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The Bottom Line

• Braginskii’s equations are usually not appropriate for modeling 
(collisional) tokamak plasma

• Reason: they neglect effects of heat fluxes on plasma viscosity
• Effects of heat fluxes on plasma viscosity are important for plasma of 

arbitrary collisionality
• For collisional plasma should use corrected Mikhailovskii and 

Tsypin’s equations



Heat Flux Viscosity



Outline

• Brief overview of short mean-free path closure assumptions

• Mikhailovskii and Tsypin’s (drift) closure

• Catto and Simakov’s corrections of Mikhailovskii and Tsypin’s 

closure

• A step towards closures for plasmas of arbitrary collisionality:

drift kinetic equation



Motivation

• Collisional plasma can be rigorously described by a closed system 
of fluid equations for regimes of both sonic and subsonic plasma
flows

• The case of plasma with subsonic flows is more complicated but 
also of more interest

• Until recently only ion, but not electron, description existed, 
however the collisional pieces of ion viscous stress tensor (parallel 
and perpendicular viscosities) contained errors

• Needed to correct the ion description and obtain the electron one 



Closures



Closure Assumptions 
(Braginskii, Mikhailovskii & Tsypin)



Mikhailovskii & Tsypin’s Procedure



Mikhailovskii & Tsypin’s Results



Mikhailovskii & Tsypin’s Errors



Catto & Simakov’s Corrections



Ion Viscosity



Catto & Simakov vs. Mikhailovskii & Tsypin



A Step Towards Less-Collisional Closures: 
Drift Kinetic Equation

• Less collisional plasmas can only be rigorously described by using 
either purely kinetic or perhaps combined kinetic/fluid approaches

• Can use drift kinetic (as opposed to gyro-kinetic) equation for 
plasmas of arbitrary collisionality if ρi /L⊥<<1 can be assumed

• The most popular is drift kinetic equation by R.D. Hazeltine (1973)
• We have recently discovered that this equation does not correctly 

account for effects of order (ρi /L⊥)2 (such as gyro-viscosity)
• Consequently at the very least this equation cannot be used for a 

purely kinetic description of plasmas
• Need a better drift kinetic equation
• We have derived the appropriate corrections to Hazeltine’s drift 

kinetic equation
• See the poster FP1.142 on Tuesday afternoon



Gyro-Viscous Stress Tensor for Plasma of 
Arbitrary Collisionality



Conclusions

• Short mean-free path two-fluid plasma closures have been 
discussed

• The most famous Braginskii’s (MHD-like) closure assumes sonic 
plasma flows and is usually not appropriate for tokamaks

• Mikhailovskii and Tsypin’s (drift) closure is for subsonic plasma 
flows and is appropriate for tokamaks
– contains all Braginskii’s results as a special case
– keeps extra heat flux terms in viscous stress tensor

• Mikhailovskii and Tsypin made several errors in their derivation, 
which resulted in errors in parallel and perpendicular viscosity

• They only treated ions, not electrons
• Catto and Simakov used an alternative technique to correct the 

errors in the ion description and obtained for the first time the 
electron description



Conclusions: Continued

• As a step towards obtaining closures for plasmas of arbitrary 
collisionality Hazeltine’s drift kinetic equation (1973) has been 
reexamined

• It was found to be exact only through the first order in the small 
gyro-radius expansion does not account for effects of gyro-
viscosity, Reynolds’ stress tensor etc.

• Simakov and Catto have obtained corrections to make it exact 
through the second order

• The formalism developed has been employed to evaluate gyro-
viscosity for plasmas of arbitrary collisionality

• The general expression for gyro-viscosity recovers the 
Mikhailovskii and Tsypin’s answer in the collisional plasma limit



Conclusions: Continued

• We would like to be made aware of any fluid or kinetic code 
which employs a complete and rigorous self-consistent closure 
in any regime of collisionality


