
24 Computational continuummechanics. 2024. vol. 17, no. 1. pp. 24–32

ISSN: 1999-6691, e-ISSN: 2782-3709 DOI: http://doi.org/10.7242/1999-6691/2024.17.1.3

Research article

Pulsations of the liquid metal flow generated by an alternating magnetic field
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This paper studies numerically a vortex flow of liquidmetal driven by an electromagnetic force, which is generated by the interaction
of the alternatingmagnetic field of a short solenoidwith the induced electrical current. A short solenoid is placed coaxially in a cylindrical
cell at half of its height. Themathematical model used to describe the process is based on the equations ofmagnetic hydrodynamics in the
induction-free approximation. Calculations, which are carried out by the control volumemethod using the ANSYS Fluent package, show
that the averageflowhas the formof two toroidal vortices. The calculated velocityfields are indicative of the pulsating behavior of vortices,
accompanied by a change in their sizes. In the examined range of the force parameter, the predominant flow pattern is the single-mode
pulsation flow. The dependence of the characteristic frequency and Reynolds number on the force parameter are obtained using spectral
analysis. It has been found that the period of pulsations is close to the period of rotation of a large-scale vortex. It has been established that
the pulsations are of quasi-periodic character, and a distinct pulsation frequency is observed only in the flow region near the solenoid. The
effect of velocity pulsations is strong and can be detected in the laboratory experiment with gallium eutectic. The performance of such
experiment is planned for the near future. The flow rate of gallium eutectic will be measured by an ultrasonic Doppler velocimeter. The
results of numericalmodeling and their verifications can be useful in determining theways of reducing the intensity of vortex flows during
the electromagnetic separationof impurities,which is basedon the inductionmechanismresponsible for thegenerationof electromagnetic
force that displaces particles. The data on the pulsation frequency of the unsteady flow can be used in the development of a non-contact
technique for estimating the average electrical conductivity of a two-phase medium, such as liquid metal with undesirable impurities.
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1. Introduction

The method of non-contact generation of liquid metal flow has been widely used for many years in the production
processes of metallurgy [1] and power engineering [2] associated with high temperature melts (in metallurgy) and
liquid-metal coolants (at nuclear power plants), which are chemically aggressive. The non-contact method has a number
of advantages compared to mechanical action on liquid metal. Thus, with the help of an alternating magnetic field a
vortex flow is excited, i.e. an induction mechanism of electromagnetic force generation is realized. The appearance of
the vortex electromagnetic force is explained by the fact that the alternating magnetic field of the solenoid generates
a vortex electric current in the electrically conductive medium due to electromagnetic induction. This current in turn
generates its own magnetic field. The interaction of the current and the resulting magnetic field leads to the appearance
of the electromagnetic force [3]. One system that is often used as a basis both in scientific research and in applications
is a cylindrical cell with liquid metal, which is coaxially placed in a cylindrical solenoid through which an alternating
electric current. This configuration, by analogy with plasma physics, has been called "azimuthal pinch". In practice,
it and its variants, in addition to tokamaks (toroidal chambers with magnetic coils), are most commonly used in induction
furnaces [3], electromagnetic stirrers [4, 5], and electromagnetic pumps [6, 7].

Electromagnetic force and vortex flow have a selective effect on liquid electrically conductive multiphase media
[8, 9]. This effect is realized in electromagnetic separators [10–12], which are designed to extract solid inclusions from
molten melts. The purification of liquid metals is an urgent task for both metallurgical [8] and nuclear [2] industries.
In [9–12], consideration is given to a conduction mechanism of electromagnetic force generation in a separator, when
direct or alternating current initially flows through a cell exposed to a magnetic field. The disadvantage of the conduction
mechanism is the engineering difficulty of supplying the electric current to the cell. Therefore, to realize the separation
effect, the induction mechanism of electromagnetic force generation through the use of a solenoid has also been the focus
of intensive study [13–15]. The disadvantage of this method is the appearance of a vortexmixing flow [15], the undesirable
influence of which must be reduced. This can be accomplished by using information on the characteristics of these flows.

The behavior of a liquid metal flow in the "azimuthal pinch" configuration is studied in detail in the framework of
induction melting problems both experimentally [16, 17] and numerically [17–19] in the case when the cell height is
less than the solenoid height. The appearance of pulsations flow regimes with both free upper boundary [16] and closed
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boundary [17–19] has been detected. Pulsations of the flow lead to pulsations of the impurity distribution field [19],
which plays an important role in the process of electromagnetic separation. However, the results of these works do not
allow us to answer a number of questions, which are the subject of the study in this article.

The aim of the work is to characterize the pulsations modes of flows caused by the action of the alternating magnetic
field of a short solenoid, the height of which is significantly less than the height of the cell. It is also important to clarify
how the frequency of pulsations f behaves in the region of the cell, and whether the pulsations are harmonic or have
a more complex spectral composition. Finally, it is necessary to find out how the pulsation frequency depends on the
intensity of the electromagnetic force action and what mechanism governs this dependence. Also, under consideration
is the possibility of measuring the characteristic frequency of the velocity pulsation, which can form the basis for
diagnostics of the properties of the examined electrically conductive medium. The study is carried out by mathematical
modeling. It should be noted that modeling of processes in liquid metals, especially with the prospect of involvement
of thermophysical processes, requires special efforts to develop and verify the mathematical models [20]. Therefore,
an additional motivation is to obtain an assessment of the possibility of implementation of the verification experiment.

2. Problem Statement andMethods

So, we study the flow of liquid metal in a cylindrical cell 1 (Fig. 1a), which is oriented vertically. In the case of a
short solenoid 2, it generates a poloidal alternating magnetic field. This field in turn induces an azimuthal field of the
eddy electric current in liquid metal. The resulting electric current of density j has its own eddy poloidal magnetic
field. The superposition of the magnetic fields is found as a product of the frequency by electrical conductivity of the
medium, and the larger is its magnitude, the smaller is the amplitude of electromagnetic waves as they penetrate deeper
into the conducting medium (skin effect). In the proposed formulation, the parameters of the problem are such that the
region of the highest values of the magnetic field and electric current density is localized near the solenoid. Moreover,
in this region, the vertical component of the magnetic field significantly exceeds its radial component. Because of this,
the electromagnetic force fem arising from the interaction between the azimuthal current and the vertical component
of the intrinsic magnetic field will have predominantly a radial component. Thus, in the region near the solenoid, the
electromagnetic force acts in the radial direction from the periphery to the axis of the cylinder, i.e., the described system,
consisting of a cylindrical cell with liquid metal and coaxially located cylindrical solenoid, behaves like the "azimuthal
pinch" observed in plasma physics [17]. In this system, the squeezing forces are called "pinch" forces. For a short solenoid,
the maximum value of the force in the axial direction is observed in the solenoid region at midway along the cylinder
length and decreases towards the ends. The electromagnetic force is potential only for infinitely long cylinders and
solenoids. In the system under consideration, the vector field of the electromagnetic force will be vortex, which inevitably
gives rise to a vortex flow of the conducting fluid. The distinguishing features of this flow is investigated further.

(a) (b)

Fig. 1. Schematic representation of the problem formulation (a): cylindrical cell 1, solenoid 2; acting in the longitudinal axial
section of the computational field domain (b), in which the instantaneous directions of the current density j and inductionB of
the intrinsic magnetic field at the periphery of the cell near the solenoid are shown, as well as the direction of the force fem and
field vp

The developed vortex flow has a dominant poloidal component vp of the velocity vector field v (Fig. 1b). It means
that these velocity components lie in meridional planes. The azimuthal velocity component is initially absent, but may
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appear as a result of the development of flow pulsations.
The presence of the eddy current leads to the local heating of liquid metal, which can cause a convective flow. The

velocity of this flow is expected to be much less than the velocity of the flow caused by the electromagnetic force. Thus,
in work [21], where the convection of liquid sodium in a cylindrical cell was studied experimentally, the velocity of
large-scale circulation was 0.06 m/s, which required that the temperature difference between the cylinder ends should
be equal to 30◦C. In the problem under study, the geometric and physical conditions for the development of such a flow
are less favorable. Moreover, the stirring current equalizes the temperature in the cell and generally alters the conditions
for the generation of the Rayleigh-Benard convection. Therefore, convection was not considered in this work.

The main flow can produce both desirable and undesirable effects. In order to strengthen or weaken the accompanying
effects, it is necessary to get information about its modes and parameters to be able to use it to influence the process
in the cell-solenoid system. In this paper, the vortex flow is studied by mathematical modeling. The model is formulated
on the basis of the equations of magnetic hydrodynamics in the electrodynamic approximation [7]:

∇× B

µ0
= j, ∇×E=−∂B

∂t
, (1)

∇·B=0, ∇·E=0, (2)

j=σE, (3)

fem= j×B, (4)
∂v

∂t
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ρ
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ρ
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∇·v=0. (6)

Such representationallowsus to solve separately theproblemsof electrodynamics andhydrodynamics. The result of solving
the electrodynamics problem described byMaxwell’s equations (1), (2), and Ohm’s equations (3) is the electromagnetic
force, acting on the conducting fluid fem (4). In the hydrodynamic problem, the evolution of the fluid flow velocity v is
determined from the solution of the Navier-Stokes equation (5) and the continuity equation (6). The equations (1)–(6) also
adopt the following notation:△— Laplace operator;B—magnetic field induction; j—current density;E—electric
field strength; t— time; µ0 —magnetic constant; σ—electric conductivity; ν —kinematic viscosity; ρ—density of
liquid metal. The square of the Hartmann number S=Ha2=σB2

0d
2
/
(ρν) containingB0 , which is the maximum value

of the magnetic field induction in the area of the cell is taken as a dimensionless criterion S (force parameter) that will
be used further to generalize the results. The criterion S does not contain the frequency f , so that the results are also
valid for its fixed value, which in this study was assumed to be equal to fe=120Hz. The criterion S appears in the Navier-
Stokes equation as a result of nondimensionalization of the (1)–(6) equations when the following quantities are taken as
characteristic parameters: the cell diameter d is taken for a distance, ν/d - for velocity, d2

/
ν -for time,B0 -for magnetic

field, σB0ν/d - for current density. The criterion S characterizes the ratio of electromagnetic forces to viscous forces.
The solution of the electrodynamic part of the problem is carried out in the domain divided into subdomains

containing, respectively, a cell with liquid metal, a solenoid, and air. The magnetic permeability of all subdomains is
assumed to be equal to unity, so there are no changes in magnetic induction during the transition between subdomains.
The vector component of the eddy electric current density, which is normal to the boundary of the subarea with liquid
metal, is zero. The azimuthal component of the current density in the solenoid is prescribed.

The solution of the hydrodynamic part of the problem is searched for in the subdomain containing liquid metal. On
the lateral and end surfaces of the subdomain, the no-slip condition is fulfilled: v=0.

Since the study is carried with a view to perform an experiment, it is necessary to specify the physical and geometrical
characteristics of the system. Thus, the cylindrical cell is filled with a eutectic alloy (gallium, stannum, zincum), the
properties of which are well known [22]. Thus, at room temperature its density is ρ=6150 kg/m3, kinematic viscosity
is ν =2.9 ·10−7m2/s, and electrical conductivity is σ=2.6 ·106 Sm/m. The height of the cylindrical cell is 0.100 m,
the radius is 0.038 m. The short solenoid 2 has a height of 0.02 m, an inner radius of 0.048 m, an outer radius of 0.138 m;
the solenoid consists of two layers with a gap of 0.006 m between them. The number of turns in each layer of copper
wire with a cross section of 0.007×0.001 m is 132. A series of calculations have been performed for the frequency of
the current in solenoid fe=120Hz. The maximum absolute value of the magnetic field inductionB0 varies in the range
from numerical 0.015 to 0.03 T.
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The numerical implementation is done using the ANSYS Emag package (electrodynamic part) and ANSYS Fluent
with the user-defined UDF function (hydrodynamic part). The time step is ht=0.01 s, the hydrodynamic grid step is
hd=0.003m. The Reynolds numbers in the simulated flows are of the order of Re≈ 104. The large eddy simulation
(LES) method is used to describe turbulence. An important condition in the fluid dynamics problems is the Courant
condition htν/hd<C; here it is assumed that the constantC<1.

All calculations start from the rest state. At each time step, the velocity field is kept unchanged and the kinetic energy
of the poloidal and azimuthal (toroidal) velocity components is calculated in the same way as in the study of similar
flows in [23]:

Epol=
ρ

2

∫
V

(
v2r+v2z

)
dV, Eaz=

ρ

2
∫
V
v2φdV.

3. Results

Analysis of the evolution of three-dimensional velocity fields and their two-dimensional projections onto the
longitudinal axial planes has shown that in the range of parameters studied, the flow development can be divided into
two stages. At the first stage, the kinetic energy grows to some maximum value. At the second stage, there is a transition
of energy to a stationary state accompanied by the appearance of a pulsations flow. At both stages, the development
of three-dimensional flow consisting of two toroidal vortices is observed. The components of the flow velocity vector
lie mainly in the meridional plane. The average fields of the poloidal velocity component in the longitudinal axial cross
section are plotted based on the results of the calculations (Fig. 2a). The averaging was carried out at the second stage
of the flow. The smallness of the azimuthal velocity component is confirmed by the fact that the poloidal component of the
kinetic energy significantly exceeds its azimuthal component (Fig. 2b), which is associated with the velocity pulsations.
Note that the poloidal velocity pulsations significantly exceed the azimuthal velocity pulsations. At the second stage, the
migration of large-scale vortices across the area of the cell takes place. The pulsations regime is of steady-state character,
which can be seen from the evolution of the kinetic energy (Fig. 2b), where the dashed line shows the mean value. The
calculation lasted for 500 s of physical time. The choice of such computation time was dictated by the fact that it was
found to be sufficient for calculating the characteristics of the pulsations.

(a) (b)

Fig. 2. Time-averaged results for solenoid with current strength I = 20A and frequency fe = 120Hz: vertical velocity
component field in the vertical axial section (a); evolution of flow kinetic energy and its components (b)

The value of the hydrodynamic Reynolds number Re= VzR/ν was determined by solving the problem based on
the average velocity Vz in equilibrium, the cell radius R, and the kinematic viscosity ν. The velocity Vz was averaged
in the regions of the cell marked with black and white dots as shown in 2a. The choice of dots depended on the shape
of the vortex flow.

Typically, the pulsations are estimated by the velocity dependence at some point within the cell. One-dimensional
velocity signals were also analyzed, i.e., a function v(t) was found. In order to avoid searching through all points in
the cell, the velocity profile diagrams were preliminary plotted. For this purpose, the velocity profiles obtained at each
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time step were plotted sequentially within the specified computation time (Fig. 3). Both the visual and quantitative
velocity estimation was performed using a color scale. The velocity profiles were obtained only for the vertical component
of the velocity Vz(x,0,z), with only two values taken for demonstration in the direction of the x-axis, m: 0 and 0.035.
This is due to the fact that at the next stage it is planned to conduct an experimental study of the described process using
sensors of the ultrasonic Doppler velocimeter (UDV). They will be placed at these points and will allow the evolution
of the velocity projection profile to be recorded in the direction of the emitted ultrasonic beam [24]. Figure3a shows
the evolution of the velocity pulsations along the cell.

Analysis of the diagrams over the entire time interval showed that at the initial moment the flow is localized in the
inductor region, in which its intensity reaches the highest value. As the flow evolves, it spreads over a larger volume
of the channel, with the maximum value of its velocity slightly decreasing. The diagrams constructed for the second
(pulsations) mode confirm the presence of pulsations (Fig. 3). It can be seen that at x=0 the intensity of pulsations along
the axis of the cell increases in the region of the highest values of velocity, while in the central plane z = 0 there is a
region of less intense flow and, consequently, weak pulsations (Fig. 3a). Near the wall (x=0.035m), the picture changes:
in the central part of the channel the pulsations are more intensive and accompanied by a change in the flow direction
(Fig. 3b). It is seen that the pulsations are not strictly regular, especially near the wall.

(a) (b)

Fig. 3. Profiles of the vertical velocity component at x=0m (a) and x=0.035m (b); solenoid with current strength I=20A
and frequency fe=120Hz

(a) (b)

Fig. 4. Fourier and wavelet spectra of signals for central (a) and near-wall (b) profiles of the vertical velocity component;
solenoid with current strength I=20A and frequency fe=120Hz

To determine the characteristic frequency of velocity pulsations in the power spectral density (PSD)-frequency
coordinates, the Fourier spectra (Fig. 4) are constructed for the selected velocity profile at points, whose positions are
shown by dashed lines in 3. Since in general the pulsations are of irregular nature, the spectral composition of the velocity
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signal at a point in space changes with time. Therefore, the wavelet transform [25] based on the Morlet wavelet was
used to find the characteristic frequencies of the pulsations. In 4, the Fourier spectra are marked by triangles, and the
integral wavelet spectra of the same signals - by dashed lines. The results indicate that there is a point in the near-wall
profile (Fig. 2a) that demonstrates the presence of the characteristic pulsations frequency. Most of the other points do not
have a pronounced characteristic pulsations frequency. Similar results have been obtained for flows at different values of
the force parameter S. For the sake of visualization, the slopes of the spectra are labeled "–5/3" and "–7/2". The numbers
1, 2, 3 denote spectra corresponding to different values of the coordinate z.

The nature of the pulsations is best demonstrated by the wavelet spectrograms of velocity pulsations (Fig. 5). They
make it possible to trace changes in the structure of flow pulsations with time, which is impossible to do with Fourier
spectra. The absence of dominant horizontal structures suggests in general the absence of regular pulsations of a given
frequency (Fig. 5a). The well-defined horizontal structures of high intensity on the spectrogram correspond to some
predominant frequency in the signal. There can be several horizontal structures,which is indicative of the presence
of several frequencies. In this case, the structures elongated relative to others are observed in the middle part of the
spectrogram and confirm the observation that pulsations with frequencies lying in the interval 0.4–0.6 Hz (Fig. 5b) often
occur in the near-wall region of the flow for a given value of the force parameter S=3.4×104 .

(a) (b)

Fig. 5.Wavelet spectrograms of velocity signals at the point z=0 for central (a) and near-wall (b) velocity profiles; solenoid
with current strength I=20A and frequency fe=120Hz

(a) (b)

Fig. 6.Mean velocity and Reynolds number as the functions of the dimensionless force parameter S (shown for the near-wall
region, see white dot in Figure 2a) (a); Fourier spectra at a fixed point for different values of the force parameter in solenoid
with current strength I=20A and frequency fe=120Hz (b)

In order to elucidate how the characteristic frequency of pulsations changes depending on the magnitude of the force
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parameter, the corresponding graph is plotted. The most rational way to analyze the intensity of the flow is to apply to
the values obtained in the region of its highest velocity (see Fig. 2, black and white points). The Reynolds number was
found to be related to the force parameter by the square root law (Fig. 6a). Presumably, the velocity growth is hampered
by increased turbulization of the flow, which leads to increased dissipation. The absence of curve inflections indicates
that the additional large-scale flowmodes are not formed in the investigated range of the force parameter. The fragment
of 6a also shows a velocity scale for quantitative assessment of the magnitude of the characteristic flow intensity.

Fig. 7. The dependence of the characteristic frequency on the force parameter; solenoid with current strength I=20A and
frequency fe=120Hz

Analysis of the velocity spectra at the white point of the near-wall region (Fig. 2a) obtained for different values of the
force parameter showed that after the linear growth, the characteristic frequency of pulsations increases nonlinearly and is
accompanied by an increase in the intensity of pulsations (Fig. 6b). It turned out that the dependence of the characteristic
frequency of the flow velocity pulsations on S also obeys the square root law (Fig. 7). This confirms the absence of
additional pulsations modes of the highly intensive flow. In the same figure, the scale of the parameter τ , which is the
estimated time of one revolution of a large-scale poloidal vortex, is shown on the right. The inverse value characterizes
the frequency of vortex turnover.

4. Conclusions

The numerical study of the vortex flow in a cylindrical cell has shown that pulsations modes occur in the examined
range of parameters. The analysis of the spatial structure of the flow allowed us to conclude that the main mode of the
large-scale circulation consists of two toroidal vortices, which are clearly visible in the averaged velocity field diagrams.
Such velocity field patterns are characteristic of the flow obtained under the action of an alternating magnetic field in
the studies by other authors (see, for example, [17, 18]).

The velocity pulsations observable in the instantaneous fields are due to the generation of the pulsations mode of the
flow, the scale of which is smaller than the scale of the main mode. The application of the Fourier analysis allowed us to
detect the selected frequency, andwavelet analysiswas used to estimate itsmagnitude. Wavelet spectrograms demonstrated
that the pulsations mode with this frequency does not occur continuously, but a certain number of times per unit time. This
frequency was found to be comparable to the frequency of turnover of a large-scale poloidal vortex (see Fig. 7). Similar
results were obtained for convective large-scale circulation in [21–26]. The dependence of the characteristic frequency of
pulsationson the forceparameterS is of the same formas theReynoldsnumberdependence. Theabsenceof inflectionpoints
on this curve suggests that one mode of large-scale circulation in the parameter range under consideration is predominant.

The spatial analysis of pulsations showed that this characteristic frequency cannot be reliably detected at all points
of the cell. The best result was obtained for the point located in the near-wall region. It is just the region to which
the maximum electromagnetic force corresponds. This gives hope for the possibility of recording the characteristics
of pulsations on the basis of accurate measurement of the winding supply parameters in the future gallium eutectic
experiment with application of an ultrasonic Doppler velocimeter. This will make it possible to verify the mathematical
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model of this process through further development of research described in this paper. The results obtained provide
a basis for the improvement of noninvasive techniques for operative control of some liquid metal properties. Finally,
reliable information on the flow modes arising in the near wall regions of a solenoid of any length opens the way for
developing methods to reduce the undesirable influence of the stirring flow on the process of electromagnetic separation.

The research was carried out at the expense of the grant of the Russian Science Foundation and the Perm Region
№ 22-19-20106, https://rscf.ru/project/22-19-20106/.
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