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Issues of Dynamo Theory

* The MHD equations
 Frozen-flux and the magnetic Reynolds number
e Cowling’s theorem
 Laminar dynamo solutions
» Mean-field electrodynamics
— The a-effect, the b-effect
e MHD turbulence |
— Small scale dynamos
— The Kraichnan-Irishnikov spectrum of MHD turbulence

-Nonlinear backreaction
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Fluid Flow Can Amplify and Distort Magnetic
Fields
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* In a fast moving, or highly conducting fluid, magnetic field
lines are frozen into the moving fluid 1 0
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* Transverse component of field is generated and amplified
* Finite resistance leads to diffusion of field lines
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Lehnert Experiment Tested Part of Q-effect
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The kinematic Dynamo Problem in a Cvlinder

* Find a velocity field v(r),
which leads to growing
b(r,t)

. Ponomarenko showed that o
the very simple flow of
transl ation WI'[h twist leads
to growing magnetic
elgenmodes

* Low critical Rm
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A 1987 Experiment in Riga Attempted a Finite
Length Version of the Ponomarenko Dynamo
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Second Generation Experiment Is Underway

in Riga, Latvia.
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11

t in Karlsruhe Hopes to Simulate

Aspects of Tavlor Column Driven Dynamos

Imen
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A NONLINEAR OPTIMIZATION USING

BULLARD-GELLMAN FORMALISM IS USED
TO DETERMINE DESIRABLE

- Example optimization of flow shape:

- peak position for toroidal velocity
- null position for poloidal velocity stream function
- ratio of toroidal to poloidal velocity
-Simplex method nonlinear maximization

of growth rate
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0, timiz_ed Solutions Have Low Critical R

m

............

VI e
V2 )
LN R YD PRaNS

\\\\‘\\\ l.r,‘ .
\\‘\'\\ | ) BANNAS

b AR
ll!li‘ || WA

||t|l” 1‘::‘1‘11::
.:HI” “\_':::::“
rr.r!””l\-._,,N““
l””l“\\,.._,’{".'

| ”“'l\\\..,,'_._,,” .

l\\\"\"‘“""—r,f ..

............

Dudley & James t1s1 flow

Optimized t1s1 flow
Rmerit = 160

Rmerit=79

o ftes2

October 30, 1999

15



Kinematic Dynamos

* Laminar flows which are kinematic dynamos

possess flow helicity (recall Ponomarenko and
spherical dynamos)

* Flows has a minimum Rm for self-excitation
* Do such flows exist in nature?
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Nonlinearities in MHD Equations

* |nduction eguation by itself
is linear in |

— |f Vis given, linear solutions
can be found (kinematic
dynamo problem)

e |nduction equation is non-
linear if V is affected by B

 Navier-stokes is nonlinear  p
in V and JxB

— Vs naturally turbulent

— JxB force modifying V we
can call the backreaction

oB _ 1 w2
e VXVXB+E—6—6V B

E‘%+V-V}V=JxB-Vp+vpV2V
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Fluctuations Can Generate Currents: Mean-

field Electrodynamics |
V=V+¥, B=B+b, B=(B)
Separate induction equation int o
oB 1
+
Jat  U,O
B 1 9 yxbxV =
ot W,C
vaxﬁ+\7x(vx6—<vx6))
Simplify to
85 —~ — * r ~ ’ e~ ?
= =Vx¥xB,= b(r)=|Vx¥()xB dr

VB =V><Vx]_3+Vx<€fxB>
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Fluctuations Can Generate Currents: Mean-

field Electrodynamics (Continued)

Simpli’sz to

t

<i'fx5> = j(vax( V(1 )xB)> dr’
Assumin g isotropic, homogeneous turbulence

E=<?x5>za]_3—ﬁVx]_3

(¥(0)Vx¥(r))dr’, B = j 0)+% (') dt’

O =

October 30, 1999 21



The o ~Effect: Current Generated by Helical
Fluctuations in the Direction of a Preexisting B
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The B-effect: eddies move flux

J=c(E+VxB+oB-pVxB)
= (1+p,08)J =0 (E+VxB+aB)

A

Will there be a turbulent modification to Rm-crit in
experiments? Rm

= Rm.. =
T T o
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What Happens As the Magnetic Field Energy
Grows? B

« Simulations show a strong back-reaction when b=v
o Turbulent flows can be strongly modified
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Nonlinear Effects in Mean-field Electrodynamics

o -effect as derived is a kinematic treatment

* Treatment did not include backreaction of induced
magnetic field on velocity fluctuations
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MHD Turbulence Introduces Effects Beyond Scope of
Laminar Dynamo Theory for Experiments to Study
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) ‘l,,% (¢ (Kolmogorov) o _‘ magnetic and kinetic energy
T Mg tmwowenamnge) | s predicted for small scales
i S '\’ -~ resistivity enhancement due
o Yo e oo to mixing of magnetic fields

Crof SRR ® z on small scales is predicted

ol .. & 5N - Currents can be generated

" Gmewmerk by helical velocity

fluctuations on small scales

October 30, 1999 31



