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u Flow and viscosity in plasmas 
à important to understand transport (neoclassical and turbulence), 

transition phenomena (rotation & confinement state), plasma 
stability, …

u Helical magnetic field geometry
à flow / viscosity strongly depend on the configuration, collisionality 

and radial electric field
à self-consistent treatment of the ambipolar condition is required
à variation in poloidal and toroidal as well as in radial directions
à variety of configurations (within a device, among devices) 

There are wide varieties of research subjects to be challenged 
in experiments, theories , and simulations.



Collaboration plans
uWe have just started collaborative research activity on flow and 

viscosity issues in helical plasmas. (from 2012 June)

uComparisons of neoclassical viscosity among LHD, TJ-II, and HSX. 
Ø Benchmark of simulation codes (DKES, PENTA, FORTEC-3D, 

ISDEP, …) using wide variety of configurations and experimental 
data from both devices.  V & V of numerical calculations is 
important to “predict” as well as “explain”.  

Ø Experiments and simulations on several devices and 
comparative studies using them will reveal the dependence on 
magnetic configurations and plasma collisionality.

u Application of FORTEC-3D for NC (particle, heat) transport and 
ambipolar-𝐸" in W7-AS, TJ-II, HSX.
Ø Impact of non-local, non-mono-energy, and compressible 

𝐸×𝐵	flow (in FORTEC-3D) on NC analysis
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Research activity plan in 2013
u Modification of FORTEC-3D code (~June) 

Ø Adopting BoozXform code (replacing NEWBOZ) to transform VMEC equilibrium to Boozer 
coordinates. à to make it easy to transfer equilibrium data among institutes

Ø To make FORTEC-3D code “open”. à Collaborators can use the code by themselves.

u Benchmark FORTEC-3D code with mono-energy codes on several magnetic 
configurations (~Sep.)
Ø with previous benchmark studies ( ICNTS paper, NF 2011 )
Ø Presentation in ISHW (Padova, Italy, Sep.)

u NC transport & ambiploar-𝐸"	analysis in LHD, W7-AS, and TJ-II
Ø Using the experimental data in Dinklage’s IAEA poster
Ø Presentation in ITC-23 (Toki, Nov.), then submit to NF (Dec.)
Ø Application of FORTEC-3D code  on HSX configuration

u Analysis of LHD biasing experiment 
Ø Lot of  data with varying the magnetic axis have been achieved in the last campaign.

u Human exchange plan
Ø J. L. Velasco visits NIFS (Apr.)
Ø A. Dinklage visits NIFS (Aug. and Nov.)
Ø S. Satake visits Wisconsin (Oct.?)
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Simulation Study on Neoclassical 
Poloidal Viscosity in Helical Plasmas
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Nonlinear dependence of the viscosity on 𝑀'
explains the transition phenomenon, but the 
predicted value of 𝑀' from NC theory has not 
been compared with the observation. 

Neoclassical Poloidal Viscosity
Dependence on 𝑴𝒑 and magnetic configuration   

The critical 𝐽×𝐵 torque depends on the 
magnetic axis position, or the NC transport 
property in LHD plasma.

Analytic formula for NPV predicts similar 
dependence, but quantitatively does not agree 
well with the observation.

à Precise numerical simulation is required.



Shift of magnetic axis ⇒ Change in spectra 𝐵+,-

ü “𝜎-optimization” : Radial drift width of helical 
trapped particles are reduced as the bottom of 
the B-field ripples are aligned.

Smaller Γ(-1) à smaller NPV

7

Basic properties of NPV in LHD:
NPV decreases as the magnetic axis position shifts inward

𝑟 𝑎 = 0.11⁄ 𝑟 𝑎 = 0.41⁄ 𝑟 𝑎 = 0.93⁄ (𝑀' ≅ 0.5)ß Core Edge à



NPV from FORTEC-3D simulation depends on 𝑽∥ and 𝑴𝒑	more strongly.
Analytic formula agrees with the 𝛿𝑓 simulation only if 𝑀' < 0.5.

NPV when 𝑉|| = 0	is guessed from linear extrapolation of the simulation results.
Even in the 𝑉|| → 0 limit, NPV is expected to have the local peak at 𝑀'~1.
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FORTEC-3D simulation shows stronger nonlinear dependence 
on 𝑴𝒑	than the analytic formula at 𝑴𝒑	~𝟏

Rax=3.53, r/a=0.75

Analytic

Rax=3.60, r/a=0.75
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Analytic formula : Local maximum of NPV at 𝑴𝒑 = 𝟏~𝟐 disappears in 
high-collisionality regime  

Local maximum from  
(m,n)=(1,0) modeP. S. regime Plateau regime

• If the realistic value of 𝜈∗ for the biasing experiments is used, the analytic 
formula predicts very large 𝑀'(> 5) for the first local maximum of NPV.

• The peak of NPV at 𝑀' = 1~2, which can be seen if plasma collisionality is in 
plateau regime, vanishes in high-collisionality P. S. regime.

• The estimated value of 𝑀' (or the bias voltage) for transition seems to be 
unrealistic for the LHD bias experiment case.

Qualitatively O.K., but quantitatively, too?



Analyzing the NPV in realistic experimental situations 
(1) Model of the potential / Radial electric field

HIBP measurements (inside) &
Fitting (outside) ( 𝑉NOPQ = 𝑉N/10)

𝐸" = −𝑑𝜙/𝑑𝑟
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Potential profiles for simulation are created by polynomial fitting, which 
smoothly connect to the HIBP measurements in the core region.

The actual plasma potential near the electrode is unknown. This model is 
just to estimate a reasonable magnitude of 𝑬𝒓 near the electrode, 𝒓 𝒂⁄ ≅
𝟎. 𝟕𝟓~𝟎. 𝟖.

Input profile for simulation
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Analyzing the NPV in realistic experimental situations
Simulation result agrees with the observation
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Simulation: Decrease of NPV occurs when 𝑀' ≅ 0.8.   
On the tip position (𝑟/𝑎 ≈ 0.75~0.8), the transition  occurs when 𝐸" > 1.0×(𝑉N = 300𝑉 case). 

Experiment: Transitions is observed when 𝑉N ≈ 200𝑉.
Peak 𝑱×𝑩 torque @ 𝒓 = 𝟎. 𝟖𝒂	 ⇒ 𝟎. 𝟎𝟕𝑵 𝒎𝟐⁄ (𝑰𝑬 = 𝟖𝑨) is comparable to the peak value of 
NPV at 𝒓 = 𝟎. 𝟕𝟓~𝟎. 𝟖𝟎𝒂. 
à Simulation and experiment agrees within the O(1) factor.

The transition occurs when the 𝑱×𝑩 torque exceeds the viscosity.

(Observation) (Simulation)
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1. Description of viscosity and momentum balance
In FORTEC-3D: Evaluate the total pressure tensor (𝒆m n	= 𝜕𝒙 𝜕𝜃⁄ n) :

In Analytic formula: Evaluate the viscous tensor                                instead of    :
Momentum balance is expressed in a different way (𝑩' = −𝜒s𝛻𝑉×𝛻𝜁 = 𝒆m𝜒s 𝑔w�⁄ )

2. FORTEC-3D treats the exact guiding-center motions
Compressible 𝐸×𝐵	flow and large parallel flow generated by it 
à may affect the poloidal viscosity at 𝑀' ≈ 1.	
à Poloidal shock (?)
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Differences b/w the analytic model and FORTEC-3D

This advective inertia term is neglected in the analysis.

Effect of parallel mean flow 
(                        ) is included here.
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Large 𝑬×𝑩 flow makes non-uniform density and parallel flow  
Density perturbation : 𝛿𝑛 Parallel flow : 𝛿𝑢∥ (@ 𝑟 𝑎⁄ = 0.78)

𝑀' = 0.32

𝑀' = 0.65

𝑀' = 0.87

𝑀' = 1.32

Weak cos 𝜃-dependence

Strong sin 𝜃-dependence

Contribution to 𝒆m ⋅ mn𝒖∥ ⋅ 𝛻𝒖∥

from Jacobian

Advective inertia term is ~20 % 
of the total NPV at its peak. 
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Summary
FORTEC-3D code was applied to calculate neoclassical poloidal viscosity (NPV) in 
LHD plasmas to study the transition phenomena found in the biasing experiments.

Ø NPV simulation in LHD
üShifting the magnetic axis position inward changes the Fourier spectrum of 

the magnetic field and reduces NPV consequently.
üAnalytic theory for Plateau-P.S. regimes agree with the simulation result only 

when 𝑀' < 0.5. FORTEC-3D NPV calculation shows stronger nonlinearity.

Ø Analysis of Biasing Experiments 
üPotential profiles from HIBP measurement have been used for NPV 

simulations of realistic LHD parameters for the first time.
üTransition occurs when 𝑀' = 0.8~0.9. The estimated threshold bias voltage 

for transition and the peak NPV torque are close to the value observed 
values ( ~200𝑉, 0.07	 𝑁 𝑚j⁄ ).

üNon-uniform density and parallel flow caused by compressible 𝐸×𝐵	flow 
make large advevtive inertia term 𝒆m ⋅ mn𝒖∥ ⋅ 𝛻𝒖∥ when 𝑀' ≈ 1.
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Request to biasing experiment (from simulation side)

Ø To study & compare the neoclassical poloidal viscosity in biasing 
plasmas,

1. Ion temperature measure is crucial for NPV simulation.
2. Observation of plasma potential (or poloidal flow) around the 

biasing probe is also important to estimate 𝑀' there.

Ø Measurement of the variation of density and parallel flow on a 
flux surface 
• To investigate if there exists a shock or not when 𝑀'~1.
• To study the effect of 𝐸×𝐵 compressibility.
• Is such information available in other devices than LHD?

Ø Biasing  experiment in less-collisional plasmas (plateau, 1 𝜈⁄ 	)


