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Interaction between counter-rotating azimuthal and axial liquid
metal flows in cylindrical channel
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The mechanism of generation of a localized solitary azimuthal vortex in an axial liquid
metal flow is found by numerical simulations. Initially, two counter-rotating magnetic field
inducers create two vortices by electromagnetic forces in the cylindrical channel with an
axial through flow of liquid metal. Beyond a certain threshold of azimuthal forcing, the
second vortex is completely suppressed by the first counter-rotating vortex. The threshold
value is reached when the Reynolds numbers for rotating and axial flows become equal.
The solitary vortex has clear-cut boundaries. After the switch-off the driving forces, the
solitary vortex is frozen in the axial flow when transferred by it.
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I. INTRODUCTION

Vortex and helical flows of electrically conductive media in cylindrical channels are extensively
studied in Magnetohydrodynamics (MHD) [1]. These flows are of interest from both the funda-
mental and applied point of view. For instance, in fundamental research, helical flows of liquid
metal in a cylindrical channel are a subject of intensive theoretical and experimental study of the
MHD-dynamo effect [2]. In these studies, the swirl flows are generated either by a rotating propeller
[3] or a stationary divertor or screw [4].

It is well known that vortical and helical flows of liquid metal in a cylindrical channel can be
created in a noncontact way. This makes it possible to exclude additional devices and parts from the
cylindrical tube. Such flows are driven by electromagnetic forces induced by rotating and traveling
magnetic fields (RMF and TMF) [5], which are generated by external inductors located outside the
channel. Such flows are widely studied in applications related to electromagnetic stirring of melt
during its crystallization [6,7]. Thus, MHD methods provide the easy and most convenient way of
noncontact generation of strong helical flows in liquid metals.

They can be used to create not only a continuous swirl of a through flow, but also a short-time
one. This results in the appearance of spatially localized vortex, which will migrate together with
the flow. By tracking the vortex motion using, again, the electromagnetic methods, the velocity of
the axial transit flow can be evaluated. The problem, however, is that because of traditional use
of RMF, in this case, the vortex will not have distinct boundaries. There is a simple method that
allows the formation of the vortex with clear-cut boundaries. This can be done by using two or more
sequentially located RMF inductors, which provide alternation of rotational directions, as described
in Ref. [8]. The study for a pair of vortices has shown [9] that the boundary between the vortices
is indeed localized in space. However, thus far the behavior of such a pair of vortices in the axial
through flow in the channel is not clearly understood, which is the problem investigated in this paper.

There are a large number of electromagnetic techniques for measuring the velocity and flow
rate of liquid metal [10-13]. The emphasis is placed on studying the processes in conductive
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FIG. 1. Schematic of the channel and flows in spatial, cross-sectional, and axial views: 1, 2: inductors of
RMF; 3: channel; 4: axial cross section; and 5: line segment for plotting the results.

[14,15], inductive [16—18], and Lorentz-force [19,20] flowmeters. A common disadvantage of these
techniques is the need to calibrate them using circuits with a relevant flowmeter. The correlation
method, which is one of the most reliable ways of measuring the velocity and flow rate of liquid
metal, is devoid of this disadvantage. It is based on correlation analysis of some random fluctuations
in velocity or temperature of the flow [21]. Actually, it measures the time it takes for the flow to move
some measurable tracer (marker) from one sensor to another, or, in the other words, it measures the
displacement of a marked Lagrangian liquid particle.

One of the ways to create a localized vortex in the flow is the magnetic obstacle [22]. This method
consists in generating a localized electromagnetic force and, as a consequence, small-scale velocity
pulsations when liquid metal flows through a permanent, spatially localized magnetic field, which
is perpendicular to the flow. The study shows that this technique can be used to measure the velocity
of transit flow based on the correlation analysis of temperature pulsations [23]. The disadvantage
of these techniques is the small region of the flow for measuring the pulsations, which requires
consideration of velocity profile to determine the flow rate. This accounts for the relevance of the
problem of large-scale velocity pulsations generated in the axial through flow of liquid metal and
localized in the direction of the channel axis.

This paper investigates the behavior of vortex flow, which is produced in a cylindrical channel 3
by counter-rotating MF sources 1 and 2 (Fig. 1). The RMFs produce electromagnetic forces that
have azimuthal components f; and f, and less intense radial components. These forces create
primary azimuthal rotating flows V; and V;. In the channel, there is also an axial flows V3 initiated by
an external source. It is shown in Ref. [9] that this pair of azimuthal vortices V| and V, gives rise to
a pair of secondary poloidal vortices V4. The velocity V; is considerably smaller than V;, V;, and V3.
The electromagnetic forces begin to act on the existing stationary flow traveling with the velocity
V3 at a specified time #,. The action of the applied forces on the liquid metal lasts for a prescribed
time period At = t, — #; and is switched out at time #,.

Then, based on the numerical simulation, we model a stationary through-flow regime in the
absence of o electromagnetic forces. This regime is taken as the initial state for calculations, which
are performed with consideration of electromagnetic forces.

The objective of this study is to investigate the behavior of the generated vortex both during its
evolution and during its migration along the flow direction. The major interest is in getting answers
to the following two questions. Is it possible to create a spatially localized vortex against an axial
transit flow? How far can this vortex be carried by the transit flow without significant change? To
answer these questions, we have carried out a numerical investigation using mathematical modeling
and correlation analysis.

II. MATHEMATICAL MODEL

The mathematical model is based on the MHD equations describing the interaction of electric and
magnetic fields with moving electrically conductive media [1]. One equation describes the transport
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of a magnetic field by a moving electrically conductive fluid. The other two equations are the Navier-
Stokes equation, containing the term of electromagnetic force, and the continuity equation.

The reduced formulation the mathematical model equations in the frame of electrodynamics
approach is based on the following estimates. The intensity of magnetic field transfer by a moving
electrically conductive medium is characterized by the dimensionless magnetic Reynolds number
Re,, = Udopup =0.02...0.28, where U is the characteristic velocity of the medium, § = 0.029m
is the value of the skin layer, determined by the depth of penetration of the magnetic field into the
liquid metal [24], o is the electrical conductivity of the medium, and ¢ is the magnetic constant.
Preliminary estimates have shown that Re,, <« 1 for the values reached in this study. This means
that the magnetic field transport by the flow of the electrically conductive fluid can be neglected. In
turn, the strength of the braking effect of an external magnetic field on the flow of an electrically
conductive fluid is described by the dimensionless Hartmann number Ha = Byd+/0 /1 ~ 1, where
By is the characteristic value of magnetic induction, 1 is the dynamic viscosity of the fluid.
Preliminary estimates have shown that Ha <« 10 for the values achieved in this study. This implies
that the magnetic field has no significant braking effect on the flow [1,10,25]. Thus, in this proposed
formulation of the problem, the interaction between the magnetic field and the flow of the conductive
fluid can also be neglected. This allows us to divide the model into two parts: electrodynamic and
hydrodynamic, and to develop separately their mathematical formulations. Thus, the electrodynamic
part of the mathematical model is based on Maxwell’s equations:

VxH=], (1)
_ oB
VXE=——; 2
X ” (2
V.-B=0; 3)
V.-E=0. “)

In these equations, Ampere’s law (1) without taking into account displacement current describes
the generation of magnetic field by the current. In equation (1), J is the density of alternating current
passing through the conducting media, H is the strength of the alternating magnetic field generated
by the alternating current.

The current density varies in time, executing harmonic oscillations with frequency f. The action
of the magnetic field on volumes with media having different values of magnetic permeability
results in their magnetization. In our study, for ferromagnets i = 3 x 103, and for nonferromagnets
it is assumed that © = 1. It is taken into account in the relationship between the magnetic induction
and magnetic field strength B = j0H.

The alternating magnetic field, in turn, generates a vortex electric field £, which is described by
the electromagnetic induction equation (2). The resulting magnetic and electric fields are solenoidal,
which follows from the Egs. (3) and (4). This electric field is the electromotive force, whose action
generates an eddy electric current in an electrically conductive medium. In the problem, there is no
sense to take into account the induction of electric current by an alternating field in ferromagnetic
laminated inductor elements and windings. Therefore, their electrical conductivity was assumed to
be zero.

Under the action of an electric field, an electric current is generated in the conductive medium.
In liquid-metal volume, this process is described by Ohm’s law (5):

j=0E, (5)
with continuity condition for the electric current density (6):

V.j=0. (6)
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The presence of electric current and magnetic field in an electrically conductive medium leads to
the appearance of the net electromagnetic force (7), which should be reasonably taken into account
only in liquid metal

fom =7 xB. )

The normal component of the electric current density is set to zero at the boundary of the liquid
metal. The standard boundary conditions for magnetic induction are set at the boundaries between
regions containing media with different values of magnetic permeability.

The standard boundary conditions are as follows. Since the channel wall is not taken into account
in the calculations, at the boundaries of the liquid-metal region the current density is subject to the
condition of zero normal component. At the interface between the media, the normal component of
the electric field intensity undergoes a discontinuous jump, but the tangential component does not
change. Similar effect is observed in the magnetic field. At the interface between two media, the
normal component of the magnetic field intensity undergoes a sudden jump, while the tangential
component does not change.

The flow of an electrically conducting medium in the electrodynamic approximation is described
by the Navier-Stokes equation taking into account the action of the electromagnetic force (8), as
well as by the continuity equation (9):

3‘7 - N \Y% R . Fem
§+(V-V>V=—7”+v-[<v+v,>(vv+vvn+fp , ®)

V.V =0. )

Here, v is the molecular viscosity, v, is the turbulent viscosity, and p is the density of the liquid
metal. At the side boundaries of the channel, the no-slip condition is prescribed. A turbulent
velocity profile with a mean value V7 is used at the inlet boundary of the region. The length of
the inlet section and the profile pattern do not play a significant role in this problem, because the
electromagnetic force strongly disturbs the flow structure. Indeed, the entry of initially uniform flow
into the region of action electromagnetic forces, gives rise to intensive rotating flow, which stirs the
original flow. At this point the flow completely loses its prehistory, maintaining only the flow rate.
In this sense, the events that happen in the flow in front of the inductor are not critical. At the outlet
boundary, the pressure is set to zero. The large eddy simulation (LES) model of Smagorinsky variant
is used to describe the turbulence (constant Cs = 0.1 because the flow is bounded by the wall).

When selecting a constant, we relied on the experience of working with LES models of turbu-
lence [26]. Since the problem deals with studying the integrity of the vortex as it moves downstream,
we need a model that could best resolve the pulsations [27].

The calculations are carried out in a dimensional formulation without considering the channel
walls. The magnetic fields rotating in opposite directions were generated by inductors 1 and 2
(Fig. 1), whose parameters are described in Ref. [8]. The length of cylindrical cell 3 (Fig. 1)
is L = 1 m, the diameter D = 2R = 0.1 m. The distance between the magnetic field inductors is
M = 0.1 m, the distance from the channel inlet to the plane between the inductors is H = 0.2 m.
Each inductor consists of six windings, which are powered by the alternating current of frequency
f =50Hz with the phase difference 7 /3. For the problem under consideration, the depth of
field penetration into the metal is 0.029 m, or 0.58 - R. The inductors produce a magnetic field
of inductance By in the cell. The duration of the action of electromagnetic forces is At = 25,
and the time, at which they are switched on, is #; = 3s. The following parameters were used
for the liquid metal: density p = 912.2kg/m?, electrical conductivity o = 8.3 MSm/m, kinematic
viscosity v = 0.55 x 107®m?/s.
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The Taylor number (10) is used to estimate the parameters of electromagnetic forces and RMF
and two Reynolds numbers are used to estimate the hydrodynamic processes
2 pd
Ta = 227/ BR (10)
2012

The first Re; = VpR/v defines the intensity of the axial flow that occurs in the absence of RMFs.
Rer is the input parameter, which varied in the range from 0 to 1.8 x 10°. The second one Rey =
VoR/v specifies the intensity of flow, which occurs in the absence of a given axial flow, i.e.,atVr =0
and rotates with characteristic velocity V. For different Taylor numbers, Rey was from 0.5 x 103
to 1.8 x 10°. These dimensionless parameters are given to generalize the results. And the third one,
Re, = V4R/v, characterizes the resulting azimuthal velocity ranging from 5 x 103 to 8 x 10%.

The EMAG and FLUENT packages of the ANSYS software were used to carry out calculations.
All calculations were performed using multiprocessor technology. Electromagnetic forces were
specified through the user defined function interface. To generate a structured mesh and provide
a satisfactory resolution of the calculations at the cylinder boundaries, the computational domain
was divided into several subdomains. The computational domain of the hydrodynamic problem
consists of more than 8 x 10 finite volumes. The average size of one element was 1 = 3 X 103 m,
and the time step was 7 = 0.01s. The Courant number t - #/h used in the numerical simulation
did not exceed 1, where u is the characteristic velocity. This ensured the fulfillment of the stability
condition for the numerical solution. The mathematical model for calculating the electromagnetic
and hydrodynamic processes was verified using the experimental results obtained and described in
Refs. [8,28,29].

III. RESULTS

The present study was based on multivariate calculations were performed in which the intensities
of the azimuthal and axial velocity components, characterised by the quantities Rey and Rey were
varied. Calculations have shown that the most marked change in velocity occurs near the channel
wall. Spatial and temporal diagrams for the profile of the V, velocity component were plotted to
explain the observed processes. In the diagram, the abscissa axis shows time, while the ordinate axis
represents the coordinate along the channel on line 5 shown in Fig. 1. The value of the V;,, component
of the azimuthal rotation velocity is marked with color. The diagram allows us to describe the
evolution of such a velocity profile. Figure 2 shows examples of several diagrams for different Rer
and fixed value of Ta. For Re; = 0 only, the RMF source is placed in the center of the channel where
through flow is absent. In this case, after switching the electromagnetic forces, a pair of vortices is
generated and their twisting is realized in opposite directions, which is an evident outcome Fig. 2(a).
In the case of a weak transit flow, after the forces are switched on, the vortices spin up and begin
to interact with each other Fig. 2(b). The first vortex V; (Fig. 1) runs over the second vortex V,, the
intensity of which decreases. After the forces are switched off, the pair of vortices is carried by the
flow, which is accompanied with a rapidly decrease of their strength and distortion of their shape.

The most interesting effect occurs in the case of a strong transit flow. In this case, the boundaries
of the vortex become more distinct and its shape becomes more perfect [Figs. 2(c) and 2(d)].
Figure 2(d) illustrates the case of the most localized solitary vortex, which is carried by the flow
with almost unchanged structure. Similar results are demonstrated by the time dependencies of
the V, velocity component (Fig. 3), plotted for two different points on the same line 5 (Fig. 1).
In the case of weak transit flow [Figs. 3(a) and 3(b)], the vortex migration can be traced from
the evolution curves, which by themselves are essentially different. This demonstrates significant
changes in the shape of the vortices. In the case of a strong transit flow, the vortex migration is
clearly distinguishable [Figs. 3(c) and 3(d)]. The vortex boundaries are clearly defined on the signal
itself, and the velocity V, rapidly decreases to almost zero value after fast increasing.

In the case shown in Fig. 3(d), the localized solitary vortex is carried by the transit flow along
the channel. Worthy of note is the fact that in this case the liquid metal outside the vortex does
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FIG. 2. Diagrams of velocity V, profile evolution for the following values of axial transit velocity:
(@ Vr =0m/s, (b) Vr =0.2m/s, (¢c) Vr = 0.4m/s, (d) V; = 1 m/s. Results are given for , Ta = 0.56 x 10°.

not rotate in the channel, i.e., the velocity V;, = 0. For this case, the instantaneous fields of the V,
velocity component in cross section 4 (Fig. 1) for some moments of time are shown in Fig. 4. First,
a pair of vortices V| and V, are formed, Fig. 4(a). Then, the second vortex V, is quickly carried
away by the flow, Fig. 4(b), so that instead of a pair of vortices, there remains only one vortex V;
[Fig. 4(c)], which shifts to the region between the RMF sources. After the electromagnetic forces
are switched off, the vortex V) is also carried away by the transit flow, Fig. 4(d).

In the case of strong through flow the duration of the action of electromagnetic force At does
not affect the behavior of the system. Figure 5(a) shows, as an example, the diagram for the velocity
profile V, under a long-time action of forces up to At = 6's for the same value of Rer as was used
in Fig. 2(d). The vortex shape did not change with increasing time of the force action, while the
maximum and minimum values of velocity V, remained unchanged. In turn, the velocity of the
vortex depends on the intensity of electromagnetic forces, which are characterized by the Taylor
number Ta (10). The intensity of azimuthal vortex flow in the absence of axial flow (Rer = 0) is
characterized by the Reynolds number Rey. The results of calculation show that the dependence
of the vortex intensity on closely located sources of electromagnetic forces is close to a linear
relationship, Fig. 5(b), in the investigated range of parameters, as in the work [9]. In this case, the
dependence of the azimuthal velocity in the transit flow, characterized by Rey, on the axial flow
velocity is close to an inversely proportional relationship, Fig. 6(a). The axial velocity reaches its
lowest value at the highest azimuthal velocity. This can be explained both by the strong interaction
of the first V| and the second V, vortices and the growth of the turbulence influence. Turbulence
provides mixing of the entire flow, including the azimuthal vortex, leading to a decrease of its
intensity.

The threshold value of the parameters at which a solitary vortex is formed can be estimated
as follows. Figure 6(b) shows the deviation of the velocity V, from zero in the region far from the
source of RMF as a function of the ratio Rer /Rey. In the regimes Re; < Rey, a significant deviation
of the velocity V,, from zero is observed. In this case, the rotation spreads over the whole space of
the channel with liquid metal, and the signal is obtained in a diffuse form, Figs. 3(a) and 3(b). For
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FIG. 3. The velocity V, component vs time for the following values of axial transit velocity in a couple
points placed on the line 5 (Fig. 1): (a) Vs =0m/s, (b) Vr =0.2m/s, (c) Vr =0.4m/s, (d) Vo =1 m/s.
Results are given for Ta = 0.56 x 10°.
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FIG. 5. (a) diagram of velocity V, profile evolution during longer period At for V7 = 1 m/s. (b) Reynolds
number Re( vs Tailor number Ta.

Rer > Reg at some distance away from the sources of RMFs the rotation of liquid metal in the
intensive transit flow is almost absent, Figs. 3(c) and 3(d). Thus, the transition from one flow regime
to another occurs when Rer and Re are almost equal.

Correlation analysis of signals V, at given pairs of points along the allowed us to estimate the
degree of vortex flow intensity loss. The correlation function for signals at two points V,,(0, y4, 21, 1)

and Vy(0, ya, 22,1) is C(7) = fOT Vy(0, ¥4, 21, )V4(0, ya, 22, t + 7) dt. Here y, determines the posi-
tion of segment 5 in Fig. 1. The function can also be used to define the flow velocity as the ratio of
the distance between points §z = 7 — z; and time 74, determined by the maximum of the correlation
function [30]. Calculations have shown that at low velocities of axial flow (Rey = 0.2, Rey, = 0.4),
the vortex quickly decays during migration along the channel. This leads to a blurring of the shape
of the vortex. Correlation analysis shows a significant decrease in the maximum of the correlation
function even at small distances 6z [Fig. 7(a), blue and orange colors]. Thus, the solitary vortex does
not keep its shape in weak transit flow.

For a strong transit flow, the correlation function is close to unity at a distance 8z up to half a
meter [Fig. 7(a), red and green colors]. The magnitude of the correlation function also exceeds the
value of 0.9 and for slower flows (Re4 = 0.6, Re4 = 0.8) in a narrow range of values 6z < 0.2 m.
Thus, in this configuration, the solitary vortex in a strong through flow retains its perfect shape at a
distance up to the center of the channel. The dependence of the correlation coefficient value on the
Rer /Rey ratio reaches saturation at Rey > Rey, Fig. 7(b). Figures 6(a) and 7(b) show the regions of
high, moderate, and low correlation in color. These regions actually determine the parameters that
influence the formation of a solitary vortex in a strong through flow.
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FIG. 6. (a) The maximum of velocity V, component V, vs axial transit velocity Vy. (b) Difference 6V,
between the V, velocity and zero in the region of the channel placed outside the region of RMFs acting:
1 —Ta=0.56 x 10°;2 — Ta = 1.68 x 10°.
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FIG. 7. (a) Maximum of correlation function vs distance between couple points placed on the line 5 (Fig. 1)
for a several values of Rey/Rey relation which indicated by numbers, Ta = 0.56 x 10°. (b) Maximum of
correlation function vs Re; /Re, relation, dots for Ta = 0.56 x 10°, triangles for Ta = 1.68 x 10°. Here and
on the Fig. 6(a) colored regions corresponds to the correlation function values: 1: smaller than 0.9; 2: smaller
than 0.95; 3: larger than 0.95.

IV. SUMMARY

The main finding of the study is the discovery of a flow regime, which provides the existence of
a solitary vortex in a transit flow. The axis of rotation of the vortex is aligned with the axis of the
cylindrical channel. This vortex is localized in the direction of the axis, i.e. has sharp boundaries.
The important thing is that initially two vortices are created in the channel, and eventually only
one vortex is left. This process can only be implemented in a noncontact manner using the
electromagnetic forces generated by inductors of rotating magnetic fields.

The study performed reveals the region of parameters providing the formation of a solitary
rotating vortex. For different ratios of azimuthal and axial flow intensities, the flow pattern is as
follows. The electromagnetic forces initially generate two vortices rotating in different directions in
the channel at any values of axial velocity.

At low intensity of the axial flow, the rotating vortex made by RMFs propagates a considerable
distance along the channel Fig. 8(a). Simultaneously, both vortices are carried by a slow axial
through flow. Furthermore, the intensity of the second downstream vortex V, slightly decreases due
to the nonlinear interaction with the first overrunning vortex V;. The shape of the vortices becomes
washed out as they migrate downstream. The boundary between these vortices is always blurred.
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FIG. 8. Schematics of the rotating flow evolution stages (from top to bottom) for (a) weak and (b)
strong axial transit flow V7.
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This is confirmed by the fact that the correlation analysis of the azimuthal velocity gives a low value
of the correlation function between two points along the channel Fig. 7(b).

At high intensity of the axial flow, the process changes significantly. The second vortex V, is
completely suppressed by the first vortex Fig. 8(b). The vortex V| propagates along the flow within
a distance to the boundary between the RMFs. After completion of the transient period, it exists
in a stationary state during the time of the action of electromagnetic forces Af. The intensity of
the azimuthal velocity becomes smaller than in the previous case due to the nonlinear interaction
between the flows. The vortex V; is localized in the space M between the regions of generation
of counter-rotating vortices by electromagnetic forces Fig. 5(a). The rotating vortex has clear-cut
boundaries. In the flow regions before and after the vortex generation, the vorticity is close to zero.
After the switch-off the electromagnetic forces, the vortex V; is carried by the axial flow along the
channel.

At intermediate values of the axial flow, the vortex shape is less perfect, and in the channel region
behind the vortex there is a residual rotation of the fluid. It is possible to determine a threshold value
of axial velocity, at which a solitary vortex is formed. When this value is exceeded, the velocity of
the residual rotation of the fluid becomes close to zero Fig. 6(b). The calculation showed that the
threshold value is reached near the equality of Reynolds numbers Rey ~ Rer.

The degree of the solitary vortex formation is determined by the correlation analysis of its
transport along the flow after the switch-off of the forces. A high level of correlation between the
azimuthal velocity signals at points along the channel, Fig. 7(a), indicates a good localization of the
vortex. In this case the value of the axial velocity evaluated by correlation analysis is close to the
actual value of the through flow velocity. This confirms that the vortex transport is similar to passive
impurity transport. In this case, the vortex acts as a solitary Lagrangian marker frozen in the flow.

Such behavior of the system is not observed over the entire range of parameters. At high axial
velocity, a high level of turbulence leads to a disturbance of the perfect solitary vortex shape. In
our further research we plan to find how the imbalance of the electromagnetic forces, as well as the
variation of their spatial parameters influence the process.

Thus, the measurement of the liquid-metal velocity can be implemented in the following way.
Using the proposed technique a localized solitary vortex with intense azimuthal component is
created. With an appropriate selection of parameters, after switching out the forces, the structure
of the vortex transported by the flow remains almost unchanged. To measure the flow velocity, it
is necessary to place two sensors on the outer surface of the channel at a distance of L, from each
other. The sensors are brought into action as soon as the vortex passes by. Knowing the time interval
between the activations of two sensors At,, we can determine the velocity of the solitary vortex
V = L,/At,, and hence of the flow [21]. The measurement can be made with the induction sensor
described, for example, in Ref. [31]. The main advantage of the technique is that it does not require
calibration. Thus, the practical usefulness of the technique lies in the possibility of its application
for noncontact measurement of liquid metal velocity. Perhaps it will contribute to the stability of the
solitary vortex shape and extend the range of parameters ensuring its perfect form.
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