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The present paper presents the experimental and numerical results of an electrically induced flow in a
cylindrical container (188 mm diameter) filled with a In-Ga-Sn alloy. The electric current is applied from
copper electrodes of various diameters (4-8 mm) and varied from 100 to 700 A. The deformation of the
free surface just under the electrode is reported in term of depth. At some critical current an arc develops
around the electrode tip. To explore numerically what happens in such flows, calculations of the Magne-
tohydrodynamic (MHD) flow are performed. The numerical model is based on a potential formulation for
the electromagnetic field. The evolution of the free surface flow is tracked with a VOF model. The elec-
tromagnetic parameters are fully coupled with the evolution of the free surface and the contact surface
at the electrode. At low current density the interface is shifted downward by the pinch action of the Lor-
entz force. In the same time the rotational part of the Lorentz force drives the liquid metal flow in radial
direction towards the electrode. The flow is accelerated towards the electrode and sinks in the form of a
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Arc the interface by a Bernoulli mechanism. The combined action of the pinch and the rotational components
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1. Introduction

Electrically induced flows are present in many industrial
processes such as Electroslag remelting, Vacuum arc remelting,
electrolyzers, electric arc furnaces, smelting and aluminium reduc-
tion cells. The flow in such system is generated by the interaction
of the electric current with the self-magnetic field. In these pro-
cesses the interfaces between metal/electrolyte or electrode/
Plasma are deformed by the electromagnetic force. Large difference
in electric conductivity exists between the phases, metals are typ-
ically 103-10° times more conducting than the electrolyte and the
plasmas. If an electric current density is exceeded a strong coupling
could exist between the electric current distribution and the phase
distribution. The study of the mechanism of generation and devel-
opment of the flows generated within a current carrying fluid due
to the interaction of an electric current with a self-magnetic field is
important in order to gain correct understanding of these
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engineering processes. In spite of the practical significance, some
essential features of these flows have not yet been explored.

One of oldest reference of an experiment showing the deforma-
tion of an interface was described by Northrup [15]. In one of his
experiment he used a box of various cross section filled with a
layer of liquid potassium-sodium. When a sufficiently strong hor-
izontal current is applied, the level of liquid metal decreases verti-
cally in the narrow section of the box. This phenomena is also
known as Magnetohydrodynamic (MHD) “pinch effect”, it is an
instability in which the conductor constricts itself until severed.
More recently Graneau [5] studied force generated by the applica-
tion of a current in a propulsive seawater jet engine. To illustrate
the mechanism, he considers an experiment in a cup filled with
liquid mercury where a current was applied between an immersed
copper rod and a copper ring. The rod was located in the bottom of
the cup, and the ring just underneath the surface. A jet was gener-
ated and caused the surface to rise in the middle of the cup giving
the aspect of a liquid mercury fountain. It was also shown that the
jet propulsive force is proportional to the square of the current.

Simulation with interface movement under the action of elec-
tric current are mainly found in the field of aluminium reduction
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cells [2,3,14,22] and Electroslag remelting process [6,7,10]. Several
mathematical models have been developed to simulate the hydro-
dynamics and the interface deformation. The most popular model
is based on the “shallow layer” theory, motivated by the fact that
the depth of the liquid layers are much smaller than the horizontal
dimensions of the process. Full simulations in 3D are still challeng-
ing in term of numeric and calculation time [8].

The experimental investigation of flows in industrial processes
is hindered by the fact that, due to high temperatures and chemical
aggressiveness of the slag/cryolite, accurate direct measurement of
the velocity are very difficult.

Attempts have been made to validate the numerical model used
in the present work, with data collected in literature [9]. The vali-
dation aimed to numerically reproduce the intriguing experimen-
tal observations made by Bojarevics [1] on the appearance of
swirl in flows in an electrically induced flow. The experiment con-
sisted in supplying an electric current to a small water-cooled elec-
trode of 0.8 cm diameters, in the centre of a free surface mercury
filling a hemispherical copper container, 36 cm in diameter, which
represents the other electrode. The electrode is electrically insu-
lated in most of its length except over a short distance below the
free surface. When the electric current is applied from above the
free surface, a converging flow is set up. The flow is coupled with
a rotation. No rotation is observed when the current is supplied
from below the free surface. The prediction of the main features
such as the deformation of the free interface as well as the swirl
generation was in agreement with the experimental observation.
The main conclusion was that the earth magnetic field had indeed
a strong influence on the flow. Any analysis of an electrically
induced flow should carefully account for the influence of external
magnetic fields even as small as the one generated by the earth
[21].

For the sake of further validation, new experiments and simula-
tions were performed. The present paper presents an investigation
of an electrically induced flow generated within a cylindrical con-
tainer. In opposite to the Bojarevics [1]| experiment, the electrode
has spherical tip. Before the experiment the tip is fully immerged
in the liquid metal, once a current is applied the interface starts
to deform. To understand the physical mechanisms involved in
these experiments, selected simulations were performed with a
2D MHD-VOF numerical model.

2. Experimental procedure

The experiment consists in filling a hemispherical container
with the galistan alloy. A spherically tipped electrode is dipped
within the liquid metal so that the entire tip is entirely in contact
with the liquid metal. The experimental procedure and the dimen-
sions of the facilities are given in Figs. 1 and 2. The current is
applied from the top, and leaves from the bottom by traveling over
a vertical wire strictly aligned with the electrode. The deformation
of the interface is observed and measured optically with an optical
camera. To obtain a good visibility of the electrode tip an angle of
view of about 26° is set between the horizontal plane and the axis
of the camera (Fig. 1).

3. Numerical method

In the present work only the 4 mm diameter electrode is
numerically investigated. We assume the system being laminar
and 2D axisymmetric. The equations for electric potential, mag-
netic potential vectors, as well as the velocity field are solved in
a fully coupled and transient way. The coupling between the flow
and the electromagnetic field is done through the possible move-

26°

Fig. 1. Scheme of experiment. 1 - Electrode, 2 - container, 3 —-photocamera.

Fig. 2. Scheme of surface deformation 4 - depth of cavern, L - width of cavern, 1 -
electrode, 2 - liquid metal In-Ga-Sn.

Table 1

Process parameters and averaged material properties used in the simulations.
In-Ga-Sn
Density 6325 kg/m>
Viscosity 0.0024 kg/m/s
Effective electric conductivity 1.0 x 10°(Qm)!
Interface tension with air 0.6 N/m
Copper
Electric conductivity 45x 107 (Qm)!
Air
Density 1.1 kg/m?
Viscosity 0.00017 kg/m/s

Electric conductivity 1.0x1071°(Qm)!

ment of the metal/air interface which can modify the electric cur-
rent path.

The fluid calculation domain is a hemisphere divided into
100000 volume elements. The mesh is refined at vicinity of all wall
boundaries, especially near the electrode so that the area of inter-
est is correctly resolved. The electrode radius is 4 mm. The proper-
ties of the materials are constant (Table 1). Except the electric
conductivity, the values used are an average of the values reported
in literature by Prohorenko et al. [17], Morley et al. [13], and Pleva-
chuk [16]. Larger differences in the values exist between the mea-
sured electrical conductivity. The main reason is that the electrical
conductivity is highly dependant on the exact proportion of the
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alloy elements used in the Gallistan. In addition, when exposed to
air, the alloy slowly oxidizes to form a Ga,0; oxide layer. If mixed
with the liquid metal the presence of oxide particles will decrease
the effective electric conductivity. There exists also a dependance
of the conductivity on temperature, however during our experi-
ments the liquid metal temperature has generally not the time to
reach very high values. Depending on the electrode diameter and
electric current intensity, at the end of an experiment the temper-
ature does not usually exceed 40-50 °C. Therefore the properties
are assumed to be constant. In the present numerical investigation
an effective value of the electrical conductivity of 10° (2 m)~! was
chosen.

The electromagnetic domain includes the fluid domain and the
electrode as well as the copper container (Fig. 3).

The interface between the two phases is tracked with a geomet-
ric reconstruction VOF technique. A single set of momentum equa-
tions is shared by the fluids, and the volume fraction of each of the
fluids in each computational cell is tracked throughout the domain.
According to the local value of the volume fraction f, appropriate
properties and variables are assigned to each control volume
within the domain. In a two phase system the properties appearing
in the momentum equation are determined by the presence of the
component phase in each control volume. The local values of a
physical property @ (such as density p, viscosity pu, electric
conductivity o) are interpolated by the following formula
O = O+f; + O,f,, where the subscripts 1,2 indicate the correspond-
ing phase, 1 for air, 2 for the alloy. All available and used properties
are reported in Table 1. However the contact angle with copper is
missing. From experimental observation (see Fig. 2), the contact
angle can be estimated to be between 90° and 120°.

The third order resolution MUSCL scheme is used for the space
discretisation of all conservation equations. The second order
Crank-Nicolson method is used for the discretisation in time reso-
lution. The time step is controlled through a chosen courant num-
ber of 0.1. The typical calculation time step lies in the range of
107°-103s.

3.1. Electromagnetics

Let the typical root-mean-square velocity be u, L the typical
length scale of the flow, and the magnetic diffusivity be 1/ouo
where ¢ is the electrical conductivity and po is the magnetic per-
meability. All materials are assumed to be nonmagnetic, with a
magnetic permeability equal to the vacuum magnetic permeabil-
ity. The dimensionless parameter Rm = uLo [io is known as the mag-
netic Reynolds number. We suppose that Rm < 1. If the magnetic
Reynolds number is small (in other words the magnetic diffusion
time is much smaller than other time scales), the fluctuations b
of the magnetic field B+ b due to fluid motion are much smaller
than the self-magnetic field B generated by the applied current I,.

The electromagnetic field is solved by using the electric field ¢
and the magnetic potential vector A. The electric potential equa-
tion is extracted from the equation of the conservation of the elec-
tric current:

—

V.j =0 with f:fa%famp (1)

The total current j is the sum of the imposed current —oV¢ and the

eddy current —o 22 generated by the time variation of the magnetic
field. Outside the liquid and the electrode domain no electric cur-
rent is assumed to exist. A constant and uniform electric current
flow is applied at the bottom boundary of the container domain,
and a constant electric potential (¢ =0) is applied at the top of
the solid electrode.
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Fig. 3. Dimension of the facility. The electrode represented in the scheme is the
0.005 m diameter electrode. Unit of dimension is meter.

The magnetic field B is extracted by solving the magnetic poten-

tial vector A equation.

Vx(le;{)fV<iV-E>:j’, 2)
0 0

with:

B=VxA (3)

The uniqueness of the magnetic potential vector is ensured by the
fact that Eq. (2) uses the Coulomb gauging. A penalty function term

-V <%V . A) is used in order to enforce the zero divergence of the
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Fig. 4. Surface of the liquid metal for the case of 5 mm electrode diameter. A plastic gain of pink colour surrounds the tip of the electrode. The applied DC current is 50, 100,
150, 250, 300 and 350 A. Circular waves are visible for I > 250 A. A dark area near the electrode appear when the cavern becomes deep and wide enough. For I = 350 A an arc
appears around the electrode tip. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

magnetic field, in which the penalty factor A is chosen to be equal
to 1.

In the liquid the computed electromagnetic field is dynamically
adjusted from the space distribution of the electric conductivity,
which is in turn a function of the predicted phase distribution.
Once the electric and magnetic field solved, the time and space
dependant Lorentz force acting on liquid alloy is defined by:

Fi=jx (B +Bearth) 4)

where Eemh is the vertical component of the earth magnetic field,
which is downward oriented in the Nordic hemisphere. The electric
current and the induced magnetic field are fully coupled with the
phase distribution. The influence of the axial component of the
earth magnetic field is added to the magnetic field induced by the
electric current.

3.2. Fluid flow

The motion of the metal and the air U is computed with the
Navier-Stokes equations. In the present model the flow is assumed
laminar. The non-slip condition is applied at all walls. The Lorentz
force (Eq. (4)) is applied as a source term in the momentum
equation:

DpU
Dt
where p is the static pressure.

= —Vp+V(,uV ﬁ) +Fy, (5)

4. Experimental results

A typical experiment is shown in Fig. 4. An insulating gain of
pink colour surrounds the tip of the electrode, this element is used
as a marker, the lower edge of tube is zero point. Notice the image
reflexion produced by the clean metallic surface.

In order to obtain a better accuracy for very small displacement
(<0.3 mm) the distance between edge of tube and its reflection on
the deformed surface of liquid metal (on photo) is measured. For
small displacement of the liquid metal, the surface inclination
can be neglected, so that the measured distance is then simply
divided by 2. For larger displacements the size of the emerged part
of the electrode tip starts to be different from its reflexion on the
metallic surface. In this case the reflected image is not taken into
account in the measurement. Based on a comparison of the pixel
size with the electrode diameter, the accuracy of the measurement
is estimated to be better than 0.02 mm. Qualitatively the magni-
tude of surface deformation can be estimated by the extend of
the dark region just under the electrode tip (Fig. 4). Circular waves
are clearly seen on the liquid metal surface for applied current
exceeding 250 A. When the applied current exceeds a critical cur-
rent an arc surrounding the electrode tip appears (Fig. 4). Except
for the 5 mm electrode diameter, the critical current for the arc
appearance increases with the electrode diameter. Visually the sur-
face roughness of the 5 mm electrode was found to be higher than
that of the other electrodes. The state of the electrode surface can
probably explain the discrepancy in term of arc appearance for this
electrode.
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Fig. 5. Apparent cavern depths observed experimentally for different electrode
diameter versus the applied current. The electric current for each electrode
diameter is limited by the appearance of the arc.

Different experiences were performed with different electrode
diameters (4-8 mm). The cavern depth increases with the applied
current (Fig. 5). The measurements were no more possible as soon
as the arc appeared. The increase is faster for small electrode than
larger ones and the depth seems to vary quadratically with the
applied current.

5. Numerical results and discussion

The numerical analysis focuses on the case of the 4 mm diame-
ter electrode. Since the contact angle o is not known, simulations
were performed with Iy = 350 A for o = 120° and 90°. The deforma-
tion of the interface is very clear in figures (Fig. 6). The case of
o =120° gives the deepest cavern (Fig. 6) and the best fit with
the experimental data (Fig. 7), this case will be presented and dis-
cussed in detail.

The electric current density (Fig. 8) is very high within the elec-
trode (107 A/m?) with a maximum at the level of the liquid metal
interface (3.8 x 10”7 A/m?). Within the liquid the maximum magni-
tude is smaller (10”7 A/m?), electric current density decreases with
the inverse of the square of the radius. The system being
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Fig. 7. Predicted against experimentally observed cavern depths for the case of
4 mm electrode diameter. In the simulations the position of the interface is unstable
for I>275A.

Fig. 8. Electric current density for [=350A, d=4mm, o=120° (0
(blue) — 3.5 x 107 A/m? (red)). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

(b) 90°

Fig. 6. Deformation of the interface predicted from simulations for electrode diameter 4 mm and for I=350A. (Red: electrode, Green air, blue: liquid metal). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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axisymmetric, the self-magnetic field (Fig. 9) is aligned in the tan-
gential direction (B = By), the maximum is reached on the surface of
the electrode (0.035 T). In Fig. 10 the resulting Lorentz vector field
shows circular (actually spherical) patterns. The very high magni-
tude Lorentz force (10°-10° N/m?) just under the electrode drives
the flow in the form of a strong jet along the axis of symmetry
(Fig. 11). The circulation of flow is closed through a large loop that
fills the entire cavity. At the free surface close to the wall an addi-
tional smaller circulation is predicted.

The interaction of the earth magnetic field (Bz = —0.0005 T)
with the current generates a Lorentz force in the tangential direc-
tion. Its magnitude (Fig. 12) is much smaller than the meridional
one. The prediction shows that the swirling mainly occurs within
the descending jet (Fig. 13). On the surface of the jet about 2 mm
from the axis, the swirl velocity (0.12 m/s) represents 50% of the
axial velocity (0.25 m/s), which means that the jet can be consid-
ered as swirling. Within the entire jet volume the swirl kinetic
energy represents 15% of the total kinetic energy. But on the scale
of the hemisphere, the angular kinetic energy represents only 5% of
the poloidal flow kinetic energy.

Experimental analysis of bifurcation and transition in pressure
driven round jets have been extensively studied in the past. How-
ever it is not clear if these results can be applied to an electrically
driven and weakly swirling jet. Experiments on scalar-mixing

behaviour in non-reacting jets indicate a qualitative transition in
the turbulence and turbulent-mixing behaviour for Reynolds num-
bers in the vicinity of 10% [4]. Liepmann and Gharib [11]. In the
case of the present round, turbulent jets, the characteristic velocity
can be taken as the local centreline velocity of the jet (U ~ 0.5 ms),
while the local length scale is typically taken as the local jet diam-
eter (5 mm). The resulting Reynolds number is 7000, which is
below but close to the critical number Reynolds reported for the
transition to turbulence. However at such high Reynolds number
one cannot exclude the possibility to have the generation of turbu-
lence by intermittency. According to literature survey, the round
jet is surely unstable and chaotic [19,18,12]. However the results
of present simulation show limited level of instabilities, even for
400 A fluctuations represent less than 3% of the average values.
These flow velocity fluctuations are generated by the unsteady
movement of the interface near the electrode. Although the very
small mesh size, 1Te—5 m near the walls and within the jet, and
1e—3 m in the bulk, the predicted eddies are quite large. In addi-
tion the use of a 2D axisymmetric hypothesis strongly limits the
number of possible non-linear interactions in the present numeri-
cal model.

The resulting shape is determined by the balance between
buoyancy, the surface tension, and the Lorenz forces. Due to the
obtuse contact angle, the surface tension is oriented in the down-

(a) Global distribution

(b) zoom at the electrode tip

Fig. 9. Magnitude of the self-magnetic field for I =350 A, d =4 mm, o = 120°. (O T (blue) — 0.035 T (red)). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 10. Distribution of the meridional component of the Lorentz force for I = 350 A, d = 4 mm, o = 120°. (0 (blue) — 10° N (red)). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Meridional velocity field I=350 A, d =4 mm, « = 120°. (0 (blue) — 0.7 m/s (red)). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

ward direction. Any further displacement of the interface must
only be the result of the action of the electromagnetic forces. The
Lorentz forces which increase with square of the current, have
two different contributions. The first is the electromagnetic pinch
force which acts perpendicularly to the liquid metal surfaces. The
second effect is related to acceleration the flow towards the elec-
trode, decreasing the static pressure due to a Bernoulli effect in
the liquid metal. This hydrodynamic effect is due to the rotational
part of the Lorentz force, it is usually neglected as in the early anal-
ysis made by Northrup [15]. If we assume an equilibrium between
buoyancy and the Lorentz force:
2
A~ ocl—7 (5)
pPg
this is the main trend observed in Figs. 5 and 7. The factor alpha
adds both the pinch and rotational effects of the Lorentz forces. A
change in the increase rate is visible at around 100-200 A. This

change in slope can be explained by the fact that for low applied
current the pinch effect dominates, while at higher current the
decrease of pressure due to the flow acceleration dominates. Taking
an example based on Fig. 11, just before sinking under the electrode
the liquid metal velocity reaches a speed of about U ~ 0.1 m/s, with
a crude estimation this velocity can potentially induce a depression
of about U?/2 g ~ 0.5 mm.

The shape of the electrode tip can easily lead to unstable config-
urations. As the electric current intensity is increased, the effective
electrode radius (at the level of the interface) becomes smaller and
smaller. Similarly the inclination of the electrode surface becomes
less vertical and more horizontal. Due to the 120° contact angle the
liquid metal inclines until the surface reaches an equilibrium
becomes difficult especially for the surface tension force which
tries to keep the required contact angle. If the Lorentz force is
not quickly balanced, either by buoyancy or by surface tension,
the contact area will fluctuate.
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Fig. 12. Tangential component of the Lorentz force I =350 A, d =4 mm, o = 120° (0 (blue) — 1400 N (red)). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

()

(b)

Fig. 13. (a) Swirl velocity magnitude I=350A, 6 =4 mm, o = 120° (0 (blue) — 1400 N (red)), (b) ratio swirl velocity over the velocity magnitude (1 (red), O (blue)). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Instability at higher electric current density is attributed to the
well-known coupling mechanism between electromagnetic pinch
and the surface tension. The importance of this instability depends
on the orientation of the liquid metal interface. When the interface
is inclined as in Fig. 6 (120°), the radial component of the pinch
force is positive, i.e. oriented in the outward direction (see
Fig. 14a). The inclination of the liquid metal surface at the elec-
trode can be determined with axial the position of the interface
(A) and the contact angle o. At a critical A¢ the interface becomes
perfectly horizontal (Fig. 14b). This point is reached at:

d
Ae :zcos(n—oc). (6)
In our case 4.=1 mm. If 4> A, the contact angle will force the

slope of the interface to be in the downward direction (Fig. 14c).
Surface tension force is now oriented upward in the vertical

direction, but the inward radial direction. The electromagnetic
pinch force will act perpendicularly to the surface, i.e. in the radial
down and inward directions. If the current density is high enough
the combined surface tension and buoyancy would not be able to
compete with the electromagnetic force. Since the contact line
must follow the surface of the electrode, a slight descend of the
liquid metal surface corresponds to a large shift in the radial direc-
tion. By an amplification mechanism, the contact area of liquid
metal with the electrode can suddenly squeeze until contact is lost.
This mechanism could explain the appearance of arc when the
cavern exceed sufficiently the threshold 4.

However experimentally no contact lost was observed prior to
the appearance of the arc. An arcing will take place immediately
if the contact is lost, but side arcing can also exists while the liquid
metal is still in contact with the electrode. This scenario is highly
supported by the very early appearance of the arc for the case of
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Fig. 14. Critical depth 4 defined as the depth at which the liquid/air interface becomes horizontal. F; and Fs represent the direction of the magnetic pressure and the surface

tension forces at the electrode-metal-air.

5 mm electrode (Fig. 5). The geometry and the surface conditions
of the electrode and the liquid metal are probably important fac-
tors controlling the electric breakdown. Further investigations
are necessary in order to distinguish between these two scenarios.

The adhering and wetting properties of the galistan alloy is not
well. The role of surface tension is likely to be important especially
during the displacement of the interface. While the numerical
model has used a single wall contact angle, experimentally many
liquids shows different contact angle depending on the direction
of movement [20]. Depending on whether the electrode is dipped
into or taken out of the galistan alloy, the authors have noticed a
change in wetting properties.

6. Conclusions

The deformation of a free surface by the application of an elec-
tric current has been experimentally and numerically studied. The

liquid In-Ga-Sn alloy was contained within a cylindrical container
filled. The electric current was applied from copper electrodes of
various diameters and varied from I=100-700 A. At low current
density the interface is shifted downward by the pinch action of
the Lorentz force. In the same time the rotational part of the Lor-
entz force drives the liquid metal flow in radial direction towards
the electrode. The flow is accelerated towards the electrode and
sinks in the form of a strong jet. At the high current density, the
velocities are strong enough to induce further displacement of
the interface by a Bernoulli mechanism. The combined action of
the pinch and the rotational components of the Lorentz force on
the interface displacement, scales as 2. The numerical and experi-
mental results are in good agreements.

Experimentally an arc develops around the electrode when the
applied current exceeds a critical value. Just before the arc devel-
ops the electrode was still in good contact with the liquid metal.
At the present stage it is not yet clear on whether the arc develops
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because of contact lost or because of the occurrence of an electric
gas breakdown near the electrode surface. In the later mechanism,
the electric current would flow in parallel in the liquid metal as
well as through the plasma surrounding the electrode. In the pres-
ent time the numerical model cannot be applied for high electric
current where the current is lost. In the future the numerical model
will be developed to model the discharge and the ionisation of the
air.
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