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Outline"

•  Code overview 
–  some recent improvements 
–  slab grid generator 
–  reconnect-2field 
–  post-processing 

•  Benchmarking reconnection dynamics 
–  Scaling with dissipation 
–  Suppression due to rotation 
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Some improvements to IDL tools since 2011"

•  I developed some tools to generate output to Bill Meyer’s raytracing code 
–  write_polslice, resize_bgrid!

!
!
!
!
!
!
!

Measurement!Simulation! Comparison!

T.Y. Xia, et al., 24th IAEA FEC, San 
Diego, Oct. 2012  ! 10 15 20 25 30 35 40 45
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Some improvements to IDL processing"

•  IDL processing improvements 
–  Added some useful numerical utilities to tools/numlib   !

–  Clean up coding by using CASE to test dimension of input variable!
!

–  Fixed error in zshift and plotpolslice for periodic domains!

–  Please contribute!!

original! periodic!
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Some improvements to core code"

•  Core BOUT++ improvements (B. Dudson) 

–  Physics-based preconditioning for shear Alfven wave greatly improves convergence 
for large time steps!

•  Must carefully set error tolerances to ensure that output is not garbage"
–  ATOL and RTOL!
!

–  New Option SymmetricGlobalX = true è initial profiles are symmetric in X !
•  otherwise there is an asymmetry in GLOBALX function!!
!

–  Laplace inversion with nonconstant BCs now gives correct result when NXPE>1"
•  allows simulations with more processors!
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“Taylor’s problem” for resistive reconnection proceeds in a 
number of different temporal phases*"
•  2 Field model 

•  Spatial scales* 

•  Intrinsic & derived time scales 
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Linear “Taylor’s problem” proceeds in 2 distinct phases*"

•  Approximate linear analytic solution** 

 
•  Different scalings for  

–  time of peak rate = reconnection time τRec "
–  time of peak flux = saturation time τRI"

*T.S. Hahm and R. M. Kulsrud, Phys. Fluids 28 (1985) 2412  
**A. Cole and R. Fitzpatrick, Phys. Plasmas 11 (2004) 3525  

ψ ≈

At2 / 2τ Rτ A t < τ rec
B 1− 8

5 e
−tc/τ RI cos ts / τ RI( )( )

c+ is = eiπ /5
t > τ rec

#

$
%%

&
%
%

€ 

max τA ˙ ψ ( ) ~ τA ˙ ψ τRec( )∝ τRec
τR

=
τA
τR

% 

& 
' 

( 

) 
* 

2 / 3

∝
η
ky

% 

& 
' ' 

( 

) 
* * 

2 / 3

0 1 2 3 4 5 t
0.2
0.4
0.6
0.8
1.0
1.2
y

0 1 2 3 4 5 t
0.2
0.4
0.6
0.8
1.0

dy
dt τ rec

τ RI

τ Rec = τ R
1/3τ A

2/3∝η−1/3ky
−2/3

τ RI =1.8τ R
3/5τ H

2/5∝η−3/5ky
−2/5



8"I. Joseph, BOUT++ 2013!

Slab geometry"

•  Equilibrium!
–  R = 5 m, a = 1 m, ε = 0.2 
–  Btor = 6.46 T, ne = 1020 m-3 

–  Bpol/Btor= ε/q=6-8x10-2 

–  q=[2.5,3.5] 
–  s = aq’/q = 10/3~3.3, Ls = qR/s = 4.5 m 
–  Δr = 0.1 m, Δψ=0.21 Vs 
–  ρ = 1 mm, ρ/Δr = 1/100 
–  δr = 0.1 m/68 ~ 1.5 mm ~ 1.5 ρ 

•  BOUT mesh uses twist-shift periodic coordinates!
–  Given orthogonal coordinates: ψ, θ, ζ	


–  BOUT coordinates are x=ψ/δψ, y=θ, and 

 
z =ζ − dθ B ⋅∇ζ

B ⋅∇θ
=∫ ζ − qθ + periodic

q!

Bpol!
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Slab Grid Generator: $BOUT_TOP/tools/slab/slab.pro"
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Generate a Slab Grid"



11"I. Joseph, BOUT++ 2013!

2-field model: $BOUT/examples/reconnect-2field/2field.cxx"

External Fields"
Stay Constant"
& Don’t Evolve"
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Apply fixed external field Aext"

•  Chosen form is resonant for q=3 in center of domain!

•  Radial profile chosen to vanish at the center to avoid 
reconnection at t=0!

•  2field code treats variables with ordering:!
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Run a 2field example"



14"I. Joseph, BOUT++ 2013!

Examine data"

J||! A1!
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Evolution of reconnected flux for resistive model 

•  Reconnected flux generally peaks & relaxes as expected 
•  Initial growth is quadratic in time: t2 

•  Resistivity range η/DB= 10-6-10-4 
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Intrinsic time-scales demonstrate theoretical resistivity scaling 

•  Time of peak flux displays resistive-inertial reconnection time:  τ ∼ η-3/5 
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Γ3=1/SR
 

Γ3=SV/SR
2=1/PRSR Γ3=1/SV 

Γ3=SR/SV
2=1/PRSV 

Linear reconnection theory: visco-resistive MHD  
reviewed in Fitzpatrick PoP (1998)!

•  2-field plasma model (at low beta) 

•  2 reconnecting cases: constant ψ 
 2 ideal cases: not constant ψ(rs)=0 

 
!
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RI: inertia + 
resistivity  
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inductance 

I: inertia + 
inductance 

•  Dimensionless #’s!
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Perpendicular rotation suppresses reconnection: Phi0 = -E0 x  

E=1!
E=5!
E=10!
!
!
E=50!
!
!
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!
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!
!
!

η = 10-4 DB, SR=7x108!

~ t2! ~ t2!

η=10-4 E=1!
η=10-5 E=1!
η=10-5 E=10!

η=10-6 E=1!
η=10-5 E=10!
η=10-6 E=10!
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Suppression vs. Rotation: η = 10-4 DB, SR=7x108 

Final 
Equilibrium!

Maximum during!
Oscillatory 
Evolution!

•  Reconnection rotation rate measured to be ωrec ~ 10 ωE0 ~ 25  krad/s  
•  close to expected value ωrec ~ SR

1/3 ωA ~ 23 krad/s 
•  Phase difficult to measure accurately due to oscillations 

ωrec"
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Alfven resonance structure can be clearly seen at low resistivity 
& high rotation [phi=5,eta=1e-7] 

•  Alfven resonance spacing  xA ~ ωE/ωAky ~ 5.7 mm ~ 4 grid points 
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Perpendicular rotation suppresses reconnection: Phi0 = -E0 x  

•  Alfven resonance spacing  xA ~ ωE/ωAky ~ 5.7 mm ~ 4 grid points 
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Moving toward realistic geometry: 
Implementation of 3D coil models improved"

•  DIII-D: I-coils & C-coils    MAST: control coils 
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Magnetic field spectrum for MAST coil geometry"

  Apar      Bnormal 

 
 
 
 
 
 
 
 
 
 
•  Computed by representing coil fields as a superposition of fields due to individual 

line segments1 

1Hanson & Hirshman, Phys. Plasmas 9, 4410 (2002) !
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Conclusions"

•  Improvements made to allow robust treatment of BCs and coils"
–  Realistic coil geometry implemented & will be benchmarked vs. other codes 

 
 
•  Linear & nonlinear reconnection benchmarks have been performed 

–  Slab models of 2-field reconnection are being benchmarked vs. theory 
–  Studies of hyper-resistive reconnection physics show different scaling laws 

•  Also: Ideal MHD boundary conditions have been implemented 
–  Smoother relaxation to equilibrium, less generation of standing wave with large  

edge currents 
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Exercises"

•  Make slab grid 
Ø  cd $BOUT_TOP/tools/slab!
Ø  idl!

Ø slab, Rmaj=5, rmin=1, dr=0.1, nx=68, ny=32, 
output=‘myslab_68x32.nc’!

Ø exit!
•  Run an example 

Ø  cd $BOUT_TOP/examples/reconnect-2field!
Ø  git pull!
Ø  make!
Ø  >> edit data/BOUT.inp ; set parameters of interest!
Ø  cp $BOUT_TOP/tools/slab/myslab_68x32.nc .!
Ø  qsub –IV –q interactive -l mppwidth=16 –l advres=bout.10!
Ø  cd $PBS_O_WORKDIR!
Ø  aprun –n 16 ./2field –d data!
Ø  idl ; examine data!

Ø apar_ext=collect(var=‘Apar_ext’,path=‘data’)!
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Exercises"

•  Examine data 
Ø  idl ; examine data!

Ø apar_ext=collect(var=‘Apar_ext’,path=‘data’)!
Ø apar=collect(var=‘Apar’,path=‘data’)!
Ø jpar=collect(var=‘Jpar’,path=‘data’)!
Ø surface, reform(apar_ext[*,*,16])!
Ø showdata, reform(apar[*,*,16,*])!

•  Run an example with preconditioning on/off  
•  Investigate behavior with changes to RTOL and ATOL 
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Alfven resonance structure can be clearly seen at low resistivity 
& high rotation [phi=5,eta=1e-7] 

Apar! Jpar!
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Alfven resonance structure can be clearly seen at low resistivity 
& high rotation [phi=5,eta=1e-7] 

Phi! Upar!


