion gyroviscous term



 

The numerical diagnostics indicate this form of the The numerical diagnostics indicate this form of the 
contribution from the ion gyroviscous curvature term well contribution from the ion gyroviscous curvature term well 

represents the full form.represents the full form.

● Additionally, contributions from this term generally oppose the total driving force, and are 
stabilizing.

S=1x106

ρ
s
=0.002



 

Solving this dispersion relation for the zero beta case, as a Solving this dispersion relation for the zero beta case, as a 
test, shows stabilization of the most unstable root.test, shows stabilization of the most unstable root.

● Using the zero beta reduced MHD equations with the reduced form for ion gyroviscosity:

● If we solve this equation in the usual way (again Hazeltine and Meiss chap. 7), it yields the the 
following dispersion relation:



 

This estimate yields a stabilizing effect, but it is smaller than This estimate yields a stabilizing effect, but it is smaller than 
that observed in the simulations.that observed in the simulations.

● If an ω
*gv

 is multiplied by an ad hoc factor of 4, the agreement is much better.  

● This motivated the search for additional stabilizing mechanisms.

ρ
s

γ γ

ρ
s

Ad hoc factor of 4 added

S=1x106S=1x106



 

We note that the contribution for the curl of the divergence of We note that the contribution for the curl of the divergence of 
the ion gyroviscous tensor is non-negligible.the ion gyroviscous tensor is non-negligible.

● This term is stabilizing, and roughly a factor of 3 greater than the contribution from the ion 
gyroviscous curvature term.

● This term, although not explicitly included in the flute ordering, may explain the discrepancy in 
simulated growth rates. 

S=1x106

ρ
s
=0.002



 

Working to reduce the curl of the divergence of the ion Working to reduce the curl of the divergence of the ion 
gyroviscous tensor to a simple form.gyroviscous tensor to a simple form.

● If we consider only the dominant contribution:

● Much of this cancels as the divergence of the flow is small, what remains are two terms related to 
cylindrical curvature.



 

However, the numerical diagnostics show that these terms However, the numerical diagnostics show that these terms 
alone to do not well represent the full contribution.alone to do not well represent the full contribution.

● Thus we must include some additional terms, that can be neglected if one is only interested in the 
gyroviscous force.

● Essentially the dominant terms to the forces cancel when one takes the vorticity, motivating interest 
in the previously dropped terms.

S=1x106

ρ
s
=0.002



 

If we include the previously dropped terms, we see some large If we include the previously dropped terms, we see some large 
possible contributions.possible contributions.

● It is likely the second order derivative of the 
radial flow that makes the largest 
contribution.

● This is where the story stops for now...

● Future work will entail trying to get a form 
from this ~U, such that we can formulate it as 
an additional ω* effect.

S=1x106

ρ
s
=0.002



 

A final note on the isotropic viscosity, it does not vary A final note on the isotropic viscosity, it does not vary 
considerably with considerably with ρρ

ss
..

● As the ion flow is modified by the ion gyroviscosity, the effect on the isotropic viscosity isn't 
negligible, however it isn't dominant either.

● As ρ
s
 gets large the flows decouple and the induction equation begins to determine the dynamics of 

the system. 

S=1x106 ρ
s
=0.002 ρ

s
=0.005 ρ

s
=0.010



 

Nonlinear single helicity simulations are advanced until well Nonlinear single helicity simulations are advanced until well 
after the island saturates.after the island saturates.

● In all cases, the saturated island is dominated by the (m=1, 
n=1) perturbation, higher harmonics remain small.

● With cold ions or without ion gyroviscosity the island width 
is 0.35 and independent of ρ

s
.

● The use of the generalized Ohm's law has no effect on the 
saturation amplitude.

● With warm ions and the effect of ion gyroviscosity the 
saturated island width varies as a function of ρ

s
, as shown 

in the table below.

ρ
s

0.01 0.05 0.20

island 
width

0.34 0.24 0.21

● The nonlinear results presented here are two cases at 
S=80,000, ρ

s
=0.05 and d

i
=0.17 with cold and warm ions.

● Helical projections are made on a surface such that

ρ
s
=0.05, d

i
=0.17 

cold ions

ρ
s
=0.05, d

i
=0.17 

warm ions

k⋅∇ S=0



 

The island force balance shows the ion gyroviscous force The island force balance shows the ion gyroviscous force 
counteracts the driving forces, reducing the island width.counteracts the driving forces, reducing the island width.

● As the fluctuation induced dynamo electric field modifies the mean current and magnetic profiles, 
they induce secondary forces.

● The secondary forces balance the driving forces, slowing and eventually stopping the growth of the 
island.  [Rutherford 1973]

i v 1,1 v⋅∇ v 1,1=J eq×b1,1j 1,1×Beq−∇ p1,1−∇⋅ 1,1j0,0×b1,1 j1,1×b0,0

inertial effects    driving forces viscosity secondary forces
f d=J eq×b1,1j 1,1×Beq−∇ p1,1 f s=j 0,0×b1,1j1,1×b0,0

● Other terms such 
as advection and 
the isotropic 
viscosity are 
small and are not 
plotted.

ρ
s
=0.05, d

i
=0.17  

warm ions

ρ
s
=0.05, d

i
=0.17  

cold ions



 

● With warm ions the ion flow is out of phase with a reconnecting flow.

● As seen on the last slide, this out of phase ion flow is responsible for the ion gyroviscous force.

● The electron flow is decoupled from the ions in the warm ion case and balances the resistive 
diffusion of the island.

● Plots of the electron flows are dominated by the contribution from the current out of phase with a 
reconnecting flow, this current is along the magnetic field lines, and are not shown.

Blue – magnetic 
stream lines 

Red – ion flow 
streamlines

Helical surfaces 
are chosen such 
that

Helical projections show the ion flow advects magnetic flux Helical projections show the ion flow advects magnetic flux 
into the island in the cold ion case, but the flow pattern is into the island in the cold ion case, but the flow pattern is 

modified by ion gyroviscosity with warm ions.modified by ion gyroviscosity with warm ions.

  
warm ions

S=80,000 ρ
s
=0.05, d

i
=0.17  

cold ions

k⋅∇ S=0



 

Multihelicity CaseMultihelicity Case

● We set R/a = 3 in the multihelicity case. (instead of 0.5 as in the single helicity cases)

● The m=1, n=6 mode in the multihelicity case is equivalent to the single helicity mode.



 

Cases with a realistic aspect ratio and current drive produce Cases with a realistic aspect ratio and current drive produce 
the reversed state characteristic of the RFP.the reversed state characteristic of the RFP.

● We will examine the initial 
relaxation event, the spike in the 
field reversal parameter, as this 
event is as close to a sawtooth 
as this simulation has come.

F=
B z a

〈B z 〉

Θ~1.6
ρ

s
=0.05 warm ions

S=80,000
R/a = 3
P

m
=1

Β = 0.1



 

ConclusionsConclusions

● The linear growth rate of the tearing mode is reduced by ion gyroviscosity when ρ
s
 is 

in a intermediate range, before the ions and electrons fully decouple.

● We observe an effect that can be sufficiently analytically modeled with the inclusion of 
a ω* ~ βdi.

● The creates a linear ion gyroviscous stabilization.

● It is extremely interesting that this effect still exists in the nonlinear stage, after the 
island has saturated.  

● Ion gyrovsicosity modifies the saturated ion flows creating eddies out of phase with 
flows responsible for reconnection.

● We are working on a two fluid multihelicity case at large-ish Lundquist number.


