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ABSTRACT
The use of low electrically conducting liquids is more and more widespread. This is the case for molten glass, salt
or slag processing, ionic liquids used in biotechnology, batteries in energy storage and metallurgy. The present
paper deals with the design of a new electromagnetic induction device that can heat and stir low electricallyconducting liquids. It consists of a resistance-capacity-inductance circuit coupled with a low-conducting liquid
load. The device is supplied by a unique electric power source delivering a single-phase high frequency electric
current. The main working principle of the circuit is based on a double oscillating circuit inductor connected to
the solid-state transistor generator. This technique, which yields a set of coupled oscillating circuits, consists of
coupling a forced phase and an induced phase, neglecting the influence of the electric parameters of the loading
part (i.e., the low-conductivity liquid). It is shown that such an inductor is capable to provide a two-phase AC
traveling magnetic field at high frequency. To better understand the working principle, the present work improves
a previous existing simplified theory by taking into account a complex electrical equivalent diagram due to the
different mutual couplings between the two inductors and the two corresponding induced current sets. A more
detailed theoretical model is provided, and the key and sensitive elements are elaborated. Based on this theory,
equipment is designed to provide a stirring effect on sodium chloride-salted water at 40 S/m. It is shown that such
a device fed by several hundred kiloHertz electric currents is able to mimic a linear motor. A set of optimized
operating parameters are proposed to guide the experiment. A pure electromagnetic numerical model is presented.
Numerical modelling of the load is performed in order to assess the efficiency of the stirrer with a salt water load.
Such a device can generate a significant liquid motion with both controlled flow patterns and adjustable amplitude.
Based on the magnetohydrodynamic theory, numerical modeling of the salt water flow generated by the stirrer
confirms its feasibility.
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1 Introduction
The field of magneto-hydro-energetics (MHE) couples fluid mechanics, electromagnetism and
heat transfer. MHE can be applied to various electrically conducting fluid media, for example,
liquid metals, electrolytes, molten oxides, ionic liquids [1–3], ionized gases or plasma. Such a field
concerns various applications from astrophysics to industrial processes on a wide range of scales.
Many industrial processes involve AC magnetic fields. Induction effects are widely used in the
area of processing of conducting liquid materials. The most widespread applications are induction
heating and stirring of liquid metals such as steel, aluminium during their elaboration. As far as
low conducting liquids are concerned, the applications deal with molten salt, electrolyte or molten
glass processing. For example fluoride salts are used as electrolytes in aluminium reduction cells as
well as coolant fluids in molten salt reactors [1–11]. Low conducting ionic liquids are also involved
in energy storage, electrolyte materials for Li/Na batteries and biotechnology applications [2,3].
The most important advantages of induction devices are the fast heating speed, the good
efficiency of the process and the absence of electrical/chemical contact and pollution between
the melt and the heating device. The latter advantage is crucial when high-temperature liquids
are considered.
The electrical conductivity of low-conducting liquid materials is rather low, as shown in
Tab. 1. Their electrical conductivity is mainly related to the mobility of ions in the bath. It may
strongly depend on the temperature, e.g., molten oxides or salts, and to a lesser extent on the
frequency of the applied electric currents. Efficient coupling between an AC magnetic field and a
low-conducting load, i.e., heating and stirring by Lorentz forces, requires the use of high-frequency
fields. Optimum coupling conditions occur when the electromagnetic skin depth is on the order
of the pool diameter [1]. Specifically, the optimum coupling, both for single-phase and multiphase
magnetic fields, is determined by the ratio of the electromagnetic skin depth δ to the size D of
the domain, namely

1/2
1
δ=
≈ 0.2 − 0.5D
(1)
π μ0 σ f
μ0 , σ and f , respectively, denote the permeability of the vacuum, electrical conductivity and
applied magnetic field frequency. For example, let us consider a NaCl aqueous electrolyte in a
0.3 m-diameter vessel. According to the above criterion, significant coupling is obtained when the
frequency is of the order of f = 282 kHz for σ = 40 S/m and δ/D ≈ 0.5.
Table 1: Typical electrical conductivities of some materials in the liquid state [2–10]
Electrical conductivity σ (S/m)

Material
(2050◦ C)

Aluminum oxide
Molten lithium niobate LiNbO3 (1250◦C)
Molten sodium chloride (801◦ C)
Lithium fluoride (850◦ C)
Molten glasses (1200–1500◦C)
Ionic liquids (e.g., aqueous electrolytes)

1500
130–200
80–300
878
1–10
0.1–140
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The present publication is a continuation of preliminary works performed by Ernst et al. [4].
Its purpose concerns the design of high-frequency multiphase electromagnetic stirrers. Since multiphase generators working at high frequencies are not available, a special design of the ensemble
including generator-capacitor-load is needed.
Ernst et al. [4] provided some elements in order to design a two-phase magnetic field device
with several hundred kilohertz mimicking a linear motor. Ernst et al. [4] proposed the main working principle of the double oscillating circuit inductor connected to the solid-state transistor generator to form the equipment delivered by CELES Company. This technique, which yields a set of
coupled oscillating circuits, consists of coupling a forced phase and an induced phase and neglects
the influence of the electric parameters of the loading part (i.e., the low-conductivity liquid).
To better understand the working principle, the present work improves the previous simplified
theory by taking into account a complex electrical equivalent diagram due to the different mutual
couplings between the two inductors and the two corresponding induced current sets. A more
detailed theoretical model is provided, and the key and sensitive elements are elaborated. Based
on this theory, equipment is designed to use sodium chloride-salted water at 40 S/m to provide a
stirring effect. A pure electromagnetics numerical model is presented. Numerical modelling of the
load is performed in order to assess the efficiency of the stirrer with a salt water load.
The present electromagnetic model includes the two inductors coupling to the salt waterinduced charge and all the electrical circuit elements connecting the two inductors to the different
capacitors, connection inductances, and generator. This model is applied to a frequency sweeping
study, which clearly shows the different resonance peaks corresponding to the different working
resonance frequencies caught by the generator during the reception tests. Then, it is explained how
the transistor generator can switch from one resonance frequency to another resonance frequency
and the consequences of the two inductor currents (module difference, phase shift, etc.). Finally, in
Section 4 an analytical theory based on the transformer theory is presented that is inspired by the
former simplified analytical theory. It is nevertheless more complex since it takes into account the
different couplings between the two inductors and the corresponding two sets of induced currents
in the salt water, as in the numerical model. The latest numerical model and improved analytical
model provide a better understanding of the experimental behavior of the equipment and, in turn,
improved mastery of the whole process during stirring operations.
In Section 5, detailed numerical modeling of the experimental set-up is presented. It demonstrates that the traveling magnetic field is able to generate a liquid motion. This is confirmed by
some experimental results obtained in a former identical installation, which consists of a salt water
cylindrical tank with a diameter of 0.30 m and a height of 0.35 m (Section 6).
2 The Double-Phase Magnetic Traveling Field Stirring Installation
The installation (Fig. 1) includes a 25 kW high frequency transistor solid state converter
generator feeding a set of two parallel oscillating circuits, with each consisting of a capacitor
battery and an inductor. Each inductor is made of two turns connected in series-opposition, thus
providing a “four-poles” magnetic field configuration. The two identical inductors, corresponding
to the two electrical phases producing the magnetic traveling field, as in a linear motor, are
situated with one inserted into the other, and one inductor can be shifted vertically with respect to
the other so that their mutual inductance can be adjusted to reach the optimal electrical working
conditions, producing equality between the two inductor current modules and 90◦ phase shift,
which produces a vertical double-phase traveling magnetic field. As the transistor generator is
single phased (which is the case for all high-frequency induction generators), only one oscillating
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circuit is connected to the generator, while the other oscillating circuit is excited by the first due
to the mutual inductance between the two inductors (see, for example, Fig. 2). Finally, these two
inductors are coupled to an induced charge, which is produced by low electrically conducting salt
water that mimics some ionic liquids in terms of electrical conductivity (NB. Salt water is an
example of ionic liquid). This salt water is contained in a 30 cm-diameter plexiglass container.
A nomenclature is provided in Appendix in order to ease the reading.

Figure 1: Double-phase magnetic traveling field stirring installation

Hot salt water Induced
(σ = 40 S/m)
phase Forced
phase
I2
L a = 0.35 µF
17
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C 2 = 0.22 µF
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Figure 2: Simplified electrical diagram of the COMSOL model
3 Numerical Model of the Double-Phase Inductor with Connection to the Generator and Resonance
Frequency Determination
The simplified electrical diagram of the COMSOL™ model is shown in Fig. 2 along the current component values from the experimental tests. The lower forced phase (in red) is connected to
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the generator output with a Vg = V1 = 1000 Vr.m.s. feeding voltage of the forced-phase inductor.
Each forced and induced phase turn is a 10 mm-high current layer for the best fitting with the
experimental forced and induced inductances (each of these inductance values alone (without
coupling with the other, meaning that the other is an electrically open circuit) is approximately
1.55 μH). To these forced and induced inductances, two connection inductances of La = 0.35 μH
each are added, which gives a total inductance of each phase (L1 or L2 ) of approximately
L = 1.9 μH corresponding to the experimental measurements. The two oscillating capacitors are
C1 = C2 = 0.22 μF. With a vertical shift of d = 70 mm (the latter value is adjustable to search
the best settings), the mutual inductance M is approximately M = 0.2 μH, which is approximately
10% of L. The hot salt water conductivity is taken as σ = 40 S/m.
The main result of frequency sweeping is displayed in Fig. 3, which shows the Ztr real part
and Zti imaginary part of the global impedance Zt = Vg /ig of the whole double-phase circuit
seen from the generator output for an adjustable shifting “d” distance of 70 mm, which was
set for the experiment. Three possible resonance frequencies correspond to the zero crossing of
Zti : f 1 = 238 kHz, f 0 = 252 kHz and f 2 = 265 kHz. f 1 and f 2 are parallel resonance frequencies
corresponding to a maximum of Ztr . f 0 (which corresponds only to the forced phase alone
the resonance frequency) is a series resonance frequency corresponding to a minimum of Ztr .
The generator, owing to an internal phase-locking loop (PLL) that seeks the resonance frequencies
by up-and-down sweeping, always locks onto a parallel resonance frequency, which is either
frequency f 1 or f 2 . More precisely and for the purpose of natural commutation of the transistors,
the generator locks on one of two frequencies, f 1 or f 2 , which are each slightly bigger than f 1
and f 2 , and this slight shift corresponds to a capacitive behavior of Zt with a −18◦ phase shift of
Vg /ig . When the adjustable distance between the two inductors becomes too big (corresponding
to a mutual inductance that is too small), instability occurs, and the working resonance frequency
suddenly switches from f 1 (or f 1 ) to f 2 (or f 2 ). As f 1 and f 2 are very close to f 1 and f 2 ,
respectively, for the next calculations, we can consider that the generator works at either f 1 or f 2 .

Figure 3: Real (Ztr ) and imaginary (Zti ) parts of the total impedance Zt seen from the generator
In Tab. 2, the main results are summarized for the three resonance frequencies, f 1 , f 0 and f 2 .
According to the 3rd and 5th columns, for the two resonance frequencies f 1 and f 2 onto which
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the generator locks, the I2 /I1 modules ratio is close to 1, and the phase shifts of I2 with respect
to I1 are respectively −20◦ and −170◦ . This phase shift, even if it is small compared with the
−90◦ optimal value (it will increase when the salt water becomes hotter), is sufficient to produce
an upward magnetic traveling field to stir the salt water (note that this upward stirring can be
reversed to downward stirring if the two phases are inversed with respect to the generator by
keeping in mind that it is an asynchronous linear motor).
Table 2: Main numerical model results
Pch (kW)
I1 (A peak)
mod (Zt ) ()
L1 (μH)
Pt (kW)
I2 (A peak)
mod (I2 /I1 )
phase (I2 /I1 )
(degrees)
Rt (m)

Frequency (kHz)

f 1 = 238 kHz

f 0 = 252 kHz

f 2 = 265 kHz

Power induced in the salt water
Forced-phase current
Module of the Zt impedance seen from the
generator
Total inductance seen from the forced phase
(including La = 0.35 μH of the connections)
Total power (forced and induced phases and
coupling in salt water)
Induced-phase current
I2 and I1 modules ratio
Phase shift of I2 with respect to I1

14.4
32 − 461i
43.7

79.5
223 − 505i
6.3

6.4
24 − 511i
58.7

2.05

1.45

1.75

22.4

156

16.7

−125 − 439i
0.98
−20

−1912 + 118i −114 + 496i
3.5
0.99
−117
−170

Total resistance “seen” from the generator
(= Pt /I21rms )

210

1027

128

4 Improved Analytical Model of the Coupled Circuits
In the present model, we will take into account all the possible couplings between the two
forced and induced coils and the two corresponding sets of induced currents. These two sets of
induced currents can be considered as real forced and induced inductors and as virtual coils that
are similar to the “images” of the real forced and induced inductors and have the corresponding
resistance, self-inductance and mutual inductance relative to the other elements. This is sketched
in Fig. 4, with the different couplings corresponding to the different mutual inductances defined
between the inductors and induced current virtual coils (for clarity, the induced charge is set out
of the inductor coils). The electrical equivalent circuit of the whole system in Fig. 2 is represented
in Fig. 5. As the system is supposed to be symmetric between the forced phase and induced phase,
implying that homologous parameters are the same, the magnitudes in Figs. 4 and 5 are defined
in Tab. 3 (when necessary and for convenience of notation, the indices i and j are used for the
forced and induced phases).
Without taking the C1 capacitor into account in the first state, the rest of the electrical
diagram in Fig. 5 can be considered as a multi-secondary transformer whose primary is the forcedphase (1) Coil (connected to the generator) and whose secondaries are the induced-phase (2) Coil
(connected to capacitor C2 ) on the one hand and the two induced virtual coils (connected in short
circuit and coupling to all the other circuits) on the other hand.
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Figure 4: Sketch of the two coupled inductors and induced-current virtual coils
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Figure 5: Electrical equivalent diagram of the whole double-oscillating circuit (the generator is
connected to the A and B terminals)
Thus, the classical transformer equations of the system (the C1 capacitor is not yet taken into
account) for the forced phase (1), the induced phase (2) and the two induced-current virtual coils
are as follows:
V1 = RI1 + jLωI1 + jM12 ωI2 + jM1c1 ωIc1 + jM1c2 ωIc2
0 = RI2 + jX2 I2 + jM12 ωI1 + jM2c1 ωIc1 + jM2c2 ωIc2

(2)
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with : X2 = L2 ω −

1
1
= Lω −
=X
C2 ω
Cω

(3)

0 = Rc Ic1 + jLc ωIc1 + jM1c1 ωI1 + jM2c1 ωI2 + jMc1c2 ωIc2

(4)

0 = Rc Ic2 + jLc ωIc2 + jM2c2 ωI2 + jM1c2 ωI1 + Mc1c2 ωIc1

(5)

Table 3: Definitions of electrical parameters
Symbol

Quantity

L1 = L2 = L
C1 = C2 = C

Self-inductance of the forced phase (alone) or induced phase (alone)
Capacitors connected to the forced and induced phases to form the
double-oscillating circuit system
Resistances of forced and induced-phase coils
Self-inductances of the respective induced-current virtual coil c1 and
induced-current virtual coil c2
Resistances of induced-current virtual coils c1 and c2
Mutual inductance between the forced phase (1) and induced phase (2)
Mutual inductance of one phase (1 or 2) and the corresponding induced-current
virtual coil (respectively, c1 or c2)
Mutual inductance of one phase (1 or 2) and the crossed induced-current
virtual coil (respectively, c2 or c1)
Mutual inductance between induced-current virtual coils c1 and c2
Currents of forced-and induced-phase coils 1 and 2
Currents of induced-current virtual coils c1 and c2
Generator feeding voltage
Pulsation and frequency (with ω = 2π f)

R1 = R2 = R
Lc1 = Lc2 = Lc
Rc1 = Rc2 = Rc
M12
Mici
Micj
Mcicj
I1 , I2
Ic1 , Ic2
V1 (= Vg )
ω and f

Eqs. (4) and (5) can be simplified because the electromagnetic skin depth in the salt water
is on the same order of magnitude as the container radius; thus, one can show that Rc  Lc ω
and Rc  Mcicj ω. The former four equations will be combined to obtain a general expression
relating V1 to I1, which is similar to bringing back all the secondaries to the primary forced-phase
coil. This gives the whole impedance Zfi (ω) = V1 /I1 . The purpose is to calculate the resonance
pulsations ω0 , ω1 and ω2 (which are, respectively, corresponding to f 0 , f 1 and f 2 ). As ω0 , ω1 and
ω2 are very close to each other, instead of the variable ω, we use a reduced variable x defined
as follows:
x=

ω
ω0 2f
=
−
ω0
ω
f0

f is the positive or negative small-frequency shift with respect to the central resonance
frequency f 0 . Note that f 0 is considered as the reference frequency corresponding to the resonance
frequency of one phase alone (forced or induced phase), for which x = 0. To combine the former
transformer equations into a condensed form, some specific terms are also defined in Tab. 4.
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Table 4: Specific definitions of transformer equations terms
Symbol

Quantity
2 ω2

Rcii =

Mici
Rc

Rcij =

Micj 2 ω2
Rc

Resistance of an induced-current virtual coil (ci) seen from its
corresponding inductor (i) that faces (ci) (this is a direct coupling
between a phase (i) inductor and an induced-current virtual coil (ci))
Resistance of an induced-current virtual coil (cj) seen from the other
corresponding inductor (i) (this is a “crossed” coupling between a
phase (i) inductor and an induced-current virtual coil (cj))


Mici 2 + Micj 2 ω2
= Rci + Rcij Summation of Rcii and Rcij
Rrcs =
Rc

2Mici Micj ω2
Rrcp =
= 2 Rcii∗ Rcij
Two times square root of Rcii * Rcij
Rc
Rts = R + Rrcs
Total resistance of one phase (either forced or induced) including
direct and crossed couplings in salt water
2 ω2
M12
K=
Coupling coefficient bringing the induced phase (including direct
(R + Rrcs)2 + X 2
and crossed coupling in salt water) back to the forced phase (in
terms of transformer theory)
Rrcp
Ratio of Rrcp and Rts
QR =
Rts
M12
Ratio of the mutual inductance of the forced or induced phase and
σ=
L
self-inductance of each phase


1
ω0 = √
LC
1
√
f0 =
2π LC
Lω0
Q0 =
Rts

Resonance pulsation of the forced phase alone (considered as a
reference resonance pulsation)
Reference resonance frequency corresponding to ω0
Overvoltage coefficient of one phase (ratio of reactive and active
powers)

Using the notations above and assuming that ω/ω0  1, we obtain an expression
with x as the reduced variable as follows:
⎤
⎡
⎡
σ 2 Q0 2 −QR 2 −2QR σ Q0 2 x
2QR σ − QR 2 −σ 2 Q0 2
V1
⎦ +jω ⎣L−L
Zfi (x) =
= ⎣Rts+Rts
I1
1+Q0 2 x2
1+Q0 2 x2

of Zfi (x)
x

⎤
⎦

(6)

This is the whole impedance of the forced and induced system seen from the forced-phase
coil, showing the resistive part and the reactive part. By putting this impedance in parallel with the
C1 (= C) capacitor, we obtain the total impedance Zt seen from the generator (Zt = V1 /ig = Vg /ig ):
Zt (x) =
with:

T1 + jT2
T3 + jT4

(7)
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2

−2σ + QR x
L
σ 2Q0 x
T1 =
+ QR
∗ 1+
2
2
Rts C
1 + Q0 x
1 + Q0 2 x2
T2 = −Q0 Rts ∗ 1 +
σ 2Q0

σ 2Q0

2

− QR

1 + Q0 2 x2

2


(8)

QR + 2σ Q0 2 x


(9)

1 + Q0 2 x2

QR + 2σ Q0 2 x

− QR
1 + Q0 2 x2
1 + Q0 2 x2



−2σ + QR x
σ 2 Q0 2
x + QR
T4 = Q0 ∗ 1 −
1 + Q0 2 x2
1 + Q0 2 x2
T3 = 1 +

(10)

(11)

The induced-to-forced-phases currents complex ratio I2 /I1 can also be written with the former
notation as follows:
I2
(QR + σ Q0 2 x) + jQ0 (σ − QR x)
=−
I1
1 + Q0 2 x2

(12)

The three resonance frequencies are given by canceling the imaginary part of (7), which
requires the solution of a 3rd-degree equation with the x variable. The solutions, after some
simplifications due to small terms that can be neglected (this is shown in the numerical application
with experimental values), are x1 = −σ , x0 = 2

QR
σ Q0 2

≈ 0, x2 = +σ , which correspond to the three

resonance frequencies f 1 , f 0 and f 2 , respectively. For these three solution values, we obtain a
literal expression of the global equivalent inductance Leq (from the imaginary part of Zfi ), global
equivalent resistance Req (from the real
part

 of Zfi ), total impedance module of Zt , which can be
simply deduced by mod (Zt ) = Leq / Req C , I2 /I1 currents complex ratio, module ratio and phase
shift, which are summarized in Tab. 5. Note that some terms are approximated according to the
experimental values.
Table 5: Main analytical calculation results
Parameter

Solution 1

Solution 2

x

−σ

−2

Frequency
Leq

f0 ∗ (1 − σ/2)
L+M

f0
L

Req

2Rts (1 + QR ) ≈ 3 Rts


Leq / Req C
1 + QR
1−j
σQ0



1 + QR 2
1+
σQ0

Rts 1 + σ2 Q0 2 ≈ 10 Rts


Leq / Req C

R
tan−1 − 1+Q
σQ

tan−1

mod(Zt )
I2 /I1
mod(I2 /I1 )
Phase(I2 /I1 )

0

QR
σQ0 2

≈0

−QR − jσQ0
σQ0
σ Q0
QR

Solution 3
+σ
f0 ∗ (1 + σ/2)
L−M
2Rts (1 − QR ) ≈ Rts


Leq / Req C
1 − QR
−1 − j
σQ0



1 − QR 2
1+
 σQ0 
1 − QR
−π
tan−1
σQ0
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The experimental values of the different components in Fig. 5 which are obtained either
from either preliminary measurements (mainly by the capacitive discharge method owing to an
impedance-meter) or from the previous numerical COMSOL™ model are then applied. The main
results are provided in Tab. 6. These values are for the most part very close to the homologous
values in Tab. 2, which shows that the analytical model is sufficiently accurate and greatly aids
in understanding the process at work. As explained previously, the generator works by locking
on either frequency f 1 or f 2 , which correspond to either −25◦ or −170◦ I2 /I1 phase shift. The
experiment which will be presented in the companion paper shows that after sufficient heating of
the salt water, these “double-phase traveling field configuration” conditions are even improved (the
I2 /I1 phase shift become closer to −90◦ ).
Table 6: Main analytical calculation results
Parameter

Solution 1

Solution 2

Solution 3

x
Frequency (kHz)
Leq (μH)
Req (m)
mod(Zt ) ()
I2 /I1
mod(I2 /I1 )
phase(I2 /I1 ) (degrees)

−0.11
239 (= f 1 )
2.05
309
30
1 − 0.47j
1.1
−25

−0.011
252 (= f 0 )
1.85
1030
8
−0.48 − 3.1j
3.1
−99

+0.11
265 (= f 2 )
1.65
103
73
−1 − 0.17j
1.01
−170

5 Modeling of the Magnetohydrodynamic Problem
To assess the capability of the stirring device, full magnetohydrodynamic numerical modeling
is performed. Fig. 6 provides a sketch of the computation geometry, which comprises a salt
water load surrounded by the two-phase coil. The geometry is 2D-axisymmetric. A widely-used
Multiphysics finite-element software COMSOL™ (https://www.comsol.com/release/5.6) is used to
calculate in a coupled way the magnetic field, Joule dissipation, electromagnetic forces, temperature field and electromagnetically driven flow in the load. The working parameters and physical
properties are reported in Tab. 7. The detailed mathematical description of the model (equations, boundary conditions and main numerical data are summarized in Appendix 2. A transient
protocol is used to calculate the flow and temperature fields, respectively from rest and room
temperature. Indeed, because of the efficient Joule heating of the bath, its temperature rises quite
rapidly, and the computations must be stopped before 300–400 s.
Numerical results are presented in Figs. 7–9. Fig. 7 shows the magnetic field distribution in
the load and around the coils, whereas Figs. 8 and 9 illustrate the liquid motions. Fluid flow is
generated by both electromagnetic forces and buoyancy. In both cases, the flow pattern consists
of a single vortex in a meridian plane. Nevertheless, the velocity magnitudes are different. Natural
convection due to Joule heating is localized mainly along the vertical walls because of the skin
depth effect. Accordingly, buoyancy leads to an upward motion along the vertical walls, whereas
the traveling magnetic field may be upward or downward. In Fig. 8, electromagnetic forces are
oriented downward. Thus, the electromagnetic forces are opposed to buoyancy, and the velocity
magnitude is less than that in the case of an upward traveling magnetic field presented in Fig. 9.
Note that the maximum phase shift was used (I2 /I1 phase shift imposed to −90◦ for upward
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configuration and +90◦ for downward configuration of the traveling field). Reaching such a value
in practice is difficult.
Insulating
container

Salt water

Double phase
inductor

180

d = 126
Induced (adjustable
phase shift)

340

180

Forced
phase

10
34

10

5

310

Imposed current
density layer

Figure 6: Sketch of the computation geometry
Table 7: Values of the parameters used in the computations
Parameter

Numerical value

Pool diameter
Pool height
Electrical conductivity for T = 293 K
Liquid dynamic viscosity (T = 293 K)
Liquid density (T = 293 K)
Thermal conductivity (T = 293 K)
Thermal expansion coefficient
Coil frequency
Phase shift I2 /I1 between phases

0.300 m
0.340 m
20 S/m
0.0018 Pa s
1003 kg/m3
0.55 W/m2 /K
4.5 × 10−4 K−1
230 kHz
−90◦ up configuration/+90◦ down
configuration
Pole pitch of the equivalent linear motor
70 mm
Electrical current per turn for the double-phase configuration 884 A (r.m.s.)
(corresponds to P = 25 kW injected in salt water)
Joule power dissipated on the load for both the single- and 25 kW
two-phase systems

The latter results are confirmed by an analysis of the order of magnitude of the various forces
and flow velocity. The typical computed magnetic flux density amplitude along the pool wall is
approximately 10 mT. In the present geometry, the pole pitch is 126 mm; hence, the value of the
synchronous velocity Vs is 5.8 × 104 m/s. The order of magnitude of the pumping body force Fem
is such that [10]:
1
N
Fem = σ Vs B0 2 = 116 3
2
m

(13)
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This a quite a low value compared with the liquid metal stirring forces but can be sufficient to
stir an electrolyte. Indeed, balancing the fluid inertia and the electromagnetic body force provides
an upper bound on the liquid velocity Uem [12], namely,

DFem
m
Uem =
= 0.13 ,
(14)
2ρ
s
where ρ and D, respectively, denote density and the pool diameter.

Figure 7: Magnetic field lines

Figure 8: Flow pattern driven by both electromagnetic downward stirring and natural convection
acting in opposite directions. The maximum velocity is 5 cm/s
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Figure 9: Flow pattern driven by both electromagnetic upward stirring and natural convection
acting in the same direction. The maximum velocity is 10 cm/s
The above estimate is in accordance with the numerical modeling. The numerical results
confirmed by the analysis of the order of magnitude indicate that the electromagnetic device may
be efficient in acting on a low-conducting liquid.
6 Former Experiment Results
A former similar stirring installation has been designed in 2004 [4] with the same double phase
inductor connected to a triode generator working at about the same frequency. The salt water
filled tank was identical to this presented in this paper. Small hollow silver coated glass spheres
were immersed in the water in order to show the stirring path thanks to their tracking. To do
this a vertical meridian plane in the salt water was illuminated with a vertical slot projected by a
slide projector. This vertical meridian plane was then photographed with an exposure time of a
few seconds thus showing the glass spheres trajectory whose length is proportional to the velocity.
With the triode generator it was possible to almost reach the optimal double phase stirring
conditions (mod(I2 /I1 ) and phase (I2 /I1 ) respectively close to 1◦ and −90◦ ). Fig. 10 shows the
observed stirring in the enlightened meridian plane for a power level of about 6 kW injected in the
salt water and a frequency of 230 kHz. Note that during the experiment a significant temperature
rise occurs due to induction heating. Thus, the electrical conductivity varies from S = 20 S/m at
room temperature (T = 20◦ C) to S = 40 S/m at the end of the experiment (T ∼ 60◦ C).
The well-organized flow pattern results from additive vertical both upward natural thermoconvection and electromagnetic stirring forces in the peripheral tank area, as shown by the
numerical model in Fig. 9. The longest observed spherical particles trail corresponds to a velocity of about 3.5 cm/s which shows the ability of this double phase inductor to produce an
efficient stirring.
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Figure 10: Photos of the bulk stirring observed in the upper half [A] and the lower half [B] of
the salt water pool
7 Conclusions and Perspective
A high-frequency traveling magnetic field apparatus has been designed. After optimizing the
operating parameters, the output power of the generator can be as high as 25 kW. The power
of the generator clearly dynamically changes with the impedance of the circuits. The closer the
impedance of the external circuit is to the internal resistance of the high-frequency power source,
the greater the output power of the high-frequency power source. The external circuit impedance
varies with the distance between the two coils. Within this adjustable position range, the greater
the distance is, the greater the impedance of the loop, and the greater the difference from the
internal resistance of the high-frequency power source is, the higher the output power of the highfrequency power source. The impedance of the external circuit is also related to the conductivity
of the salt water solution: The closer the conductivity is to 40 S/m, the closer the impedance of
the circuit is to the internal resistance of the high-frequency power source, and the greater the
output power of the high-frequency generator. In short, if we achieve a high output power from
the high-frequency generator, then the distance between the coils should not be too large, and the
conductivity of the salt water should be close to 40 S/m.
The key element in forming a traveling magnetic field is that the phase shift and amplitude
ratio of the two-phase current. The phase shift of the currents is related to the distance between
the coils. The greater the distance is, the larger the phase difference. It is also related to the
conductivity of the load solution. The larger the conductivity of the load solution is, the larger
the phase shift. The amplitude ratio of the two-phase current is related to the distance between
the coils. The greater the distance is, the smaller the amplitude ratio of the two-phase current.
In short, to form a traveling magnetic field, the distance between the coils should be neither too
large nor too small. Note that the electrical system may sometimes be subject to instabilities linked
to the tuning of the operating frequency. As far as the stirring effect is concerned, numerical
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modeling shows that the device is efficient enough to generate significant liquid velocities in salt
water. Further experimental investigations are underway to validate the present theoretical results.
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Appendix 1
Table 8: List of symbols
Symbol

Quantity

L1 = L2 = L

Self-inductance of the forced phase (alone) or induced phase (alone)

C1 = C2 = C

Capacitors connected to the forced and induced phases to form the
double-oscillating circuit system
Resistances of forced and induced-phase coils

R1 = R2 = R
Lc1 = Lc2 = Lc
Rc1 = Rc2 = Rc

Self-inductances of the respective induced-current virtual coil c1 and
induced-current virtual coil c2
Resistances of induced-current virtual coils c1 and c2

M12

Mutual inductance between the forced phase (1) and induced phase (2)

Mici

Mcicj

Mutual inductance of one phase (1 or 2) and the corresponding
induced-current virtual coil (respectively, c1 or c2)
Mutual inductance of one phase (1 or 2) and the crossed induced-current
virtual coil (respectively, c2 or c1)
Mutual inductance between induced-current virtual coils c1 and c2

I1 , I2

Currents of forced- and induced-phase coils 1 and 2

Ic1 , Ic2

Currents of induced-current virtual coils c1 and c2

V1 (= Vg )

Generator feeding voltage

ω and f

Pulsation and frequency (with ω = 2 ∗ π ∗ f)

Micj

Rcii =

Mici 2 ω2
Rc

Rcij =

Micj 2 ω2
Rc

Rrcs =
Rrcp =

Resistance of an induced-current virtual coil (ci) seen from its corresponding
inductor (i) that faces (ci) (this is a direct coupling between a phase (i) inductor
and an induced-current virtual coil (ci))
Resistance of an induced-current virtual coil (cj) seen from the other
corresponding inductor (i) (this is a “crossed” coupling between a phase (i)
inductor and an induced-current virtual coil (cj))

Mici 2 + Micj 2 ω2
Rc


2Mici Micj ω2
= 2 Rcii∗ Rcij
Rc

Rts = R + Rrcs
K=

= Rcii + Rcij Summation of Rcii and Rcij

2 ω2
M12

(R + Rrcs)2 + X 2

Rrcp
Rts
M12
σ=
L

QR =

1
ω0 = √
LC
1
f0 =
√
2π LC
Lω0
Q0 =
Rts

Two times square root of Rcii * Rcij
Total resistance of one phase (either forced or induced) including direct and
crossed couplings in salt water
Coupling coefficient bringing the induced phase (including direct and crossed
coupling in salt water) back to the forced phase (in terms of transformer
theory)
Ratio of Rrcp and Rts
Ratio of the mutual inductance of the forced or induced phase and
self-inductance of each phase
Resonance pulsation of the forced phase alone (considered as a reference
resonance pulsation)
Reference resonance frequency corresponding to ω0
Overvoltage coefficient of one phase (ratio of reactive and active powers)
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Appendix 2: Mathematical Description of the Modeling of the Magnetohydrodynamic Problem
• Physical equations and boundary conditions:
1/Electromagnetics:
—activated in all domains (water + air)/frequency domain solver/quadratic discretization
—Equation:
∇ 2 A − iω (μσ + iμ ω) A + μσ (u × B) = 0(last velocity term neglected)
—with: A: Complex vector potential/u: Velocity/B: Magnetic flux density/μ: Magnetic
permeability/σ : Electrical conductivity/ω: Electrical pulsation/ : Permittivity
—Boundary conditions: Outer boundaries: Magnetic insulation
2/Heat transfer:
—activated in the water domain/time dependent solver/linear discretization
—Equation:
Cp

∂T
+ ρCp u · ∇T − k∇ 2 T = Qem
∂t

—with: T: Temperature/u: Velocity/t: Time/ρ: Density (linearized with T)/Cp : Heat capacity/k:
Thermal conductivity/Qem : Volumetric electromagnetic loss density
—Boundary conditions: Lower + side boundaries: Thermal insulation/upper boundary: Convective heat flux (heat transfer coefficient: h = 10 W/(m2 K)
3/Fluid mechanics:
—activated in the water domain/time dependent solver/incompressible/laminar flow/Boussinesq
approximation/P1 + P1 discretization/Streamline diffusion + crosswind diffusion (Navier
Stokes equation)
—Equations:
ρ

∂u
+ ρ (u · ∇) u = −∇p + ν∇ 2 u + F em + ρg
∂t

ρ∇ · u = 0
—with: u: Velocity/t: Time/ρ: Density (linearized with T)/p: Pressure/ν: Dynamic viscosity/g:
Gravity/Fem : Time averaged electromagnetic Lorentz force density
—Boundary conditions: Lower + side boundaries: No slip wall/upper boundary: Open
boundary
• Main model numerical data:
—total number of mesh elements: 2118
—total number of degrees of freedom: 6721
—stored time step of dependent solver: 1 s
—maximum Reynolds number 3800.

