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We describe of an instability in a free surface flow produced by an azimuthal Lorentz force
in a layer of an electrolyte contained in an open electromagnetic stirrer with cylindrical
geometry. The force is created by the interaction of an applied radial electric current
within the range 25–400mA and an approximately constant magnetic field (0.04T) par-
allel to the cylinder’s axis. The flow instability leads to the formation of cyclonic vortices
close to the internal electrode and anticyclonic vortices close to the external electrode,
in the plane normal to the magnetic field. Flow visualization using dye reveals that the
travelling anticyclonic vortices remain for long times once they appear. Detailed flow
patterns are explored through Particle Image Velocimetry measurements with the aim of
clarifying the mechanisms that originate the vortex formation.

Introduction. Magnetohydrodynamic flows in annular ducts have been widely
explored both experimentally and theoretically. From the experimental point of
view, annular ducts avoid the difficulty of considering the entrance region that is
present in rectilinear ducts under a strong uniform magnetic field. In the most
common configuration, the annular duct is formed in the gap between two coaxial
electrically conducting cylinders, limited by insulating top and bottom walls. By
placing the duct at the center of a magnetic solenoid, an approximately uniform
magnetic field parallel to the cylinder’s axis is induced. If an electric potential
difference is applied between the coaxial cylinders, a radial electric current den-
sity will arise in the conducting fluid. The interaction of the radial current with
the axial magnetic field produces an azimuthal Lorentz force that drives the flow.
Some early works dealt with this problem theoretically and analytical solutions
for simplified models were obtained [1–3]. Since the pioneering works of Baylis [4]
and Baylis and Hunt [5], attention has been mainly focused on liquid metal flows
at high Hartmann numbers, motivated by important applications related to met-
allurgy and fusion blanket technologies. Experimental investigations in a different
configuration with ring-shaped electrodes in the bottom wall showed the appear-
ance of instabilities and even turbulence in liquid metal flows with free shear
layers [6, 7]. Moresco and Alboussière [8] used the annular duct configuration to
investigate experimentally the stability properties of the Hartmann layer and the
transition to turbulence in liquid metal flow. In turn, Mikhailovich [9] performed
an experimental study of the rotaing flow of liquid metal driven by an azimuthal
force in an annular container. This author analyzed the behavior of mean and
fluctuating values of the azimuthal velocity component in different conditions and
found that the mean values of this component differed from the known analyti-
cal solutions. In a more recent study, Mikhailovich et al. [10] analyzed the decay
of mean velocity components and turbulent fluctuations, as well as the peculiari-
ties of spectral characteristics of such flows. Zhao et al. [11] explored numerically
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the centrifugal instability between coaxial infinite conducting cylinders at large
Hartmann numbers, disregarding the Hartmann walls with the aim to understand
better the role of the sidewall layers. In a subsequent numerical study, Zhao and
Zikanov [12] considered the existence of insulating top and bottom Hartmann walls
in an annular (toroidal) duct of square cross-section with the same geometry and
parameter range used in the experiment by Moresco and Alboussière [8].

In contrast to the substantial number of studies on liquid metal MHD flows
in annular ducts, it appears that just a few works have been published for the
case of electrolytes. Unlike liquid metal MHD flows, the Hartmann number in
electrolytic flows is usually very small. Digilov [13] analyzed the flow of electrolyte
driven by an azimuthal Lorentz force in an annular configuration. The author
obtained an analytic solution for the case of infinite cylinders assuming that the
electric field established between the cylinders (electrodes) was decoupled from the
fluid flow. He performed very simple demonstrative experiments finding a pure
azimuthal stable flow that showed reasonable agreement with theory. Interestingly,
Digilov drew attention to the possible existence of flow regions, where, according
to the theory of Marcus [14], cyclonic and anticyclonic vortices could appear,
but he did not observe them. In a recent paper, Qin and Bau [15] performed a
theoretical analysis of the electromagnetically driven flow of a binary electrolyte in
a concentric annulus under a uniform axial magnetic field. They studied the linear
stability of a pure azimuthal flow when the cylinders were infinitely long and found
that when the current was directed outwards, electrochemical effects destabilized
the flow, giving rise to convective flows in the transverse plane. In turn, when the
current was directed inwards, electro-chemical reactions had a stabilizing effect
and the azimuthal flow was linearly stable. When the annular duct has a finite
height, the authors conclude that pure azimuthal flows are not possible and the
flow is always three-dimensional independently on the direction of the current. In
that case, the instability plays a relatively minor role in modifying the flow field.

In the present study, we investigate experimentally a free surface flow driven
by an azimuthal Lorentz force in a layer of an electrolyte contained in two open
cylindrical configurations. In both cases, experiments have shown a appearance
of flow instability consisting of a varying number of inner cyclonic and outer an-
ticyclonic travelling vortices for the given flow conditions characterized by the
applied electric current between the electrodes and the height of the fluid layer. It
is found that the instabilty appears independently of the direction of the applied
radial current. Although optical methods are not of common use in MHD, we
take advantage of the transparency of the electrolyte to explore through Parti-
cle Image Velocimetry (PIV) the mechanisms that trigger the instability in this
electromagnetically driven flow.

1. Experimental setup and procedure. The experimental setup consists
of a cylindrical open cavity of 76mm in diameter and 12mm in depth made of
plexiglass, with one electrode made from a thin sheet of copper wrapped around
the inner wall of the cavity. Another electrode is introduced in two different
configurations (see Fig. 1). In the first one (configuration I), an inner concentric
copper cylinder of 24.4mm in diameter is inserted so that the fluid is contained in
the gap between the cylinders. In the second configuration, a circular coin-shaped
copper electrode (of the same diameter as the inner cylinder of configuration I) is
placed concentrically and embedded in the bottom of the container so that the fluid
occupies the whole extension of the cylindrical container. The gap between the
electrodes is L=25.8mm. In both configurations, the container is filled with a weak
electrolytic solution of sodium bicarbonate (NaHCO3) at 8.6% by weight forming a
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layer, whose thickness h is varied from 2.5mm to 10mm. The container is placed
on top of a rectangular ferrite permanent magnet (150mm× 100mm× 25.4mm)
so that an approximately uniform magnetic field in the direction of the axis of
the cylinder exists within the layer thickness. The magnetic field strength at the
bottom of the container is B0 = 0.04T. When an electric potential difference is set
between the electrodes, a DC radial electric current, whose intensity I0 varies from
25 to 400mA, passes (either outwards or inwards, depending on the polarity of the
electrodes) through the conducting fluid. The interaction of the radial current and
axial magnetic field produces a Lorentz force that generates fluid motion mainly
in the azimuthal direction. The fluid rotation was clockwise for outwardly applied
currents and anticlockwise for inwardly applied currents. The latter produced a
stronger electrolysis that generated a large amount of bubbles. Note that the
electric current in the central electrode region in configuration II was not strictly
radial but mainly axial, therefore, the strength of the driving Lorentz force in that
region was substantially reduced.

Fig. 2 shows a picture of the experimental setup with configuration I. The
experimental procedure consisted in fixing the fluid layer thickness and then ex-
ploring the flow with a given DC current. The analyzed layer thicknesses were 2.5,
5.0, 7.5 and 10mm and the current was varied in steps of 25mA until the instabil-
ity appeared. Results were obtained both through visualization of flow patterns
using dye and through PIV. Experiments with dye were performed starting with

B0

h
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h

(b)

Fig. 1. Sketch of the experimental setups. (a) Configuration I with a coaxial central
cylindrical electrode. (b) Configuration II with a coin-shaped central electrode embedded
in the bottom wall.

1
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4

5

Fig. 2. The experimental setup with configuration I. 1 – ferrite rectangular permanent
magnet; 2 – Plexiglass container; 3 – outer electrode; 4 – inner electrode; 5 – power
supply.
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the fluid at rest, with a small blob of dye on the free surface, and then setting
the applied current to a fixed value. In this way, the elongation of the blob of
dye caused by the Lorentz force revealed the development of the flow pattern and
the eventual appearance of vortices. The flows were recorded with a Sony Handy-
cam videorecorder (model HDR-XR100) with a resolution of 1080× 720 pixels and
30 fps placed above the experimental setup. The analysis of the recorded flow pat-
terns identified the onset of instability and the number of vortices that appeared
for the given conditions. PIV measurements started also with the fluid at rest and
were performed with uniform illumination from a set of three LED lamps placed on
top of the plexiglass container around the cavity with the liquid. Illumination with
a laser sheet was not possible due to restrictions of the experimental setup. Since
the analyzed flows were relatively slow (of the order of centimeters per second), the
previously mentioned videorecorder was also used for PIV analysis. Glass spheres
of 10µm in diameter covered with silver were used as tracers. In order to guar-
antee that the analyzed plane of flow corresponds mainly to the free surface, PIV
measurements were made using only previously selected tracers. First, the tracers
were centrifugated and only those that remained on the free surface were selected.
Data were analyzed using the software PIV-Lab, which is a tool of MatLab.

2. Dye visualization results. In both configurations, dye visualization ex-
periments showed the appearance of an instability in the electrolytic flow that led
to the formation of anticyclonic vortices (i.e vortices that rotate in opposite direc-
tion to the global azimuthal flow), independently of the direction of the current.
Travelling anticyclonic vortices were observed to appeared close to the wall of the
outer cylindrical electrode, their number varying from four to 11 according to the
flow conditions. The vortices were approximately equidistant from each other and
once they appeared, remained for long times. Fig. 3 shows a sample of the visu-

(a) (b)

(c) (d)

Fig. 3. Dye visualization of the instability observed for a layer thickness of 10 mm.
(a) and (b) correspond to configuration I. (c) and (d) correspond to configuration II. The
current intensity for (a) and (c) is 100mA, and for (b) and (d) is 300mA.
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Table 1. Experimental results for configuration I.

h [mm] h/L I0 [mA] I0/Imax No. of outer vortices

10 0.39 25 – 50 0.062 – 0.125 0
10 0.39 75 – 100 0.187 – 0.250 5
10 0.39 125 – 400 0.312 – 1.0 6
7.5 0.29 25 - 50 0.062 - 0.125 0
7.5 0.29 75 – 100 0.187 – 0.250 5, 6
7.5 0.29 125 – 400 0.312 – 1.0 5, 6, 7
5.0 0.19 25 – 180 0.062 – 0.450 0
5.0 0.19 190 – 400 0.475 – 1.0 8, 10, 11
2.5 0.10 25 – 250 0.062 – 0.625 0
2.5 0.10 275 – 400 0.6875 – 1.0 11

alized vortices created by the instability in both configurations. Dye visualization
experiments did not reveal the existence of internal vortices close to the inner elec-
trode. Due to the small electrical conductivity of the electrolyte (σ = 6.36 S⋅m−1)
and the weak applied magnetic field, the Hartmann number was very low, namely,
Ha = B0L

√
σ/ρν ≈ 0.09, where ρ = 1.09 ⋅103 Kg/m3 and ν = 10−6 m2/s are the mass

density and the kinematic viscosity of the electrolyte, respectively. Therefore, as it
occurs with weak electrolytes, the induced currents and the electromagnetic brak-
ing of the flow are negligible. Experimentally, the flow stability was controlled by
varying the thickness of the fluid layer h and the applied electric current I0. In
dimensionless terms, two governing parameters were defined, namely, the aspect
ratio h/L, that is, the ratio of the layer thickness to the space between the outer
and inner electrodes, and the applied current parameter I0/Imax, where Imax is
the maximum applied current (400mA). From the variation of these quantities, it
is possible to find the critical parameters for the occurrence of the instability. In
what follows, we focuses on the results for configuration I, but similar results were
found for the other configuration.

All the experiments correspond to small aspect ratios 0.01 ≲ h/L < 0.4. For
the smallest value, the bottom friction inhibits the instability in a larger range of
the applied current, where a pure azimuthal flow was observed. In fact, the smaller
the layer thickness, the larger the current intensity required for the onset of the
instability. As the aspect ratio increases, the current intensity required for the
emergence of vortices diminishes. These observations are sumarized in Table 1,
where the number of vortices originated by the instability in configuration I is
presented for different experimental conditions. The map of qualitative behavior
for configuration I presented in Fig. 4 identifies the region, where outer anticyclonic
vortices are formed for the given values of the aspect ratio and applied current
parameter.

3. Shearing zonal flow. According to Marcus [14], vortices embedded in
a shearing zonal flow, where shear stress and vorticity have opposite signs, tend
to be fragmented and destroyed in a turn-around time. In the regions where
the signs are the same, vortices redistribute their vorticity so that its maximum
value is at the center and flow structures can prevail for long times. Following
Digilov [13], the criterion established by Marcus can be explored in a simplified
way using an analytical solution for the azimuthal velocity that corresponds to the
viscous flow of a conducting fluid between perfectly conducting infinite cylinders
with an imposed potential difference under an axial uniform magnetic field (see,
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Fig. 4. Experimental map of qualitative behavior for configuration I. The curved line
marks the threshold, where external anticyclonic vortices are formed for the given values
of the aspect ratio (h/L) and the applied current parameter (I0/Imax). Numbers on top
of the intervals indicate the number of vortices for the corresponding conditions.

e.g., [11, 13]). In dimensionless terms, it is possible to express this velocity profile
so that it is proportional to Ha2. For a positive (outwardly applied) current, the
solution can be expressed as

Ûθ(r) =
Ha2

2

⎧⎪⎪⎨⎪⎪⎩
ln(r + α)(r+α)

+ r + α
2α + 1

⎡⎢⎢⎢⎣
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+ α2(α + 1)2

(α + r)2
ln
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α

⎤⎥⎥⎥⎦
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,

(1)

where the dimensionless rescaled radial coordinate is defined as r = (r′ − Ri)/L,
Ûθ is normalized by ∆ϕ/B0L, and α = Ri/L. Here, r′ is the dimensional radial
coordinate and Ri is the radius of the inner cylinder. The shear stress and the
vorticity, respectively, calculated from the analytical solution (Eq. (1)), take the
form

τ̂rθ(r) = (
∂Ûθ

∂r
− Ûθ

α + r
) = Ha2 {1

2
− α2(α + 1)2

(α + r)2(2α + 1)
ln [(α + 1)

α
]} , (2)

ω̂z(r) = (
∂Ûθ

∂r
+ Ûθ

α + r
) = Ha2

⎧⎪⎪⎨⎪⎪⎩

1

2
+ ln(α + r) + 1

(2α + 1)
ln

αα2

(α + 1)(α+1)2
⎫⎪⎪⎬⎪⎪⎭
. (3)

In Fig. 5, the shear stress and vorticity (normalized by Ha2) calculated from
Eqs. (2) and (3) are plotted as a function of the rescaled radial coordinate r, using
the value α=0.47 that corresponds to the experimental setup (configuration I). It
is observed that τ̂rθ and ω̂z have the same sign in regions close to the inner and
outer cylinders, where, according to Marcus, vortices can exist. In turn, in the
central shaded region, where the shear stress and vorticity have opposite signs,
vortices cannot prevail. Note that according to the Marcus criterion applied to
this solution, the zone, where cyclonic and anti-cyclonic vortices can dominate,
depends only on the parameter α. Although these conclusions are drawn from
an idealized analysis, it is interesting to explore the possible existence of inner
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Fig. 5. Shear stress (upper curve) and vorticity (lower curve) calculated from the
analytical solutions Eqs. (2) and (3) as a function of the rescaled radial coordiante r.
The experimental value α = 0.47 was used. In the shaded region, τ̂rθ and ω̂z have oposite
signs and, according to Marcus [14], vortices cannot prevail.

vortices not observed from the dye visualization experiments. With this purpose,
a PIV analysis was performed.

4. PIV results. Consistent with the qualitative visualization, the PIV anal-
ysis revealed that an almost pure azimuthal flow occurred in those cases, where the
instability did not develop, corresponding to the lower explored current intensities
for a given aspect ratio (see Table 1). On the other hand, if the flow starts from rest
under conditions where the instability takes place, counterflow layers develop at
very early stages, close to the inner and outer cylindrical electrodes. In these lay-
ers, the flow direction is opposite to the azimuthal Lorentz force. This is observed
in Fig. 6, where the velocity field obtained from PIV is shown 5.6 seconds after
the flow started from rest for h=10mm and I0=200mA, that is, h/L=0.39 and
I0/Imax=0.5. In this case, the Reynolds number Re = UmaxL/ν, based on the max-
imum experimental velocity Umax obtained from PIV, takes the value Re = 704.
The colors in this figure denote the vorticity. It appears that counterflow lay-
ers play the role of side layers in high Hartmann number duct flows, which are
attached to walls parallel to the applied magnetic field. Note, however, that the
counterflow layers do not have a uniform thickness, in particular, close to the inner
cylinder. In Fig. 7, the azimuthal and radial velocity components obtained from
the PIV measurements are plotted as functions of the rescaled radial coordinate for
different times, with h=7.5mm and I0=150mA (h/L=0.29, I0/Imax=0.375, and
Re = 1160). Both components show a strong time dependence, with the azimuthal
component being an order of magnitude larger than the radial component. Note
that in the displayed time interval, uθ is initially larger and counterflow layers
are absent. As time proceeds, uθ decreases and counterflow layers appear, more
markedly close to the outer cylinder. In turn, in a smaller time interval, the radial
component goes from negative to positive values, passing through an intermediate
profile. Due to the existence of counterflow layers, it is clear that a strong shear
is created at the interfaces of these layers and the core flow. Although initially no
vortices were observed, eventually shear layers destabilized and gave rise to the ap-
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ωz [1/s]

Fig. 6. The velocity field obtained from PIV in configuration I, 5.6 seconds after the
flow started from rest. In the central yellow-red region, the flow is clockwise, whereas
in the blue regions close to the inner and outer cylinders the flow is counterclockwise.
h = 10mm and I0 = 200mA (h/L = 0.39 and I0/Imax = 0.5). The Reynolds number based
on the maximum experimental velocity is Re = 704. Colors denote the magnitude of
vorticity.

-1

0

1

2

3

4

5

0  0.2  0.4  0.6  0.8 1

-1

0

1

2

3

4

5
t =10.5 s

t =18.2 s

t =30.5 s

-0.4

-0.2

0

 0.2

 0.4

0  0.2  0.4  0.6  0.8 1.0

-0.4

-0.2

0

 0.2

 0.4

t =13.6 s

t =14.0 s

t =14.3 s

(a)

u
θ
[c
m
/
s]

r

(b)

u
r
[c
m
/
s]

r

Fig. 7. Azimuthal (a) and radial (b) velocity components as a function of the rescaled
radial coordiante at different times. Results were obtained from PIV measurements
in configuration I with the fluid layer thickness h = 7.5mm and the current intensity
I0 = 150mA (h/L = 0.29and I0/Imax = 0.375). The Reynolds number based on the
maximum experimental velocity is Re = 1160.
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Fig. 8. (a) Sketch of the counterflow layers interacting with the core flow to create
shear layers that originate the instability. (b) PIV velocity flow 14.2 seconds after the
flow started from rest, where the simultaneous existence of outer anticyclonic vortices
and inner cyclonic vortices is observed for h = 10mm and I0 = 200mA (h/L = 0.39 and
I0/Imax = 0.5). The Reynolds number based on the maximum experimental velocity is
Re = 1194. Colors denote the magnitude of vorticity.

pearance of vortices. Fig. 8a shows a sketch, which illustrates how the interaction
of the counterflow layers and the core flow originates an instability that leads to
the formation of outer anticyclonic vortices and inner cyclonic vortices. In Fig. 8b,
the velocity field from the PIV measurements with h=7.5mm and I0=200mA
(h/L=0.29, I0/Imax=0.5, Re = 1194) 14.2 seconds after the flow started from rest
confirms the simultaneous existence of inner and outer vortices.

5. Conclusion. We report the existence of an instability in an electrolyte
flow driven by an azimutal Lorentz force in a cylindrical electromagnetic stirrer
with a radially applied current under an approximately uniform axial magnetic
field. The instability is characterized by the emergence of a varying number of
anticyclonic travelling vortices in a plane normal to the magnetic field close to
the outer electrode, which were observed through dye visualization experiments.
The instability develops independently of the direction of the radial current and
is governed by the aspect ratio h/L and the applied current parameter I0/Imax.
From the experimental results, a map of qualitative behavior was built, in which
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the region where outer anticyclonic vortices were formed for the given values of
h/L and I0/Imax, was identified. The PIV analysis has revealed the existence of
counterflow layers close to the inner and outer electrodes. The interaction of these
layers with the core flow seems to trigger the instability and originate not only
outer anticyclonic vortices, but also cyclonic vortices close to the inner electrode.
The existence of inner and outer vortices is consistent with the theoretical analysis
of Marcus [14] for a shearing zonal flow, applied to the idealized flow between
infinite cylinders. Although Digilov [13] drew attention to the possible existence
of inner and outer vortices according to the Marcus criterion, he did not observe
vortices in his experiment. Our results show that these vortices do exist and,
for this case, the Marcus criterion is valid. As it occurs with side layers in high
Hartmann number duct flows [11, 12], layers attached to the lateral conducting
walls play an active role in the flow evolution and largely determine its stability
properties.
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