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RMF Calculation Overview
� Employ NIMROD to study RMF current drive to form and 

sustain FRCs, with parameters relevant to the TCSU experiment.
� Boundary conditions for finite length antennas implemented.
� Calculations have been performed with both even and odd parity 

antennas forming an FRC from a uniform background plasma.
� The Hall term is a zero’thorder effect here.� The Hall term is a zero’thorder effect here.
� These calculations only possible after pre-conditioner 

improvements made last summer.
– Require finite electron mass (me ~ mi/100), and large viscosities.

� Most calculations employ n=0 and n=1 only,  however some 
n=0 � 5 calculations have been performed.



Outline

� Antenna geometry
� RMF implementation in NIMROD

– Boundary conditions

� Numerical calculations
– Initial conditions– Initial conditions
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RMF Antenna

Illustration of windings and vacuum field lines from a single 
phase of a 2 phase antenna

Even Parity Odd Parity
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NIMROD Equations
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RMF Boundary Conditions

� Apply RMF boundary condition on radial wall:
– Specify n=1 component of Etangand Bnorm

– Express tangential component of a vector potential on radial wall

– Assume that                on the boundary (neglecting Ar)
so A� can be expressed in terms of Az:
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– Express E and B in terms of A:
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RMF Boundary Conditions

� Express Az(z,t)as:

where, B� is the RMF magnitude at the axial midplane,
after it is ramped fully on (f(z) = g(t) = 1.0).

( ) ( ) ( )tgzfB
n
r

tzAz w2
1

, =

�

� g(t) – linear ramp from 0 to 1 over the time t = 0 to t = t1.
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Initial Conditions

� Cylindrical domain with radius 0.4 m and length of 7 m.
� RMF extends from -1 m to + 1 m, and ramps from 0 to 5 mT 

in 100 µsec.
� Bz = 6 mT (at axial midplane) with 2× mirrors.

� Uniform plasma density = 3×1018 m-3.
� RMF frequency, frmf = 117 kHz (Trmf = 8.55 µsec).



Numerical Parameters

� Two fluid with me ~ mi/100
� elecd = � /µo = 100. (experimental value ~ 25 – 100)
� isovisc = 10,000 - 100.  Reynold’s number ~ 10 - 1000  

(This is very large, and we will try to reduce in future.)
� Isotropic thermal conduction with kperp = 1000, leads to a 

temperature in approximate agreement with experimenttemperature in approximate agreement with experiment
� Radial B.C.: (n=0 B� =0, Br fixed, E� =0), fixed temperature, 

and no density flux
� Axial B.C.: Conducting wall, fixed temperature, and no 

density flux, or periodic
� Initial timestep = 10-7 (85 steps per RMF cycle)

– Typical � t later ~ 3×10-7.  (Simulation ~ 350 µsec in 8000 steps for a 
total of about 40 RMF cycles)



Pressure Contours as FRC Forms

� Initial plasma has strong tilt, but distortion decreases in time.



Time History From TypicalCalculation



Radial Magnetic Profiles at Midplane

50 µsec
100 µsec
150 µsec

Bz (n=0)
|B� | (n=1)



The n=1 RMF Penetrates, Rotating 
Clockwise

� This shows the n=1 
component of the 
magnetic field at the 
axial midplane.

� As n=1 RMF field � As n=1 RMF field 
penetrates, electrons 
begin to rotate 
synchronously it.



3D Pressure and Magnetic Field Lines

� Magnetic field lines are opened by the even-parity RMF.
– Simulations have B� /Bz at the high end of experimental observations due 

to high resistivity in simulations.

� A 3D tilt-like perturbation in the pressure rotates with the RMF. 



End-Shorting Boundary Conditions
� When end-shorting boundary conditions (Etang=0) are applied at 

axial ends, a strong toroidal field develops near the FRC ends 
that can drive a kink instability on the open field-line plasma.
– A probe is being developed for TCSU to investigate experimentally.



Odd Parity Calculation

Comparison of boundary conditions applied for n=1 
magnetic field for even and odd antennas



Odd Parity Calculation

� FRC formed, but with less flux than the equivalent even parity case 
(1.71 mWb vs. 2.41 mWb)

� Field lines launched from inside the FRC at the midplane appear to be 
much longer than for even parity case.



Electrodeless Lorentz Force thruster (ELF)

� ELF is a high-power electromagnetic propulsion concept 
that uses RMF to form and magnetically accelerate an 
FRC plasmoid.

� ELF has an naturally high Isp and would operate with 
extremely low propellant consumption.

� RMF is employed to form an FRC in a conical section of � RMF is employed to form an FRC in a conical section of 
the thruster.  After formation the RMF is quickly ramped 
off.

� The FRC is accelerated out of the conical region, and 
further acceleration may be provided by additional 
� -pinch coils.

� Initial simulations are of the RMF formation phase only.



ELF Geometry Simulations

� Shaped cylindrical domain with radius varying from 0.07 m 
to 0.13 m and length of 1.5 m.

� RMF extends from -.21 m to + .21 m, and ramps from 0 to 
50 mT in 100 µsec.

� Bias Bz = 25 mT (at midplane), with uniform boundary flux.

� Uniform plasma density = 3×1019 m-3, with mi = 14 mo

� RMF frequency, frmf = 250 kHz
� Apply B� =0 boundary condition on radial wall.



ELF: Pressure and n=0 Flux



ELF: Density and n=0 Flux



ELF: Temperature and n=0 Flux



ELF: Velocity and n=0 Flux



ELF: Full 3D view of field and pressure 
at 75 µsec



ELF Simulations

� Preliminary simulations have begun for the ELF 
geometry.

� Work continues on boundary condition refinement.
� Future simulations will include ramping RMF off, � Future simulations will include ramping RMF off, 

and expansion into a large radius region.



Physics Issues
� RMF formed FRCs seem MHD stable for n=1, and become more 

symmetric as simulation proceeds.  There is no evidence of instability –
even at reduced viscosity.

� Current drive extends beyond antenna ends.
– Strong toroidal field develops on open field-line plasma, which can induce 

instabilities there, and will induce a torque counter to the RMF.
– Calculations without a mirror bias field yield long FRCs.– Calculations without a mirror bias field yield long FRCs.

� A poloidal electron flow (rather than an ion flow) can provide current 
drive on inner field lines.

� Some RMF penetrates to axis of symmetry and rotates synchronously 
with RMF, but slower in experiment.

� Preliminary calculations indicate that it may be difficult to achieve RMF 
penetration when Bz >> B� .



Summary

� Successes
– Calculations of FRC formation employing RMF have been performed, the 

code is performing well, and we are starting to learn new physics.

� Difficulties
– Difficulty running with anisotropic transport due to field null and chaotic

fields.  Would like anisotropic electron thermal conduction.
– Requires high resistivity, viscosity and electron mass at this time.  May be 

able to trade off higher resistivity for lower viscosity?
– Still can sometimes experience high (~ 100) iteration counts.

� Plans
– Physics and numerical parameter scans
– Run with more toroidal modes
– Need neutrals / charge exchange to prevent ion spin-up if viscosity is 

reduced?


