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Activities and Findines 

Research and Education Activities: 
in attached report 

Findings: 
in attached report 

Training and Development: 
The scientific quality of the group is developing. The grant has been vital in the education of two graduate students, one postdoc, and 3 
undergraduate students. The students have been developing in many areas, including the acquiring of mechanical and electrical design skills 
expertise in high power electronics, numerical modeling of mhd systems, data acquisition electronics and programing, and in the writing of 
scientific papers. The students and postdoctoral researcher have attended scientific meetings and presented their results and been exposed to 
research occuring at other MHD laboratories. 

Outreach Activities: 
We have no activities to report on outreach to the general public. There has been, however, considerable effort to describe our research 
activities to undergraduates in the form of honors lectures on dynamos to freshmen physics classes, and presentations to a multidisciplineaq 
seminar series on chaos and non-linear dynamics at the UW. 

Journal Publications 

RA. Forest, R.A. Bayliss, R.D. Kendrick, MD. Nornberg, R. OConneU and E.J. Spence, "Hydrodynamic and Numerical Modeling of a 
Spherical Homogeneous Dynamo Experiment", Magnetohydrodynamics, p. 107, vol. 38, (2002). Published 

Books or Other One-time Publications 

R. OConnell, R. Kendrick, M. Nornberg, E. Spence, A. Bayliss, C.B. Forest, "On the possibility of a homogene 
(2001). Book, Accepted 
E!ditor(s): Pascal Chossatt 
Collection: 'Dynamo and dynamics, a mathematical challenge', Cargese, France 21-26 

Bibliography: Kluwer Publishers 

WebAntemet Site 

W s ) :  
httpdhw .physics.wisc.edu/-forest/Dynamo 
Description: 

other Specinc Products 

Contributions 

us dynamo in th laboratoq 

Contributions within Discipline: 
Our program has contributed to the dynamo community in a number of ways. First, the methodology of the experimental design and the 
associated numerical modeling has contributed significantly to the experimental dynamo communities development. Our work differs from 
others in being less empirical than other approaches within the US 
and more focussed on answering outstanding questions in dynamo theory. We have attempted to couple theory and numerical modeling in fi 
the beginning, and hope to use this plus the results from water simulation experiments to test specific predictions of dynamo theory. Second 
our model of the stretch-twist-fold dynamo has been a useful addition to the knowledge of our community. It was well known that the doub 
vortex flow generated a magnetic field prior to our work, but the physical mechanism was not known. Finally, in the near future, when the 
sodium dynamo experiment is producing data, it will be the first experiment to investigate high Rm turbulence in a flowing liquid metal and 
will extend the knowledge of the community. 
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Contributions 'to Other Disciplines: 

Contributions to Human Resource Development: 

Contributions to Resources for Research and Education: 

Contributions Beyond Science and Engineering: 

Categories for which nothing is reported: 
Any Product 
Contributions: To Any Other Disciplines 
Contributions: To Any Human Resource Development 
Contributions: To Any Resources for Research and Education 
Contributions: To Any Beyond Science and Engineering 
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1 Activities Background: Liquid Metal Experiments on Dynamos 
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Generation of the naturally occurring magnetic fields associated with large, spinning astrophysical 
bodies is a well-developed branch of astrophysical plasma theory. It is generally accepted that 
magnetohydrodynamic (MHD) dynamos generate these magnetic fields. The MHD dynamo is a 
process by which kinetic energy in flowing, conducting fluids can be spontaneously converted into 
magnetic energy. Although this theory is well developed, there have been few laboratory models 
testing the key features of the dynamo theories. The National Science Foundation has supported 
studies of MHD phenomena in a new laboratory at the University of Wisconsin where key questions 
pertinent to the MHD dynamo are investigated. The MHD dynamo is a process by which kinetic 
energy in flowing, conducting fluids can be spontaneously converted into magnetic energy. The 
main experiment supported by this award consists of a 300 gallon spherical tank filled with liquid 
sodium. Flows are driven in the liquid sodium by propellers at speeds up to 15 m/s. At these high 
speeds, magnetic field generation is expected to spontaneously occur. 

Dynamo research has been carried out at the University of Wisconsin for 4 years, supported 
by a NSF Career award NSF-PHY-9734316 “CCAREER: A n  Experimental MHD Dynamo”, 7/9& 
6/02). This grant (together with support from the Packard Foundation) has been used to support 
a mechanical engineer at approximately 3/4 time, 1 postdoc, three graduate students, and 4 un- 
dergraduat,e researchers. We have acheived significant results in several areas, both theoretical 
and experimental. The bulk of the effort has been to construct a liquid sodium experiment and a 
sodium handling facility which is capable of self-excitation and is suitable for a series of experiment 
on MHD turbulence at high magnetic Reynolds number. 

2 Activities in Theory and Modeling 
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as a series of discrete eigenmodes[2, 3, 4, 51: 

B = xBi(z)ezp(Xit), 
i 

where each eigenmode satisfies the eigenvalue equation 

AB = R ~ V  x (V x B) + v ~ B , .  (3) 

Here Eq. 1 has been recast in terms of normalized variables with a characteristic resistive 
diffusion time poaa2. The velocity field is assumed to be given and fixed in time. A spectral 
solution technique is used in which both the velocity and magnetic fields are described spherical 
harmonic vector potentials of the form 

B = V x V x Sdr)Vm(f& 4): + V x Z,(r)yIm(B, W, (4) 

v = v x v x s1m(r)Km(e, 4): + v x trrn(r)Eim(O, 4 ) ~  ( 5 )  

m,n 1,m 

1,m 1 ,m 

where the set [Slm(r), tlm(r)] are radial profile functions to be specified for V and [ S l m ( ~ ) , z m ( r ) ]  

axe found as solutions for B. In general the Xi  depend upon the shape of the velocity field, and the 
d u e  of Rm; eigenmodes with X i  > 0 are dynamos. 

2.1 Findings from Numerical Modeling 

Previous studies [6, 41 have shown 

(rn = 0) are capable of generating 
growing magnetic fields at sufficiently 
large Rm. The topology of the flows *= 
are specified by choosing a combinrt. 
tion of mode numbers which we label *O 

by mode number I ( t m  labels a mode ~ 

for which only t2o and s20 are nonzero). 

that several simile axisymmetric flows ,~.~/~y---. 

,/' 
'< \. '8% 

'\.., *\ \ 
\ /" 

x- -_._ >,...-I" 
0 .._I 

We have generalized the previous r& 
Figure 2: The magnetic eigenmode of the t2s2 dynamo. The 
left panel is a contour plot of the radial component of the mag- 

ticated forms suitable for Parametric neticfield on the surface of the sphere. R u m  here it is seen that 
profile functions to more 

searches. The optimizations are per- the magnetic field peak at the equator. The axis of symmetry 
formed by specifying the flow topol- for the BOWS lies along the z-axis. The vacuum field is almost 

entirely a dipole moment pointing out at the equator. The right 
panel shows some magnetic field lines for the eigenmode which 

and then searching for combinatio~ of enter the sphere along the dipole moment. 
parameters which maximize the growth 
rate at a given Rm. A search.algorithm is used to find velocity fields which minimize the the value 
Rrnrrit at which self-excitation occurs. Configurations are found which are up to 50% better than 
the Dudley and James flows(41 as shown for the three topologies in Table 1. The critical Rm's cal- 
culated give evidence that an experiment capable of producing these flows with Rrn m 100 should 
produce a dynamo. The t2s2 flow in particular has a low Rmcrit and can be produced using 

the 
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propellers. This flow is characterized by two vortices counter rotating about an axis of symmetry. 
Poloidal flows flow out along the poles of the axis of symmetry and in at the equator; toroidal flows 
flow clockwise in one hemisphere and counter clockwise in the other hemisphere. 

2.2 Findings: Physical Model of the Dudley-James Dynamo 

The eigenmode analysis predicts the spatial profiles of the magnetic eigenmode and a growth 
rate, but give little insite into the physical mechanism of field amplification and positive feedback 
necessary for dynamo action. The magnetic eigenmode solution of the t2s2 flow is shown in Figure 
2. The exponentially growing magnetic eigenmode is found to be predominantly a dipole with its 
axis in the plane of the equator; the poloidal mode with the most magnetic energy is the Si mode. 
There are, in addition, strong non-dipole components in the core region. In particular, a toroidal 
component is seen which is in the plane perpendicular to the dipole moment. It should be noted 
that the eigenvalue is purely real, indicating that the dynamo is purely growing and non-oscillatory; 
the orientation of the dipole is stationary in the laboratory frame. Note that although the flow has 
an axis of symmetry, the magnetic field is not axisymmetric and so the dynamo is consistent with 
Cowling's Theorem[7]. 

Our group has investigated mech* 
nisms for self-excitation and developed 
the following theoretical model for this 
dynamo. The mechanism for feed- 
back and self-generation of the mag- 
netic field can be understood most eas- 
ily by considering an initial seed field 
and tracing its evolution as it is ad- 
vected by the moving fluid. For a dy- (c) 
namo to exist there must be a mecha- 
nism for amplikation, or stretching, of 
magnetic field lines and there must be a 
mechanism for positive feedback to oc- 
cur. Figure 3 shows the evolution of a 
seed magnetic field line being distorted 
by the flows. Here the magnetic field 
evolution is determind in the limit of Figure 3: The time evolution of a magnetic field line being dis- 

torted by a t2s2 flow. The t2s2 flow consists of flows out at infinite In this limit, the magnetic the poles (the flow axis of symmetry is vertical) and counter 
field C a n  be considered as frozen into rotating toroidal flows above and below the midplane. 
the moving fluid. The first panel shows 
a magnetic field line corresponding approximately to a dipole seed field perpendicular to the axis 
of symmetry of the flow. A Lagrangian integration is used to determine the location of the field 
line at later times as shown in panels (b)-(d). The upwelling of the vortex in the central region 
stretches the field line upward, while toroidal rotation twists the field around. The field is stretched 
and reinforces the original magnetic field as seen in panel (d). The stretching (amplification) of 
the magnetic field is depicted in the figure by the increasing separation of nearby points. Finite 
resistivity leads to reconnection of field lines in the central region where field lines in opposite 
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Figure 4: Schematic of water version of the dynamo experiment. The vase1 is a 670 kPa pressure vessel, 
with two 98 kW motors driving counter rotating impellers. A Laser Doppler Velocimeter (LDV) wntainrr 
all of the coupling optics to make measuremenb in tJte 8 and 6 dimtaons, and is moved by a traverse that 
allows measumments on an (r,8) grid. 

directions annihilate each other. 
This eigenmode has strong similarities to the stretch-twist-fold rope dynamo of Vainshtein and 

Zeldovich [8, 91. By twisting and folding the flux tubes back onto themselves, the original field 
is reinforced. If this process continues, tension in the field lines would grow preventing further 
twisting, and so reconnection of the field lines is an essential part of this dynamo. Note that the 
standard use of STF is for a fast dynamo in stochastic flows at very large Rm, while here the 
reconnection and finite resistivity is essential. 

As originally noted by Dudley and James, the growth rates are found to be sensitive to the ratio 
of toroidal to poloidal flow. This observation can now be understood geometrically as a requirement 
that after one twisting, the large loop must come back to the same azimuthal angle as the original 
dipole field. If the toroidal rotation is too strong or too weak, the stretched magnetic field generates 
a field at some other toroidal angle and the feedback is insufficient to produce self-excitation. 

3 Activity: Water Experiments 

A large water experiment has been constructed to demonstrate that such flows can be generated 
mechanically using propellers in a spherical pressure vessel. This vessel is dimensionally identical' 
to the future sodium experiment and is shown in Fig. 4. 

'Note the resistivity of liquid sodium is significantly lower (a factor of four smaller than Mercury) than other metals 
that are liquid at similar temperatures. The resistivity of liquid sodium is approximately q = (6.225+0.0345T) x lo-' 
Ohm-m with T in Celsius. This corresponds to a conductivity u = 1.6 x 107/(1 + 0.00554T) mho/m. In addition, 
sodium has a relatively low mass density and viscosity that minimizes the power required to develop a given flow 
velocity. The melting point for sodium is 97 degrees Celsius. The density of liquid sodium is d = (0.9514 - 2.392 x 

g m  cm-' where T is the temperature in Celsius. The viscosity of liquid sodium at 100 degTees Celsius is 
nearly identical to water at 40 degrees Celsius (0.7 Centipoise). 
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Figum 5: (a) propellers inside 1 m diameter sphem, (b) flows mecrsumd using laser Doppler velocimetry, and 
(c) numerical &polation to jkll power sodium eqxriment. The pwth/damping mte is predicted j h m  the 
MHD etgenmode code wing measured profiles-positive growth cornponds to dynamo action. 

3.1 Findings: Water Simulation Experiments 

t2s2 flows have been generated and measured in this experiment using laser Doppler velocimetry 
which are predicted to self-excite(l01. Using the MHD eigenmode code, the growth rate of the 
magnetic eigenmodes for a measured velocity field are estimated under the assumption that the 
water is replaced by sodium. The result of this research is a propeller design that generates velocity 
fields which are predicted to generate growing magnetic eigenmodes. The measured power scaling 
indicates that Rm m 120 can be achieved with the 150 kW of mechanical power available at the 
experimental facility (as shown in Fig. 5 ) ,  and that self-excitation should occur at Rm N 100. 

4 Activities: Construction of the dynamo facility 

The third major area in which progress has been achieved is in the design and construction of 
a sodium experiment and the associated laboratory required to safely use 300 gallons of liquid 
sodium. A photograph of the experiment in the laboratory is shown in Fig. 6. As described above 
(and shown in Fig. 5 ) ,  impeller designs have been arrived at through water experiments which 
indicate that, the experiment is likely to self+xcite. 

The sodium handling facility has been constructed during the period of the NSF grant. This 
newly remodeled experimental facility (constructed with funds from the University of Wisconsin 
and the State of Wisconsin) is used to accommodate the safe handling, storage, and use of sodium. 
The facility, located in rural Wisconsin 15 miles from the university campus, has an infrastructure 
specifically built for the purpose of conducting liquid sodium experiments and is physically isolated 
from surrounding buildings. The facility is well equipped with alarm and safety systems, vessels 
rated for pressure and vacuum, remote experimental controk, and a substantial electrical supply. 

The primary handling equipment consists of a holding tank, a pressure vessel equipped for both 
vacuum and pressure transfers of sodium to the experimental vessel, and a 3000 CFM “scrubber” 
which can evacuate sodium smoke in case of a fire. There is also all of the equipment required 
for heating and cooling of the sodium and gas handling to provide an inert argon cover for the 
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FWm 6: The Madbon Dynamo experiment. This facility handles 300 gallons of liquid sodium and mom 
than 150k W of mechanic& energy for driving flows of order of lOm/s in a 1 m diameter sphere filled with 
liquid sodium. The figum on the left shows the ezperiment prior to the installation of insulation, while the 
figurn on the right shows the Wriment after insulation. The beuring/seal a8sembk8 am not shown. 

sodium. The heating is required to melt the sodium, while the cooling is required to maintain 
constant temperature when the sodium flows are being driven. All of the heating electronics have 
been tested and the heating systems are in place on the holding tank The flows are driven by two 
100 k W  motors which drive flows at 15 m/s. The mechanical energy is dissipated as heat in the 
sodium. Experimentation would be seriously limited by the heat rise were cooling not installed. 

At the heart of the facility is the dynamo experiment, consisting of a spherical pressure vessel 
constructed for pressures up to 700 kPa with two large (40.6 cm diameter) ports for insertion of 
the impeller assembly. The vessel is constructed of 1.6 cm thick 304L stainless steel. The electrical 
shell penetration time for the stainless steel is less than 1 ms, compared to the 3 s resistive time 
for the volume of sodium. The two flanges we spiral-wound Flexitallic gaskets. In addition, eight 
5 cm Grayloc ports are placed around the sphere for insertion of probes, and for attaching transfer 
pipes to the sodium holding tank and the expansion tank. 

Two 75 k W  thrwphase motors drive the impellers and are speed controlled by independent 
variable frequency drives. These in turn are controlled by computer control software. 

Dynamic imbalance, cavitation and back-reaction are forces that can drive mechanical vibrations 
in the system. These vibrations have been addressed in a number of ways. First, the sphere and 
motors are firmly mounted on an isolated 50 ton concrete foundation and the impellers and drive 
shafts are dynamically balanced prior to assembly. The vessel is pressurized with an inert gas to 
reduce the vibration due to cavitation. 

The sodium seals (for the impellor shafts) are double mechanical cartridge seals using alpha- 
silicon carbide seal faces and metallic bellows. Hot oil is used as a buffer, coolant! and lubricant 
for the seals and is maintained at 240 kPa above the pressure of the experimental vessel. The seals 
have external heating and cooling circuits to maintain the seal temperature within the specified 
temperature range of 125-150°C. 

The sodium is stored in a 1.1 m3 reservoir placed below ground level in a steel lined vault. 
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Sodium is pneumatically conveyed ,,om the holding tank to the sphere. In addition, there is an 
expansion tank to accommodate the thermal expansion of the sodium. Two heating techniques 
are used. First, 60 kW of resistive heating elements are used to heat the bulk of the sodium, in 
the sphere, holding tank, expansion tank, and transfer lines. The temperature is monitored by a 
network of thermocouples. Software and hardware feedback loops control the power to the heating 
elements. The second technique uses an oil based heating and cooling system for controlling the 
temperature of the sphere. Initially, hot oil is driven through surface-mounted heat exchange tubes 
to bring the sphere to temperature. While the motors are running, the mechanical heating of the 
sodium due to viscous dissipation of the flows gives sufficient heating (equal to the mechanical input 
power). This represents up to 150 kW of heat which must be removed to keep the experiment at 
constant temperature. The conductivity is a strongly decreasing function of temperature, dropping 
by roughly a factor of two due to a temperature increase of 100OC. Presently, 35 kW of cooling are 
available. 

The diagnostics and magnetic field subsystems include axial magnetic field coils with can 
presently apply a 120 G field dong the axis of rotation. Two 20 turn, 165 cm diameter coils 
are mounted coaxially with the experiment. These coils will be used for magnetizing the sodium 
via a strong toroidal magnetic field produced by differential rotation (the so called w-effect) and 
for turn-off experiments. An array of 64 Hall probes (Analog Devices chip AD22151) are located 
on the surface of the sphere and measure the poloidal field. Magnetic mode numbers are resolved 
up to t = 4 and rn = 4. 

The facilit.y is designed to be operated remotely from a control room. The entire experimental 
area is monitored with arrays of leak detectors, thermocouples, level indicators and hydrogen detec- 
tors. A 4000 CFM scrubber system isolates the facility from the outside environment by dissolving 
any products of sodium oxidation in a water loop. 
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