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ABSTRACT

The article presents an experimental study on the flow of an eutectic gallium alloy in a cylindrical cell, which is
placed in an alternating magnetic field. The magnetic field is generated by a coil connected to an alternating cur-
rent source. The coil is located at a fixed height in such a way that its plane is perpendicular to the gravity vector,
which in turn is parallel to the axis of the cylinder. The position of the cylinder can vary in height with respect to
the coil. The forced flow of the considered electrically conductive liquid is generated due to the action of the loca-
lized electromagnetic force. It is assumed that under the action of the alternating magnetic field, the liquid is
heated uniformly, and the resulting heat is quickly absorbed by the forced flow, so that liquid free convection
can be neglected. The experiment is carried out using an ultrasonic Doppler anemometer. One transducer is
installed in the axially located cylinder sluice and the other transducer is placed in the near-wall region. According
to the results, a velocity profile, corresponding to a two-tori flow pattern can be hardly obtained in the low fre-
quency range of the power supply. However, this is possible in the high frequency range. The average velocity
profiles depend essentially on the location of the coil relative to the cell. The spectral analysis of velocity signals
shows that the amplitude of the velocity pulsations is comparable to the average value of the flow velocity. Such
experimental results and their verification through comparison with numerical calculations are intended to sup-
port the development of new methods for reducing the intensity of vortex flows during the electromagnetic
separation of impurities through an electromagnetic induction mechanism (able to produce an electromotive
force that displaces particles).
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Nomenclature
B Magnetic field (T)
f Frequency of velocity pulsations (Hz)
fe Coil frequency (Hz)
f em Electromagnetic (pinch) force (N/m3)
H Height of cylindrical cell (m)
Ha Hartmann number
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I Coil current (A)
PSD Power spectrum density of velocity signal
R Radius of cylindrical cell (m)
Re Reynolds number
U Coil voltage (V)
Vz Axial component of velocity (m/s)
x Radial coordinate (m)
z Axial coordinate (m)

Greek Symbols
m Kinematic viscosity (m2/s)
g Dynamic viscosity (kg/ms)
q Density (kg/m3)
r Electrical conductance (Si/m)

1 Introduction

The study of processes occurring in liquid metals and their alloys provides a framework for further
development of metallurgical technologies. Liquid metal is considered to be the best heat-carrying
medium for cooling systems of fast neutron nuclear reactors and fusion power plants. The experimental
investigation of some metals, having the highest usage in industry, is extremely difficult due to their high
temperature, chemical aggressiveness and environmental hazards in a molten state. Examples of such
metals are aluminum, lead, magnesium, sodium, and their alloys. Determination of the physical properties
of metal alloys in a molten state is a primary problem of materials science. Property measurement can be
useful in determining the composition of alloys or multiphase media. Understanding of the chemical and
physical properties of metals is also crucial for correct mathematical modeling of processes occurring in
melts. In this case, direct measurements are either impossible or give results of low reliability. Therefore,
the way out is to use methods of indirect determination of properties by measuring the characteristics of
processes, for example, hydrodynamic ones. In this paper, we attempted to develop a methodology for
predicting some physical properties of an electrically conductive medium in a molten state. This
technique involves the generation of a liquid metal flow and the measurement of its properties. It relies
on the fact that the flow demonstrates features, for example, pulsations, the parameters of which can be
associated with the properties of a liquid medium. Due to the difficulties of working with melts
mentioned above, the technique should be non-contact, and the cell with the melt should have a simple
shape, for example, a cylindrical one.

Due to the fact that liquid metals and alloys conduct electric current, the hydrodynamic process can be
initiated by electromagnetic forces. In this case, it is most reasonable to use a widespread configuration,
which is a cylindrical cell filled with liquid metal. The cell is placed coaxially in a solenoid that generates
an alternating magnetic field. In plasma physics, the described configuration is called the “azimuthal
pinch”. In practice, this configuration and its variants are widely used in induction furnaces [1],
electromagnetic pumps [2,3], and stirrers [4–6]. As a rule, metallurgical production deals with multiphase
media, for example, liquid metals with desirable or undesirable impurities. Therefore, one should take
into account the fact that the electromagnetic force and the resulting vortex flow produce a selective
action on the multiphase media, which consists of components with different properties [7,8]. This
principle of operation underlies electromagnetic separators [9,10], which extract impurities from melts.
Another important area of metallurgy is the removal of impurities from liquid metals. Actually, there are
two mechanisms for generating electromagnetic forces: conduction [8–11] and induction [12–14]
mechanisms. The disadvantage of the conduction mechanism is the current supply to the cell subjected to

1554 FDMP, 2024, vol.20, no.7



high temperatures. The induction mechanism does not have such a disadvantage, but instead, it can generate
a vortex stirring flow, the influence of which needs to be reduced. The behavior of the liquid metal flow in the
above configuration is studied in detail in the context of induction melting problems [15–18], where the
height of the cell is less than the height of the solenoid. Paper [19] numerically studies natural convection
in an inclined cylinder placed in an alternating magnetic field. The numerical calculations were performed
for a wide range of Hartmann numbers. Flow pulsations lead to fluctuations of the impurity distribution
field [20], which plays an important role in the separation process.

The above considerations explain our interest in the magnetohydrodynamic processes occurring in this
configuration. The ultimate goal of our study is to create a non-contact technique for effective control of the
properties of a conducting melt. Despite the above-mentioned active research in this field, little attention was
paid to the establishment of links between the properties of the medium and the features of its hydrodynamic
characteristics. Our previous studies were devoted to numerical modeling of magnetohydrodynamic
processes [21] in a configuration with a short solenoid [22]. The main finding of the work [21] is the
detection of flow pulsations and the investigation of their characteristics. The results of the numerical
study allowed us to obtain the dependence of the Reynolds number and the characteristic frequency of
velocity pulsations on the force parameter, which is equal to a squared value of the Hartmann number. In
this regard, the question arises as to whether the selected pulsation frequency will really appear in the
experiment. This is what targeted our efforts in conducting the experiment described in the article. It is
impossible to perform experiments with conducting media commonly used in industry due to the above-
mentioned reasons. Therefore, as a model medium, we used eutectic gallium alloy. It is a liquid alloy at
room temperature, which does not pose a hazard to laboratory studies. The objectives of the study are as
follows: to conduct an experiment with a liquid metal to confirm the possibility of detecting velocity
pulsations and determining the characteristic frequency; to obtain characteristics of oscillatory flow
regimes caused by the action of an alternating magnetic field of a short solenoid. The obtained results are
expected to facilitate further development of the non-contact technique for controlling the properties of
molten alloys, which is of considerable importance for materials science.

2 Experimental System and Methods

The experimental setup and the experimental scheme shown in Figs. 1 and 2 include a cylindrical cell 1.
The cell of height H = 0.2 m, outer radius R = 0.038 m, and wall thickness 0.004 m is made of stainless steel.
height H = 0.2 m, outer radius R = 0.038 m, wall thickness 0.004 m. The cell is filled with a eutectic gallium
alloy with a melting point of 17�C and the following characteristics: Ga – 87.5%, Sn – 10.5%, Zn – 2%.
q ¼ 6150 kg=m3, r ¼ 2:6 1061= Si=mð Þ, m ¼ 2:9 10�7m2=s. The properties of the gallium alloy are
described in detail in [23]. Moreover, the alloy does not require the injection of additional tracer particles
for ultrasonic measurements. This eutectic alloy is safe for laboratory research and is widely used in work
[24–27]. The cylindrical cell is located coaxially with short coil 2 of height 0.020 m, inner radius
0.048 m, and outer radius 0.138 m. The coil has two layers (in height) of coil winding with a gap of
0.006 m, consisting of 132 turns of copper wire with a cross-section 0.007 m × 0.001 m. The coil is
connected to the Pacific Smart Source 360-ASX AC power supply.

In the experiment, an ultrasonic Doppler velocimeter (UDV) Dop-5000, Signal Processing, Switzerland
was used to measure the flow velocity of an electrically conductive medium in a non-contact way. Two
ultrasonic transducers are inserted into gateway 3 on the upper surface of the cell. One transducer is
placed on the axis of the cell, and the other transducer is located in the near –wall region. Such location
of transducers is due to the fact that the large-scale structures can be observed in the central region of the
cell, while the near-wall region is under the influence of the skin effect. The use of the Thorlabs
positioning system makes it possible to locate the coil in such a way that the position of the cell relative
to the coil can be readily changed if necessary. In Fig. 1, the positioning system is marked 4. It should be
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noted that the location of the coil relative to the cylinder has a significant effect on the topology of the
magnetic field. For this reason, the experiments were carried out in compliance with the requirement of
maximal alignment and strict verticality of working elements.

The ultrasonic Doppler velocimeter (UDV) allows non-contact measurements in optically opaque
medium, in which visual detection of physical effects is impossible. The principle of the UDV operation
is the emission of high-frequency ultrasonic pulses and registration of the echo reflected from the moving
particles of the medium [26,28–30]. Transducers that consist of piezoelectric elements serve as pulse
sources. The UDV makes it possible to measure only the vertical component of the flow velocity of a
conducting liquid. The UDV parameter settings were so selected that the pulse frequency of each of the

Figure 1: Scheme of experiment: 1-cylindrical cell, 2-coil, 3-ultrasonic transducers, 4-positioning system

Figure 2: Experimental setup
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two transducers was 4 MHz. Both transducers were connected to a multiplexer. The polling rate of each
transducer was 8.8 Hz. According to Nyquist’s theorem, the value of the velocity pulsation frequency that
can be reliably determined is no more than 4.4 Hz.

An important feature of the measurements is the presence of particles capable of reflecting high-
frequency pulses. Such function is performed by gallium oxides, which are formed in the liquid metal
upon contact with air during the filling process. Note however, that an excessive amount of oxides
significantly impedes correct velocity measurements. Moreover, the main requirement for successful
measurements is the absence of a solid phase of the eutectic alloy, which crystallizes at ambient
temperature. In the experiment, the gallium alloy contained in the cell was in a liquid phase.

A short coil generates an alternating magnetic field, which induces a vortex electric current in the liquid
metal. The interaction of the eddy current with its own magnetic field produces a pinching electromagnetic
force f em. The mechanism of generation of f em is described in detail in [16,21,31–33].

Due to the presence of an eddy current the liquid metal in the cell is subjected to local heating, which
initiates a thermo-gravitational convective flow in the melt. It is expected that its velocity will
be considerably smaller than the velocity of the flow driven by the electromagnetic force. In article [34],
the convection of liquid sodium in a cylindrical cell was studied experimentally. It was found that the
velocity of large-scale circulation was 0.06 m/s. To achieve this velocity, it is essential that the
temperature difference between the ends of the cylinder should be 30�C. In the problem under
consideration, the conditions are unfavorable for the occurrence of convective flow. The existence of a
stirring flow is responsible for the redistribution of temperature in the cell and violates the conditions for
the appearance of Rayleigh-Benard convection [35,36]. In the proposed formulation of the problem,
convection is not taken into account.

One of the main issues of any experiment is the accuracy of measurements. The coil current was
measured with an accuracy of ± 0.5 A. It is possible to measure the induction of the magnetic field B for
a given value of the coil current. The accuracy of distance measurement was ±2 mm. The accuracy of
velocity measurement using the UDV was ± 2 mm/s. It should be noted that the UDV has a lower
measurement limit of approximately 5 mm/s. Magnetic field measurements were carried out using the
LakeShore 460 3-Channel Gaussmeter in the root-mean-square (RMS) mode of operation. The Hall
sensor, whose operation is based on the like-named effect, was placed in the gap between the coil and the cell.

3 Results

In order to generalize and analyze the results, we introduced a dimensionless parameter, which is the

Hartmann number Ha ¼ Bd
ffiffiffiffiffiffiffiffiffiffi
r=qm

p
. It characterizes the ratio of electromagnetic forces to viscous forces.

The magnetic field was measured during a series of experiments. The dependence of the magnetic field
on the value of the electric current is shown in (Fig. 3). It can be seen that the experiments performed
correspond to a linear section of this dependence. The measurements showed that the square of the
Hartmann number at the maximum measured magnetic field takes the following value: Ha2 ¼ 3:7 � 103.

The result of the UDV transducer measurement polling is an output file, containing information about
the spatial-temporal distribution of the vertical velocity component, which is directed along the emitted
beam. The results of a series of measurements obtained with UDV were processed in the Matlab and
Python environments. The UDV registers the values of the vertical velocity component and logs them in
the file at regular intervals. The results of data processing showed that in this experiment the pulsations of
velocity of the conducting liquid are observed. This is illustrated by vertical lines on the average velocity
profile (Fig. 4a), which are indicative of strong pulsations in the fluid flow.

FDMP, 2024, vol.20, no.7 1557



An important step in getting the required information is the analysis of one-dimensional signals. The
oscillatory behavior of velocity was studied based on the plotting of the velocity signals at the specified
points inside the region. The most suitable points were selected based on the analysis of velocity profile
diagrams. In the diagram (Fig. 4b), the velocity profiles obtained at each time step are sequentially placed
on a given segment. Such profiles are built only for the vertical velocity component Vz x; 0; zð Þ. The points
should be selected on the basis of their belongingness to the line, corresponding to the UDV
measurement line. This implies the correspondence to the central or lateral position of the transducer. The
points selected for further analysis are marked by gray lines (see (Fig. 4b).

Fig. 5a shows the dependence of the Reynolds number on the current strength. The Reynolds number
Re ¼ hVzid=m is a similarity criterion in hydrodynamics. It is seen that in the examined range of the current
strength the dependence is of a linear character. Fig. 5b is the graph of the Reynolds number as a function of
the squared Hartmann number. The graph is constructed to show that the dependence is of a power-law nature
in the examined range of parameters. The dashed lines are the approximation curves.

Figure 3: Dependence of the magnetic field on the current

Figure 4: The average velocity profile located along the central UDV transducer–at the left, and profiles of
the vertical velocity component located along the central UDV transducer–at the right
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The basic requirement in the experimental study is the symmetry of the configuration, the alignment of
the magnetic field with the cell, and the horizontal position of the coil. The dependences of the average
velocity profiles on the location of the cell and the coil were obtained (Fig. 6) by performing the
following procedure. Initially, the coil was fixed at a height of 0.393 m. Then, the cell was raised with a
step of 0.01 m relative to the coil. According to the location of the average velocity profile, the curve
shown in green and corresponding to the position of the coil at a height of 0.413 m best fits the
configuration of the system, in which the center of the cell coincides with the center of the coil. It can be
concluded that the green curve intersects the horizontal line corresponding to the value of the average
velocity hVzi ¼ 0 exactly at the center of the cell, z ¼ 0:1 m. At the same time, the bend points of this
curve are approximately at the level that corresponds to the value of the average velocity hVzi ¼ 0:04 m/s.
Such regularities of behavior have not been established for curves marked with blue, red and black colors.

The characteristic frequency of velocity pulsations was determined by constructing the Fourier spectra at
the three specified points located along the selected velocity profile. Velocity pulsations were generally

Figure 5: Dependence of the Reynolds number on the current (a), and dependence of the Reynolds number
on the square of the Hartmann number (b)

Figure 6: Dependence of the average velocity profile on the location of the cell
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irregular in nature. The spectral composition of the velocity signal at a point in space varied with time. The
characteristic pulsation frequencies were also determined by the Wavelet analysis [37]. In this case, the
complex Morlet wavelet was used. Wavelet spectrograms (Fig. 7a) allowed us to detect time variation in
the oscillation structure in the case of complex spectral composition. In Fig. 7b, the Fourier spectra are
denoted by solid lines, and the dotted lines are the integral wavelet spectra of velocity signals at the same
points in space. The results show that the characteristic frequency of 0.1 Hz is detected along the central
profile at the top of the cell.

4 Discussions and Conclusions

(1) In this study, we experimentally investigated the flow of liquid metal, which occurs under the action
of an alternating magnetic field of a short solenoid in a cylindrical cell. The use of an ultrasonic Doppler
anemometer made it possible to measure the evolution of the vertical component of the flow velocity at
different values of parameters, characterizing the intensity of the electromagnetic force. Measurements
and analysis showed that the average flow is in the form of two tori. The maximum value of the average
flow velocity was 0.05 m/s at the current strength of 16.2 A, voltage 150 V, and the frequency of the
source fe 500 Hz. The dependence of the Reynolds number on the Hartmann number (Fig. 5b) is of the
same form as the dependence obtained in [21]. However, the calculations and experiments were
performed within different ranges of the force parameter. In order to obtain the same parameters in the
experiment, it is necessary to significantly increase the number of coil winding turns. This will be done in
the following study. The obtained dependences of hydrodynamic characteristics on the parameters of the
electromagnetic force will be used to verify the reliability of the results of mathematical modeling, which
is the subject of further research.

(2) The conducted experiments revealed the existence of velocity pulsations against the background of
an average flow. Spectral analysis confirmed the presence of a dedicated frequency of about 0.1 Hz in the
spectra. In this case, the use of the wavelet analysis for determining the dedicated frequency is more
appropriate than the Fourier analysis, which is apparently due to the fact that frequency oscillations are of
a non-harmonic nature and exist in the form of irregular pulsations. This is clearly seen in the wavelet
diagrams. In this case, the wavelet analysis allows us to determine the frequency range, in which the
detected frequency of oscillations occurs. The estimation can be made using the average value of the
frequency in this interval. It should be noted that the allocated frequency cannot be determined at all

Figure 7: The wavelet spectrogram–at the left, and the Fourier spectrum–at the right, of the signals of the
vertical velocity component for the central profile. The results are presented for parameter values:
I = 10.84 A, U = 100.5 V, fe = 500 Hz
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points. However, the presence of even one point, at which this oscillation frequency can be determined,
generates researchers’ interest in this technique.

(3) Pulsations of the flow velocity are caused by the oscillations of a large eddy circulation, consisting of
two tori. Spectral analysis makes it possible to detect the allocated frequency of these pulsations. However, in
the range of the parameters being considered, it does not reveal the pronounced dependence of the allocated
frequency on the power parameter or the frequency of coil current in contrast to work [21]. Probably, the
reason is the insufficient magnitude of the electromagnetic force, as was mentioned above. Nevertheless,
the obtained finding can actually form the basis of the method for studying the properties of a liquid
medium. The technique is based on recording the frequency of pulsations of a large eddy circulation in a
cylindrical cell with an electrically conductive liquid medium. The value of the electrical conductivity of
the medium can be found by comparing the results of frequency measurements with calculations. This
will allow us to estimate the relative change in the properties of the medium. This raises the question of
why exactly the value of electrical conductivity is so important. Impurities in liquids can be in a
dissolved and undissolved state. At high fluid flow rates, in a turbulent regime, the dissolved impurity has
a greater effect on the electrical conductivity as compared to viscosity. Preliminary calculations in the
framework of the mathematical model proposed in [21] showed that the change in viscosity has little
effect on the location of the velocity pulsation maximum (Fig. 8). Direct measurements of electrical
conductivity cause considerable difficulties, and is even dangerous when dealing with such media as
liquid aluminum and sodium. The methodology we are developing based on the results of our study is
aimed at overcoming these difficulties. The appearance of suspended impurities in the initially pure
molten metal has an impact on the average electrical conductivity of the medium causing its variation. In
turn, this leads to a change in the allocated oscillation frequency of the large eddy circulation. The
proposed technique will allow tracing these frequency variations. The technique can be implemented as
an express test of the properties of molten metal samples. In our future studies, we intend to complete the
development of this technique.
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