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m flow of liquid sodium driven by
two counterrotating impellers

m mean flow structure: two poloidal
cells, two toroidal cells (52 T2)

m bended blades for optimization of
poloidal to toroidal velocity ratio
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from Monchaux et al., PRL, 2007
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m axisymmetric dynamo action but
only with soft iron impellers with
permeability p, ~ 65

m manifold field characteristics:
(quasi-)stationary, bursts, oscilla-
tions, reversals, hemispherical
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Non-uniform conductivity /permeability

ROSSENDORF

0B
— = Vx |[(uxB)+ Vinp, x B) — VXB]
ot ( ) uoura( ) uoura( )

m non-uniform conductivity/per- m additional term in the induction
meability provides potential equation that acts like a velocity
"support” of dynamo action by VH = % with V - V¥ £ 0
coupling of B** and Br°! = paramagnetic pumping: i.e.

= Busse/Wicht: periodic conduct- suction of magnetic field into
ivity modulation & uniform flow region with larger p,
Internal jump conditions for B and E
Bi B N
n-(Bi—By) =0 nx ( = ) = 0 for permeability jump
Mr,1 Hr,1
n-(ji—j2) =0 nx (E; —E2) = 0 for conductivity jump
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Kinematic solution of the induction equation
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numerical solutions of induction equation with non-uniform u, & o
P 1 B m prescribed velocity field u(r)
EB =V X <“ x B — ua—(r)v X M—(")> m no backreaction on the flow

m here: spatial variations of i,

m kinematic approach: B ~ Bpe?’t = 7B = MB
= compute growth rates (eigenvalues) and dynamo eigenmodes
= dominant field geometry (azimuthal mode, equatorial symmetry)

Numerical approach

m turbulence unimportant = induction caused by mean flow alone

m numerical simulations with 2 distinct schemes
(1) spectral/finite element approximation (SFEmANS, Guermond et al.)
(2) hybrid finite volume/boundary element method (timestepping)
= insulating boundary conditions & arbitarly spatial distributions
for o, p, (axisymmetric for spectral scheme)
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rescribed velocity field & numerical approach
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m MND bulk flow: v=VxA with Aocc(f(r) sin(mz/2H), 0, f(r) sin(wz/ H))
= laminar flow with S2T2 topology: 2 poloidal & 2 toroidal eddies
m side layer with stagnant fluid & lid layers behind impellers

m disks: axisymmetric distributon with large permeability g, = 1---100

m no internal boundary conditions between disks and fluid flow

André Giesecke et al. (HZDR) Soft iron in the von-Kdrman Sodium dynamo Vienna, April 24, 2012 5/11



mQ growthrates
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significant shift towards dynamo
threshold (but only B,):

purely toroidal mode becomes
dominant for ;217

mixed mode hardly affected by p,

flow magnitude (Rm) and BC
unimportant for p,>1

Cowling also valid for p, = p(r, t)
= no m0 dynamo action possible
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Comparison of m0- and ml-mode
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m Rm =~ 30...40 = axisymmetric B, dominates for 1, > 1
m fast decay of poloidal m0 mode (even faster than m1 mode)

m sufficient large Rm = "equatorial” (m1) dynamo (Rm® ~ 63)
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Coupling of poloidal and toroidal components
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R o

m b0 0=0& bg = 0 is a possible solution = purely toroidal mode
m b2, b0 # 0 = shearing by u, = bg # 0 = mixed mode
m growth rate of mixed mode is fixed by its poloidal components!

— bg "follows” b2, b2 but there is no way to transfer magnetic field
from toroidal to poloidal component = b2, b2 cannot "follow” bg

m consider axisymmetric part of induction equation (b2, b9, b?) J

r» =z
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Selective enhancement of axisymmetric B,
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- m at the fluid-disk interface
v paramagentic pumping causes a
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> <« h_\lxB=_1 Vi
v v VH6>B<6VH el=v XB_uoaur Hr xB
T T @ which drives an electric current
Bf
n
32
©
O
x
| >
® B ®
W <V W— <«
1 1
w \%

André Giesecke et al. (HZDR) Soft iron in the von-Kdrman Sodium dynamo Vienna, April 24, 2012 9 /11



FrieR

Selective enhancement of axisymmetric B,
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m at the fluid-disk interface
paramagentic pumping causes a
localized electromotive force:

<« —> < B\t yB=_L1 Vi
GBG EF=V"xB TooTin erB
T @ which drives an electric current

. m thin disks = V¥ oc e,

= no interaction with B,e,

Radius
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Selective enhancement of axisymmetric B,
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m at the fluid-disk interface
paramagentic pumping causes a
localized electromotive force:

El=V'xB=_L_Yit,B
HOO oy by

which drives an electric current

m thin disks = V¥ oc e,
= no interaction with B,e,

m interaction of B,e, and V#
= azimuthal currents with
opposite sign at front/back side
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Selective enhancement of axisymmetric B,
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m at the fluid-disk interface
paramagentic pumping causes a
localized electromotive force:

> < H—\JH 1 Vi
@B G)Vu gf=V XB_uoaur Hr xB

e
T @ which drives an electric current

. m thin disks = V¥ oc e,
= no interaction with B,e,

Radius

B m interaction of B,e, and V#
l r l = azimuthal currents with

® B, ® opposite sign at front/back side
PRGN o m interaction of B,e, and V¥
T i gives rise for an axisymmetric
W W poloidal current j°*=j,e,+j,e,

= sustainment/amplification of B,

v
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Summary & Conclusions
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(1) localized high permeability domain within conducting
fluid flow is responsible for paramagnetic pumping

selective enhancement of B, and domination
of an axisymmetric purely toroidal mode that is
hardly affected by the flow

(2) a second axisymmetric mode consisting of a poloidal and a
toroidal component (mixed mode) is hardly affected by i,
and lies below the purely toroidal mode or the ml-mode

(3) the purely toroidal mode can be obtained only by explicitly
considering the internal permeability distribution and the
jump conditions at the fluid-disk interface

the purely toroidal mode may play an important role for axisymmetric
dynamo action but in our simple axisymmetric set-up no possibility
for a closure of the dynamo cycle is provided (Cowling’s theorem is
valid also for time and space dependent o & p, (Hide & Palmer))
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m non-axisymmetric u, couples a poloidal mode to the
(previously) purely toroidal mode = role of blades?
= but coupling also from azimuthal ¢ variation

m dominant purely toroidal mode does not exists for
high/low conducting disks because there is no
enhancement mechanism

B growing axisymmetric solutions can be obtained applying
mean field effects that parametrize induction of small
scale turbulent flow (a-effect, Q x j-effect), e.g. a
growing m0-mode is possible for very small a—effect
(Giesecke et al. PRL 104, 2010) but existence and
pattern of av in the experiment remains unknown
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Simplified model for the toroidal m0-mode
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purely toroidal mode is mostly localized inside disks and impact of flow
remains negligible = idealized disk-fluid model with free decay J

m disk with radius R = 1, permeability i, > 1 and thickness d within
infinite cylindrical fluid region with p, =1

2

By = (e +12 4+ % LB, r<1 |z|<d/2
92 2

1By = (Z+12+ 5, - 1)B,, r<l |z|>d/2

» = 0 at r = 1 and symmetry considerations suggest:

B, = Aihi(kr)coshz, r<1, |z|<d/2, h=/—7yu— k>
B, = Ah(kr)e™?, r<1, |z|>d/2 h=\/kK+y
J1: Bessel function of 1st kind, k ~ 3.8317 to fulfill B, =0 at r =1

= implicit non-linear equation I cos hd _ I sin hd —0
for v as function of d and p;: 2 2 ! 2
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Comparison with numerical solutio
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m () ~ pptin
the limit @, — oo

m good agreement
between simple
analytical model
and numerical

' simulations
mO simplified model ] y
E?: --%¥-- mO numerical |
=100l 1 1 1
0 50 100 150 200
M

= although the dominant purely toroidal mode is localized to a
very small volume its decay time determines the overall decay
of the axisymmetric azimuthal magnetic field.
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Axis Axis

m loacalized EMF (left) drives poloidal axisymmetric current
concentrated around the impellers (right)

m jP is source for the enhancement of azimuthal axisymmetric field
mode but does not provide a dynamo source

m azimuthal current remains negligible
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Growth rates for m1l mode

growth rate
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m growth rates increases with increasing p, (saturation for i, > 1)
= reduction from Rm® = 76 for y, = 1 to Rm® = 55 for p, = 100

m distinct behavior for free decay (Rm = 0) and Rm > 0
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Influence of enhanced electrical conductivity o
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decay rate

100

m increasing foo = increase of Rm®i* —2 80 J
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Decay rates Aot
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Vacuum BC Vanishing tangentlal field BC

=1

Hor

=100

Hor

oo = 100

m Internal jump conditions are more important than external BC
n-(Bl—Bz) =0 n Xx (Bl//lr,l_B2/,Ur,l) =

0
n'(jl—jz) =0 n><(E1—E2) =0
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Decay times: 7 = (y)~! J

6 T T T 6 T T —
+— B, %, Vacuum —o— B, Vacuum

sE~ - %= - BR®, VIF oE sE--%-- B, VIF

—o—B;° Vocuum —* 83 Vocuum

m=0 m=0
4" %~ BE, VIF E 4~ %77 B, VIF
——B™", Vacuum

E- - -~ B™'" VIF

, Vocuum

decay time
o

decay time
o

m vanishing tangential fields or pseudo vacuum resemble
setup with infinite permeability in the exteriour

m nearly no influence in comparison with insulating
boundary conditions
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B, > B,,B; B, < By, B;
toroidal field poloidal field
- - dominates dominates

11 = 100 1100 = 100

Structure of field geometry essentially determined by material properties J
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