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THERMOELECTROMAGNETIC STIRRING IN METALLURGY

A. Cramer, X. Zhang, and G. Gerbeth

Forschungszentrum Dresden-Rossendorf, Dept. of Magnetohydrodynamics,
Bautzner Landstraße 400, PO Box 51 01 19, 01314 Dresden, Germany

ABSTRACT

Thermoelectromagnetic convection in cubic containers
was studied experimentally. Two opposing side walls
were cooled and heated, respectively, to produce an
uniform temperature gradient. Inhomogeneous mag-
netic field distributions~B were achieved either with
a permanent magnet or with specifically shaped pole
shoes of an electromagnetic system. Ultrasonic
Doppler velocimetry demonstrated that even a mod-
erate temperature gradient may drive distinct convec-
tion. Two different flow regimes were investigated with
the permanent magnet. Located at an isothermal wall,
it produced a single vortex spreading the whole con-
tainer while the flow was relatively stable. Moving the
magnet to the center altered the flow structure. Four
vortices developed and the velocity fluctuations were
intensified. The more generic case realised with the
electromagnet provided a gradient of~B only in one di-
rection. Since the field strength and the area of impact
on the melt were larger, developed turbulent regimes
were accomplished.

Index Terms— Magnetohydrodynamics, Seebeck
effect, thermoelectromagnetic convection, metallurgy,
stirring

1. INTRODUCTION

The interaction between a thermoelectric current~j and
an imposed magnetic field~B may produce thermoelec-
tromagnetic convection (TEMC). Prerequisite for~j is a
temperature gradient~∇T and a spatial variation of the
thermoelectric powerS, both of which in combination
may generate an electro-motive force (emf). In his pio-
neering study [1], Shercliff generalized Ohm’s law for
conducting liquids by introducing a term for the emf

~j

σ
= ~E + ~v × ~B − S · ~∇T. (1)

σ, ~v, and ~E are electrical conductivity of the liquid
metal, velocity at which it moves, and electric field,
respectively. In a system in which~v × ~B is negli-
gibly small and~E is irrotational, the latter implying
~E = −~∇φ with φ being the electric potential, Eq. 1

simplifies to

~j

σ
= −~∇φ − S · ~∇T. (2)

Considering any arbitrary temperature distribution in a
medium of uniform composition in Eq. 2 shows that no
current will flow becauseS · ~∇T is also irrotational.
This is due toS being a function ofT only, a conse-
quence of which is that~∇S× ~∇T vanishes. In order to
have thermoelectric current flowing,~∇S and~∇T must
not be parallel. This is, in general, achieved by a spa-
tially varying composition.

Although these basics of TEMC are known for a
long time and, moreover, thermoelectromagnetic
pumps have been patented and developed starting in the
middle of the fifties [2–5], embodiments for an effec-
tive stirring of a liquid metal pool are badly missing.
This prompted us to perform an experimental study on
TEMC configurations which are concerned with the
case that was termed by Shercliff as “the extreme case
when the composition andS vary discontinuously a-
cross an interface along whichT varies” [1]. Besides
a sound direct conversion between thermal and elec-
tric energy, thermoelectromagnetic stirring is probably
a likewise attractive application of the Seebeck effect.
Whenever there is a freedom to use electrically con-
ducting walls in metallurgy or, to be more precise, in
any industrial process involving liquid metals, TEMC
may become a most efficient and cheap tool since the
necessary temperature gradient is often intrinsic to the
process. To quote a few, the tin baths in both solder-
ing machines and float glass production are alluded to
as well as processing of magnesium in stainless steel
containers.

The naturally arising question at this stage would be
that about mass production of aluminium or even steel.
Albeit being far beyond the scope of the present paper,
it is worth noting that crucible walls are not necessarily
to be made from metal in order to achieve a noticeable
circulation of thermoelectric current. Other classes of
materials exist, e. g. some semiconductors, which out-
perform metals by far with respect to the Seebeck co-
efficient. Their drawback on the other hand is, in gen-
eral, a much lower electrical conductivity. However,
as both Seebeck coefficient and conductivity determine
the strength of the thermoelectric current, materials are
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available that exhibit an overall figure of merit unreach-
able for any metal–metal combination. Among the most
prominent examples one finds tellurides and boron-rich
substances. Introductory reading to this topic is to be
found in [6, 7].

2. EXPERIMENTAL SETUP

While the necessary temperature gradient~∇T in a
square box was obtained by heating and cooling, re-
spectively, of two opposing massive copper side walls,
utilizing a nickel plate having the relatively high ther-
moelectric power ofSNi = −15µV/K for the bottom
established the material discontinuity with respect to
the liquid metal layer in the first setup. Here, also both
other side walls parallel to~∇T were made from cop-
per to simplify matters. Some parasitic Ohmic losses
are then to be expected owing to the high ratio of elec-
trical conductivities between those walls and the melt.
Preferably, all joints should be weldable and the four
side walls should be made of the same material for the
ease of construction. So it made sense to deal with a po-
tential industrial configuration yet at the stage of labo-
ratory experiments. If TEMC stirring shows up to work
in adowngraded setup with loss of current, it will work
more than ever in an optimised configuration. In the ap-
paratus with the electromagnet, the side walls parallel
to ~∇T were however replaced with glass for the addi-
tional reason of being of more generic nature. Note that
fused silica stands temperatures comparable to that of
copper.

Fig. 1. Sketch of the second experimental setup in
perspective (left) and top view (right). 1: pole shoes,
2: constantan or nichrome bottom, 3&4: front and
rear insulating side walls, and 5&6: cooled and heated
isothermal side walls, respectively. The ultrasonic sen-
sor (7) can be traversed along the rear wall.

The task formulation of a marked TEMC may be
accomplished with a strong inhomogeneity of the mag-
netic flux density~B, which was fulfilled with a50 ×

20 × 8 mm3 permanent magnet made from cobalt-
samarium in the first setup. With the direction of
magnetisation along the shortest side, it producedB =
270 mT at its surface. Sizes of the container were

length = width = 15 cm, and the filling height of
the melt was always1.5 cm. GaInSn (Tmelt = 10 o C)
was chosen as the melt under investigation mainly for
the reason of its thermo-emfSGaInSn = −0.55µV/K
differing not that much fromSCu = −2µV/K of the
copper walls. For a figure and a more detailed de-
scription of the experiment [8] is referred to. The sec-
ond quadratic container used in combination with the
electromagnet was a little bit smaller; the length of
12 cm was accounted for by adjusting~∇Taccordingly.
Figure 1 depicts the experimental arrangement and the
shape of the pole shoes. In order to enhance TEMC,
bottom materials with even higher absolute values ofS
were employed.Sconstantan = −35µV/K is probably
the highest value that can be found among metals, and
Snichrome = 25µV/K provides also the complemen-
tary case. Note that these materials differ significantly
from nickel, the latter being ferromagnetic, which has
a significant influence on the distribution of~∇B.

Numerical simulations were performed with the
commercial solver Maxwell (Ansoft Corp.) showing
that ~∇B is almost perpendicular to the bottom of the
first container at least within the lower part of the metal-
lic melt layer, as was to be expected because of the fer-
romagnetic nickel. The pole shoes used in the second
setup produce a field with a prominent vertical com-
ponent. Measurements performed with a 3-axis Gauss
meter (Lakeshore, model 460) agreed nicely with the
computations. For the following considerations, it is
thus sufficient to restrict toBz.

Fig. 2. Dependence ofBz at the solid–liquid inter-
face on the position between the hot and the cold wall.
Dashed line: permanent magnet, solid line: field pro-
duced by the electromagnet.

Besides observing the motion at the melt surface,
local flow measurements were performed. An ultra-
sonic Doppler velocimeter (UDV) was used to acquire
instantaneous velocity profiles along the sound beam.
Takeda described the principle of operation of UDV,
which is based on the pulsed echo technique, in his pi-
oneering work [9]. A time of flight measurement of an
ultrasonic burst determines the location of a scattering
particle within the fluid, and the difference in time of
flight measurements for consecutive bursts is a measure
for the velocity of the particle travelling together with
the fluid. Among others, a demonstration of the abil-
ity of UDV to work for liquid metals may be found in



[10]. No seeding of particles is required for the GaInSn
under investigation. Since this melt is prone to oxida-
tion, mixed in oxide agglomerates from the surface are
sufficient for a reliable UDV echo signal.

3. RESULTS AND DISCUSSION

In a first series of experiments, the permanent mag-
net was located with its long side aligned to the cold
wall. Under the assumption of a homogeneous ther-
moelectric current between the isothermal walls, the
Lorentz force is directed along the wall while dimin-
ishing with increasing distance to that wall. The flow
structure expected to develop thus is a recirculation in
the horizontal plane: driven by the force acting in the
vicinity of the wall and closing elsewhere in the liquid
metal volume. Characteristic velocitiesv obtained with
UDV measurements depended linearly on∆T , which
accords to the dimensionless parameter

Te =
σ∆SB∆T l2

ρν2
(3)

proposed by Gorbunov [11].Te, l, ρ, andν are the di-
mensionless number measuring the strength of TEMC,
a characteristic length of the system, density, and kine-
matical viscosity. A typical value of the velocity for,
e.g.,∆T = 50 K was v = 70 mm/s clearly demon-
strating the dominance of TEMC over buoyancy, the
latter having produced a velocity of5 mm/s, only.

An entire velocity section along the propagation di-
rection of the ultrasonic beam in conjunction with scan-
ning the sensor in the perpendicular direction yields
area-wide results, from which a stream function may
be calculated. Such evaluation for the magnet being
aligned at the left isothermal wall is shown in Fig. 3.
It agrees nicely with the expected flow structure of a

Fig. 3. Stream function in configuration one calculated
from area-wide UDV measurements in the case that the
magnet is located at the cold wall.

single convection cell penetrating the container entirely
with the eye moved off centre toward the source of
motion. Although the flow was relatively stable to the
appearance of observation with the naked eye, veloci-
ties in the range of severalcm/s indicated that the flow
was not laminar. The plot of instantaneous local veloc-
ities in Fig. 4 clearly shows that the flow was indeed
turbulent.

Fig. 4. Time series of the local velocity at two selected
locations in configuration one. The plot corresponds to
the single cell depicted in Fig. 3 with the magnet at the
wall.

If the magnet is located above the centre of the con-
tainer, a convective pattern consisting of four cells is to
be expected from the distribution of the thermoelectro-
magnetic body force. Also in this configuration, the
corresponding stream functions measured by scanning
the UDV sensor in the second series of experiments
fully supported the expectations of four vortices with
diagonally opposing cells having the same rolling di-
rection (c. f. Fig. 5). Without mention of details, which
would lengthen the paper significantly while being not
necessary for the scope here, it is stated that accompa-

Fig. 5. Multi-cellular pattern in configuration one in the
case that the magnet is centered above the container.



nying numerical results obtained for the Lorentz force
and the rotor thereof supported the experimental find-
ings with respect to the convective patterns.

Because the boundaries between the convection
cells were not rigid, the system with the magnet above
the center likely was the more unstable one. Free bound-
aries are potential sources of instability in many fluid-
dynamical systems. Despite the temperature difference
in the case of the centered magnet was10 K higher
than in the case of the single cell, mean velocities de-
creased distinctly whereas the turbulence was signifi-
cantly intensified (see Fig. 6). The flow was charac-
terized by oscillations of the mean flow eddies, which
could have been either movement of the vortices’ eyes
and/or growth and shrinkage of the vortices. Intermit-
tence was, however, not observed in the investigated
range of temperature differences. More results and an
extended discussion of the configuration with the per-
manent magnet are to be found in [8].

Fig. 6. Time series of the local velocity corresponding
to the four-cell flow structure in Fig. 5. It is stressed
that∆T is 10 K lower than in Fig. 4.

The most obvious and thus first question when mov-
ing to the second setup was that about a potential miti-
gation of the vigour of the flow in the first container by
Ohmic losses via the electrically conducting walls par-
allel to ~∇T . The slightly different sizes were accounted
for by adjusting identical∆T/L, where L is the dis-
tance between the isothermal walls. Another issue with
respect to contrasting the experiments is the magnetic
field, of which both absolute value and gradient are im-
portant. Fig. 7 shows measurements for identicalBz =
50 mT. For not too high field strength, which is the
range wherein the damping effect of the static field re-
mains small, these results should conform to Eq. 3 pro-
posed by Gorbunov [11]. Since∆S is the only parame-
ter subject to variation,v should solely depend linearly
on the emf for any∆T/L. The points of the fit curves
on the axis of ordinate arevNi = 20.7, vnichrome =
27.9, and vconstantan = 49.6 mm/s. vNi has to be
corrected to32.3 mm/s for the different characteris-
tic length. Even though there were certainly Ohmic
losses in the experiments with the copper walls paral-

Fig. 7. Comparison of the dependence of the character-
istic velocityv on the temperature drop∆T/L between
the cold and the hot wall obtained in both containers
having constantan and nichrome bottoms, respectively,
and the box with the nickel bottom. All measurements
were done at the location of maximum velocity within
the container.

lel to ~∇T , the ratio (v/∆S)
Ni

= 2.2mm · K/(µV · s)
is much to high compared to the values of 1.1 and 1.4
for nichrome and constantan, respectively. This sug-
gests that~∇B should be included in a scaling law since
this gradient is much steeper for the permanent magnet
above a ferromagnetic bottom (c. f. Fig. 2).

Fig. 8. Comparison of the dependence of the character-
istic velocity on the vertical component of~B obtained
in the container with constantan bottom at∆T = 30
and60K.

Fig. 8 shows four series, two for∆T = 30 and
60K, each, whereinBz was varied. Despite the quite
long sampling time exceeding ten minutes and com-
prising more than 12000 readings per measurement,
the data show a significant scatter predominantly in the
range of medium field strength. Moreover, there seems
to be a systematic deviation within each pair. However,
the also damping influence of the flow driving mag-
netic field is clearly demonstrated. The threshold above
which braking overcomes impelling flow depends ob-
viously on∆T , which was not necessarily expected.



To the best of our knowledge first results on the tur-
bulence characteristics in a thermoelectromagnetically
driven flow are presented in Fig. 9. The series cov-
ered six equidistant measurements in the range from
∆T = 10 to 60K at Bz = 50 mT, not all of them
are shown in the graph. Those not depicted exhibit the
same characteristics of an energy spectrum gouverned
by homogeneous isotropic turbulence.

Fig. 9. Turbulence spectra for three selected temper-
ature differences calculated from UDV measurements
of the velocity component iny-direction close to the
cold wall where this velocity component is maximum
(x = 10 mm, 10 ≤ y ≤ 75 mm; y varies with∆T ).
The straight dashed line represents the case of homo-
geneous isotropic turbulenceE(f) ∝ f−5/3.

4. SUMMARY

Thermoelectromagnetic convection (TEMC) was
studied in square melt layers heated differentially in
the horizontal direction. While the origin of flow is
an electro-motive force, the crux of the experiments
was establishing a high differential Seebeck coefficient
between bottom material and the melt. Two case studies
were realized: a somehow generic one with a two-
dimensional distribution of the magnetic field~∇B
having a gradient in direction of the temperature differ-
ence, only, and the other one having a full 3D distribu-
tion of B. The main findings obtained with ultrasonic
flow measurements are: (i) strong fluid motion suit-
able for metallurgical tasks is accomplishable, (ii) the
vigour of the flow scales reasonably with∆S, B, and
∆T as proposed by Gorbunov [11], (iii) at high values
of B, the damping impact of the static field outbalances
its flow driving effect, and (iv)~∇B co-determining the
magnitude of the rotor of the Lorentz force may become
quite important. TEMC turbulence characteristics are
seemingly classical, i. e. homogeneous and isotropic
obeying the celebrated energy relation with its expo-
nential −5/3-dependence of the kinetic energy on
frequency.
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