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Two Dimensional Fluid Motion 

Mostly qualitative talk…much quantitative work has been done, particularly at UCSD. 
Almost all the movies shown are real experimental data, not computer simulations. 
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Three Dimensional Fluids 

http://www.youtube.com/watch?v=dT0zSOrcjIo 

http://www.youtube.com/watch?v=dT0zSOrcjIo
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Two Dimensional Fluids 

Great Red Spot Hurricane Mitch 1998 

Protoplanetary Disk Jet Stream 
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Two Dimensional Fluids 

v Vorticity: 



5 

Two Dimensional Nonneutral Plasma “Fluids” 

• The axial bounce motion of the particles in 
a Penning-Malmberg trap can often be 
ignored. 
 

• The dominant remaining motion is the 
𝐸 × 𝐵 drift. 

• When these conditions are met, the plasma motion is closely analogous to that of 
a two dimensional (2d) fluid. 
 

• Experimental studies of this analogy were pioneered by Levy in the pre-modern 
era, and Fred Driscoll and John Malmberg at UCSD more recently. 

𝑣 =
𝐸 × 𝐵

𝐵2
=
−𝛻𝜙 × 𝐵

𝐵2
 

R.H. Levy, Diocotron instability in a cylindrical geometry, Phys. Fluids 8, 1288, (1965). 



Fluid Analogy 
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Pure Electron Plasmas 
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Inviscid, Incompressible  
2D Fluids 

2D Euler Equations 2D Drift-Poisson Equations 
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R.H. Levy, Diocotron instability in a cylindrical geometry, Phys. Fluids 8, 1288, (1965). 



Diocotron 



       Diocotron Mode Image 

𝐸 

𝐸 × 𝐵
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Vortex near Wall 
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Vortex with Image 
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Self Consistent Vortices 



       Vortex Pair 



       Vortex Pair 

𝐸 𝐸 × 𝐵

𝐵2
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𝐸 × 𝐵
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       Vortex Pair 



       Vortex Pair 
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Vortex Pair 
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Point Vortex Interactions 
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Vortex Crystals 

1+6 
1+6+12 

1+6+12+18 1+6+12+18+24 

D. Durkin and J. Fajans, Experiments on two-dimensional vortex patterns Phys. Fluids 12, 289 (2000) 
T. Havelock, The stability of motion of rectilinear vortices in ring formation,Philos. Mag. 11, 617, (1931) 
L. Campbell and R. Ziff, A catalog of two-dimensional vortex patterns,LANL LA-7384-MS (1978) 

Each vortex sits in a potential energy hole. 
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Vortex Crystals 
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Vortex Crystal Stability 

Weak                                Strong 
Center                               Center  
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Anti-Vortex Crystals 



Previously Unknown Asymmetric Stable Crystals 

D. Durkin and J. Fajans, Experiments on two-dimensional vortex patterns. Physics of Fluids, 12:289, 2000 
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Filamentation 



24 

Vortex Merger 

v
2.0D R 

v
1.6D R 

2D

vR
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Vortex Merger 

K.S. Fine, C.F. Driscoll, J.H.Malmberg and T.B. Mitchell; Phys. Rev. Lett. 67, 588 (1991) 

Two vortices will merge when 1.7.vD R 
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Hole (Anti-Vortex) Merger 
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Vortex in Vortex Interaction 

D. Durkin and J. Fajans, Experimental dynamics of a vortex within a vortex. Phys. Rev. Lett., 85:4052, 2000. 
D. Z. Jin and D. H. E. Dubin, Phys. Rev. Lett. 84, 1443 (2000).. 
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Vortex in Vortex Interaction 

Wave Breaking Time 

Strong Vortex Virculation

Background Vortex Circulation
 
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Asymmetric Merger 

M. Amoretti, D. Durkin, J. Fajans, R. Pozzoli, and M. Rome, Asymmetric vortex merger: experiment and simulation. Phys. Plasmas,  
8:3865, 2001 
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Vortex Cooling 

K.S. Fine, A.C. Cass, W.G. Flynn, and C.F. Driscoll, Phys. Rev. Lett. 75, 3277 (1995). 
D.Z. Jin and D.H.E. Dubin, Phys. Rev. Lett 80, 4434 (1998). 
D.A. Schecter, D.H.E. Dubin, K.S. Fine, and C.F. Driscoll, Phys. Fluids 11, 905 (1999). 
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Kelvin-Helmholtz Instability 

K.L. Kyhl and H. F. Webster, Breakup o hollow cylindrical electron beams, IRE Trans. Electron Devices , 3 172, 1956. 
R.H. Levy, Diocotron instability in a cylindrical geometry Phys. Fluids 8, 1288, (1965). 
A. J. Peurrung and J. Fajans,  Experimental dynamics of an annulus of vorticity in a pure electron plasma. Phys. Fluids A, 5:493, 1993. 
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Kelvin-Helmholtz Instability 

The Kelvin-Helmholtz instability is caused by internal shears: the outer radii of  
the ring rotates faster than the inner ring. 



Kelvin-Helmholtz Instability 

A KH instability rendered visible by clouds over Mount Duval in Australia 
http://en.wikipedia.org/wiki/Kelvin%E2%80%93Helmholtz_instability#mediaviewer/File:Wavecloudsduval.jpg 
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Kelvin-Helmholtz Instability 



35 

Winding Instability 

A. J. Peurrung, J. Notte, and J. Fajans,  Collapse and winding in an asymmetric annulus of vorticity. J. Fluid Mech., 252:713, 1993 
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Sector 
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Asymmetric Equilibria 

+ 
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Asymmetric Equilibria 

J. Notte, A. J. Peurrung, J. Fajans, R. Chu, and J. S. Wurtele, Asymmetric, stable equilibria of non-neutral plasmas. Phys. Rev Lett., 69 
3056, 1992.) 
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Asymmetric Equilibria 

- 
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Asymmetric Equilibria 

- 
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Plasma Equilibria 

Can the inner boundary always be made into an equipotential by 
applying appropriate potentials on the wall? 

J. Fajans, E.Yu. Backhaus, and J.E. McCarthy, Equilibrium of highly-asymmetric non-neutral plasmas, Phys. Plasmas, 6, 12, (1999). 
J.E. McCarthy,  E.Yu. Backhaus, and J. Fajans, Solving Poisson's equation with interior conditions,  J. Math. Phys., 39, 6720, (1998). 
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Classical Stability 

Unstable 

Stable 
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Maximal Energy States 

Stable 

Stable 
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Maximal Energy States 

Unstable 

Stable 

Stable 

R. Chu, J. S. Wurtele, J. Notte, A. J. Peurrung, and J. Fajans,  Phys. Fluids B, 5, 2378, (1993). 
T.M. O’Neil and R.A. Smith, Phys. Fluids B, 4, 2720 (1992).  
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Ellipse Bifurcations 

J. Fajans, E. Gilson and E. Yu. Backhaus, Bifurcations in elliptical, asymmetric non-neutral plasmas.   Phys. Plasmas, 7:3929, 2000. 
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Implications 

1. Temperature Diagnostic 
2. Centrifugal Separation 
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Conclusions 


