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Induction Pump for High-Temperature Molten Metals
Using Rotating Twisted Magnetic Field: Thrust

Measurement Experiment With Solid Conductors
Tsutomu Ando, Kazuyuki Ueno, Shoji Taniguchi, and Toshiyuki Takagi, Member, IEEE

Abstract—We propose a new electromagnetic pump, applicable
to high-temperature molten metal in cylindrical ducts. A rotating
twisted magnetic field is generated by the stator with three pairs of
helical windings. Axial thrust, as well as rotational torque, acts on
the secondary conductor. It is verified that the thrust is actually ob-
tained in experiments with a prototype stator and solid secondary
conductors (bulk rotors). We discuss the slip-thrust curve for var-
ious conductivities of the secondary conductors.

Index Terms—Electromagnetic pump, induction machine, linear
motors, skin depth, windings.

I. INTRODUCTION

ONE OF THE major advantages of electromagnetic force
is its direct action on objects without any contact. This ad-

vantage is effectively realized in many machines. In particular,
electromagnetic induction pumps and stirrers have superior en-
durance to mechanical pumps/stirrers and electromagnetic dc
pumps/stirrers, because direct action of electromagnetic force
without impellers and electrodes results in simple design with
fewer damaged parts. Recently, applications of electromagnetic
force have been developed in the steelmaking process, where
stable performance under harsh environment is required [1]–[3].

Until now, there has been no electromagnetic pump appli-
cable to high-temperature molten metals, for example, molten
steel of over 1500 C. At present, electromagnetic induction
machines are mainly used for stirring high-temperature molten
metal [4]. Conventional induction machines are not suitable for
pumping molten metal against pressure gradient because coun-
terflow occurs in certain parts of the cross section. In order to
overcome this problem, a flat linear induction pump (FLIP) [5]
has copper short-circuit plates that are installed in the ducts. But
these plates are damaged by high temperature as well as elec-
trodes of dc machines. An annular linear induction pump (ALIP)
[5], which is an exceptional type that does not need copper
short-circuit plates, has an iron core installed in the duct so that
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the magnetic field may traverse the flow. But the iron core loses
the ferromagnetic property when temperature is higher than its
Curie point. Moreover, pillars that support the iron core are se-
riously damaged by high temperature. As a result, the FLIP and
the ALIP are not applicable to high-temperature molten metals.

In this paper, a new electromagnetic induction machine is pro-
posed. The stator of this machine generates a rotating twisted
magnetic field by a helical coil. This field gives axial thrust to a
secondary conductor as well as rotational torque. This machine
has both properties of the linear pump and the rotary stirrer if
this machine is applied to high-temperature molten metal.

Similar helical coils are used in a helical motion induction
motor (HMIM) by Rabiee and Cathey [6] and an electromag-
netic stirrer by Partinenet al. [7]. Rabiee and Cathey developed
an actuator with two degrees of freedom by coaxial connection
of two HMIMs. The secondary conductor of their HMIM con-
sists of a ferromagnetic shaft surrounded by a concentric copper
sleeve. The electromagnetic force acts on only the surface of
the shaft and the copper sleeve. Partinenet al. developed the
electromagnetic stirrer for material processing. Electromagnetic
force of their machine does not act on the center part of the sec-
ondary conductor owing to the four-pole magnetic field. On the
other hand, electromagnetic force of the proposed pump is ex-
pected to act in good homogeneity in the cross section owing
to two-pole magnetic field. Consequently, the proposed pump
does not cause a counterflow. The pole number is a dominant
specification for electromagnetic pumps.

This paper illustrates the principle how thrust acts on a sec-
ondary conductor in the rotating twisted magnetic field. Further-
more, it is verified that the thrust is actually obtained in a thrust
measurement experiment with a prototype stator and solid sec-
ondary conductors (bulk rotors). In this experiment, secondary
conductors are three types of solid cylindrical metals: copper
(Cu), brass (Cu–40Zn) and stainless steel (Fe–18Cr–8Ni). Two
kinds of tests, the lock test and the free-rotation test, are carried
out with these secondary conductors. According to the exper-
imental data, the slip-thrust curve of the proposed machine is
compared with the slip-thrust curve of ordinary linear motors
and the slip-torque curve of ordinary rotary motors.

II. ROTATING TWISTED MAGNETIC FIELD AND

ELECTROMAGNETIC FORCE

Three pairs of helical windings, as shown in Fig. 1(b), are
adopted in order to generate a rotating twisted magnetic field. It
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Fig. 1. Windings and magnetic field. (a) Stator of an ordinary three-phase
two-pole induction motor. (b) Stator of the induction pump for high-temperature
molten metals: three pairs of helical windings and rotating twisted magnetic
field.

is an improved device of the stator coil of ordinary rotary induc-
tion motor, which is shown in the upper half of Fig. 1(a). The
rotating magnetic field generated by the ordinary three-phase
two-pole induction motor is uniform, as shown in the lower half
of Fig. 1(a), and it rotates in the cross section (– plane) of
the secondary conductor. This magnetic field is independent of
the coordinate. If this stator is twisted, windings are twisted to-
gether into helical shape, as shown in the upper half of Fig. 1(b).
Since this coil has three-phase two-pole windings, the magnetic
field rotates in the cross section (– plane) of the secondary
conductor. Meanwhile, the direction of the field vector changes
with , because the windings are helical. This magnetic field
rotates at a constant speed keeping the spatial distribution, as
shown in Fig. 1(b).

The rotating twisted magnetic field is traveling along the
direction as well as rotating in the– plane. This is a neces-
sary property for obtaining the axial thrust. We draw an analogy
between the rotating twisted magnetic field and impellers of
axial-flow turbo-pumps, in which straight motion is caused by
rotation of twisted matter.

The phase difference among three-phase current of ordinary
linear induction machines deviates from owing to the end
effect. On the other hand, the phase difference of three-phase
current shown in Fig. 1(b) is because the three pairs of
windings are equivalent to one another. Therefore, the proposed
machine does not have an energy loss by the phase shift, and has
no need of compensation windings and compensation circuits.

A secondary conductor is installed in the rotating twisted
magnetic field, as shown in Fig. 2(a). This study is based on the
following hypothesis. The rotating twisted magnetic field gen-
erates the induced current in the secondary conductor, as shown
in Fig. 2(b). This current is short-circuited upstream and down-
stream outside of the stator length. When the secondary con-
ductor rotates near the synchronous speed, the phase difference

between the primary coil current and the secondary current is
similar to the ordinary induction motor. Now we pay at-

tention to a G–G cross section of the secondary conductor, and
set the axis along the instantaneous magnetic field in a certain
moment. Since thecomponent of the current densityis anti-
symmetric with respect to the center of the cross section (an odd
function of ), the transverse component of the Lorentz force
represents a pair of forces, as shown in Fig. 2(c). In other words,
rotational torque is obtained. Next, we pay attention to an H–H
longitudinal section of the secondary conductor containing the
magnetic field vector. Thecomponent of the current density
is symmetric with respect to theaxis (an even function of).
Therefore, the axial component of the Lorentz force is unidirec-
tional all over the secondary conductor, as shown in Fig. 2(d).
Consequently, the rotating twisted magnetic field gives axial
thrust to the secondary conductor as well as rotational torque.

On the above hypothesis, the distribution of the magnetic flux
density in the cross section is out of consideration. But nonuni-
formity of the magnetic field is not negligible if the twist angle
of the helical windings is large. Quantitative discussion about
the distribution of the magnetic field is given in the Appendix.

III. EXPERIMENTAL APPARATUS

A. Stator

A prototype stator with three pairs of helical windings has
been fabricated in order to verify the hypothesis of Section II,
meaning that axial thrust by the rotating twisted magnetic field
can be obtained. The photograph and main specification of this
stator are shown in Fig. 3 and Table I, respectively. Sheets of
silicon steel, as shown in Fig. 4, are piled up while sliding in a
circumferential direction. They form a yoke with twisted slots.
The twist angle is 45 on the inner surface. Windings are in-
stalled in the slots of this yoke.

B. Magnetic Flux Density

The distribution of the magnetic flux density in the stator was
measured with a Hall-probe when the bore of the stator was
empty. Root-mean-square (rms) values and instantaneous values
of the magnetic flux density were measured with the Hall-probe.

At first, the Lissajous figure was displayed on an oscilloscope
by instantaneous signal of the magnetic flux density and the pri-
mary current. Observation of the Lissajous figure for various lo-
cations and various angles of the probe confirmed the generation
of the rotating twisted magnetic field.

Next, the magnetic flux density in a cross section was mea-
sured with the probe fixed on an -stage. Table II shows aver-
ages of rms values of measurement and predictions of the mag-
netic flux density in the central cross section mm when

A, . Predicted values are given by (21) in the
Appendix. The averaged measurement values at the same ra-
dius agree with the predicted values within an error of 7% even
though the predicted value is an approximation by an ideal cur-
rent sheet. Therefore, it was confirmed that this stator satisfac-
torily shows the fundamental performance of the proposed in-
duction machine.

However, the distribution of the measured magnetic flux den-
sity has remarkable spatial higher harmonics. Unfortunately, it
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Fig. 2. Lorentz force by the rotating twisted magnetic field. (a) Secondary conductor installed in the rotating twisted magnetic field. (b) Induced current in the
secondary conductor. (c) Torque in G–G cross section. (d) Thrust in H–H longitudinal section.

Fig. 3. Prototype of the stator.

TABLE I
SPECIFICATION OF THESTATOR

Fig. 4. Silicon steel plate with six slots.

is far beyond expectation on the design. Fig. 5 shows an ex-
ample. Measured data of rms valuesare plotted versus the
coordinate. The magnetic flux density near the inner wall of

TABLE II
AVERAGE OF RMSVALUES OF MAGNETIC FLUX DENSITY IN THE CENTRAL

CROSSSECTION z = 0 mm WHEN �I = 10 A, N = 50

Fig. 5. Axial distribution of rms value�B of magnetic flux density when�I =

10 A, N = 50.

the stator has swings in response to the teeth and the slots of the
stator, though in the center mm smoothly decreases
toward the top of the coil mm. Since the same swing
with the coordinate was observed, the values in Table II are
averaged in the points corresponding to the teeth and the slots
of the stator. Considering instantaneous distribution, we can in-
terpret these swings as spatial higher harmonics of the rotating
twisted magnetic field.

C. Thrust Measurement System

Thrust acting on cylindrical solid conductors is measured.
In this experiment, three types of conductor materials were
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Fig. 6. Cylindrical secondary conductors of solid metals.

TABLE III
CONDUCTIVITY OF MATERIALS OF THESECONDARY CONDUCTORS AT293 K

used: copper (Cu), brass (Cu–40Zn), and stainless steel
(Fe–18Cr–8Ni). An effective part of solid conductors is 70 mm
in diameter and 380 mm in length, as shown in Fig. 6. The
conductivities of these secondary conductors are shown in
Table III.

The thrust measurement system is shown in Fig. 7. Axial
thrust is measured with a load cell placed under the secondary
conductor. Since the secondary conductor is supported by two
radial roller bearings at the upper and lower frame and by a
thrust ball bearing at the bottom, thrust in the axial direction
is certainly received by the load cell. Rotational speed is mea-
sured with an optical tachometer. The outputs of the load cell,
the tachometer and the wattmeter are sampled at every 0.25 s
and recorded on a personal computer.

IV. EXPERIMENTS AND RESULTS

Table IV shows two kinds of the experimental conditions: the
lock test and the free-rotation test. In the lock test, the secondary
conductor was locked by a wire hanged on a bolt on the frame.
This wire was horizontally hanged so as not to influence axial
thrust. On the other hand, the free-rotation test was carried out
without the wire.

A. Lock Test

The result of the lock test is shown in Fig. 8. This result ver-
ifies that the thrust in the axial direction acts on the secondary
conductor in the rotating twisted magnetic field.

The thrust is proportional to the square of the primary current
. Sequences of these data give agreement with quadratic func-

tions. The coefficients of the square of primary currentare
N/A for the brass cylinder,

N/A for the copper cylinder, and N/A
for the stainless steel cylinder, respectively. The error span of the
coefficients of the quadratic curve increases with measurement

Fig. 7. Configuration of the thrust measurement system.

time, because it is caused by temperature increase of the sec-
ondary conductor by Joule heating.

The thrust on the brass cylinder is larger than that on the
copper cylinder though the conductivity of the brass is smaller
than that of the copper (see Table III). This phenomenon will be
discussed in Section V in detail.

B. Free-Rotation Test

The result of the free-rotation test is shown in Fig. 9. The hor-
izontal axis is the rotational speed measured by the tachometer
under acceleration of rotation. The thrust measured at a certain
rotational speed on the rotational acceleration are equivalent to
that on steady rotation at the same speed, because the time in
which the secondary conductor is accelerated is much longer
than the period 1/50 s of the rotating magnetic field. For ex-
ample, the thrust at 0 rpm of the free-rotation test agrees with
the result of the lock test.

Experiments were carried out several times while changing
the input voltage, for example, 20, 40, and 60 V. Results for
various conditions are plotted in Fig. 9. The vertical axis is the
thrust divided by the square of the primary currentat the cor-
responding rotational speed. The solid curves in the figure are
the predicted functions, which will be explained in Section V.
The curvilinear sequences of plotted data show that the thrust is
well normalized by the square of the primary current.

With respect to the brass and the stainless steel cylinders, the
maximum thrust in the measured range is obtained at the starting
0 rpm, and the thrust monotonously decreases with rotational
speed. This curve is similar to the slip-thrust curve of ordinary
low-speed linear induction motors used for system control [8].

On the other hand, the maximum thrust of the copper cylinder
is obtained at about 2300 rpm. This curve is similar to the slip-
thrust curve of ordinary high-speed linear induction motors [8]
and the slip-torque curve of ordinary rotary induction motors
[9].

Theory and experiments of linear induction motors and rotary
induction motors show that the speed of the maximum thrust (or
the maximum torque) decreases as the conductivity of the sec-
ondary conductor decreases [10], [11]. These analogies suggest
that the induction machines using the rotating twisted magnetic
field are in the same framework with ordinary linear induction
motors and ordinary rotary induction motors with respect to the
slip-thrust (or slip-torque) curve.
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TABLE IV
CONDITIONS OFEXPERIMENT

Fig. 8. Thrust on the lock tests.

Fig. 9. Experimental results and a predicted function of the thrust on the
free-rotation tests.

V. DISCUSSION

A. Condition for the Maximum Thrust

In the case of the copper cylinder, the slip-thrust curve does
not decrease monotonously. The similar characteristic curve of
rotary squirrel-cage motors can be explained as a result of phase
shift of the secondary current [12]. When a solid secondary con-
ductor is used, we obtain simultaneous occurrence of the phase
shift and the skin effect of the secondary current. Therefore, the
following discussion concentrates on the skin depth.

Theskindepth ofarotationalsecondaryconductor isgivenby

(1)

where denotes the conductivity of the secondary conductor and
denotes the magnetic permeability of the secondary conductor

[8]. Slip is a dimensionless parameter that explains the relative

Fig. 10. Relationship between the slip and the skin depth.

TABLE V
SLOPE OF THESLIP-THRUSTCURVE AROUND THESYNCHRONOUSCONDITION

motion between the magnetic field and the secondary conductor.
It is defined by

(2)

where denotes rotations perminuteof the secondaryconductor.
Fig. 10 shows the skin depth of each secondary conductor given
by (1). The magnetic permeability of secondary conductor is the
space permeability . A broken line on this figure gives a half
of radius of the secondary conductor. Intersection points of
the broken line and curves of the skin depth are for the
copper cylinder and for the brass cylinder. These values
nearly equal the slip of the local maximum thrust. (Here, it is
interpreted that the slip-thrust curve of the brass cylinder has a
local maximum at the edge of the measurement range and
the curve of the stainless steel cylinder does not have the local
maximum in the measurement range.) This fact suggests that the
maximumthrust isobtainedwhentheskindepth isnearlyequal to
a half radius of the secondary conductor.

When the slip is greater than the local maximum point, the
skin effect prevents the magnetic field from penetrating to the
center part of the secondary conductor. If the secondary con-
ductor is replaced by molten metal, operation in such conditions
is not effective as a pump because of counterflow at the center
part.
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B. Thrust Around the Synchronous Condition

Theory of ordinary linear induction motors and rotary induc-
tion motors shows that the slope of the slip-thrust curve (or the
slip-torque curve) around the synchronous condition is
proportional to the conductivity of secondary conductor [10].
Table V shows the slope around the synchronous
condition of each secondary conductor obtained from the free-
rotation test (see Fig. 9). This result shows that not only ordi-
nary induction motors, but also the induction machine using the
rotating twisted magnetic field has the following relationship:

(3)

C. Predicted Function of the Slip-Thrust Curve

There are several common characteristics among the slip-
thrust curve obtained from this experiment, the slip-thrust curve
of ordinary linear induction motors, and the slip-torque curve of
ordinary rotary induction motors. Therefore, it is supposed that
the slip-thrust curve of the fundamental harmonic is expressed
in the following function according to the theory of ordinary
linear induction motors [13]:

(4)

where denotes the shielding parameter

(5)

The constants and in (4) are decided by comparing the
curve with experimental data. In (5),is a radius of the stator.
The function (4) has a local maximum value
at .

As mentioned in Section III-B, six teeth and slots of the yoke
cause fifth and seventh spatial higher harmonics. These syn-
chronous speeds are600 rpm and 428 rpm

, respectively. Taking account of fifth and seventh spatial
higher harmonics, we obtain the slip-thrust curve of superposi-
tion [12] as follows:

(6)

where is a constant decided by comparing the curve with
experimental data.

Substituting , , and for (6),
we drew three curves in Fig. 9 for each conductivity of the three
secondary conductors. Here, the constantis given by the local
maximum condition of the function and
of the experimental data. Meanwhile, the constantsand
are decided by comparing the curve with experimental data. The
predicted function (6) gives a fairly good approximation of the
experimental data. This function with the above constants can
predict the slip-thrust curve for arbitrary material of the sec-
ondary conductor.

The constant is not negligibly small for the prototype
stator. As a result, the rotational speed for has a certain

difference from the synchronous speed 3000 rpm of the funda-
mental harmonics. This phenomenon is one of the effects of the
spatial higher harmonics.

VI. CONCLUSION

A new electromagnetic induction pump that gives axial thrust
to high-temperature molten metal in cylindrical ducts is pro-
posed. The stator with three pairs of helical windings generates
a rotating twisted magnetic field. The principle how axial thrust
acts on the secondary conductor in the rotating twisted magnetic
field is illustrated in this paper.

Thrust measurement experiments are carried out with a pro-
totype stator and solid secondary conductors. The following re-
sults are obtained through the experiments.

1) The rotating twisted magnetic field is generated by the
stator with three pairs of helical windings.

2) The average value of magnetic flux density agrees with
the predicted value within an error of 7% though the mag-
netic flux density near the inner wall of the stator, which
includes undesirable higher harmonics due to the teeth
and the slots of the stator.

3) The axial thrust is obtained from the rotating twisted mag-
netic field and it is proportional to the square of the pri-
mary current.

4) The rotational speed for the local maximum thrust de-
pends on the conductivity of secondary conductor. The
experimental data suggest that the maximum thrust is ob-
tained when the skin depth is nearly equal to a half radius
of the secondary conductor.

5) A function for the prediction of the slip-thrust curve is
proposed, and it is in fairly good agreement with the ex-
perimental data.

APPENDIX

ROTATING TWISTED MAGNETIC FIELD WITHOUT THE

SECONDARY CONDUCTOR

Three pairs of helical windings are installed at
( ) and the number of each windings

is , where denotes a wave number in thedirection. The
angle between the axis and helical windings is .
The current of the th-phase winding is

(7)

where A denotes the rms of the current from the electric power
supply, Hz denotes the frequency. Since this is a kind of the
three-phase two-pole machine, both the electrical and geomet-
rical angles of the windings are .

To simplify the problem, the primary current is replaced with
a cylindrical current sheet as shown in Fig. 11. The radius of
the current sheet is denoted by. This radius corresponds to
the distance from the center to the inner face of the teeth of the
actual stator. The sheet current of the current sheet is denoted by

A/m. It is required that a sheet current is a continuous
function of , and the following relation is satisfied:

(8)
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Fig. 11. Current sheet.

(9)

A sheet current

(10)

(11)

satisfies the above requirements.
The sheet current always satisfies the relation .

On the other hand, a small line element on the curve
satisfies the relation . Therefore, the

following relation is obtained:

(12)

Consequently, the sheet current (10) and (11) is parallel to the
helical lines .

The Ampère’s law in the integral representation is applied to
a closed loop across the current sheet as shown in Fig. 11

(13)

(14)

Since the integral range is arbitrarily selected, the following
equations are obtained:

(15)

(16)

Assuming an ideal yoke , we obtain

(17)

(18)

Substituting (10) and (11) for (17) and (18), we obtain the tan-
gential component of the magnetic flux density at the outer
boundary of the air gap

at

(19)

Fig. 12. Radial distribution of the amplitude of the magnetic flux density for
various twist angles.

at

(20)

If a secondary conductor is not installed in the stator, the dis-
tribution of the magnetic flux density in the stator is given by
a solution of Laplace’s equation. The solution satisfying the
boundary conditions (19) and (20) are

(21)

where and denote the modified Bessel functions of the
first order. The magnitude of the magnetic flux density is pro-
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portional to . The angular velocity and the traveling velocity
in the direction are and , respectively.

When a secondary conductor is installed in the stator, (21) be-
comes the first approximation. It is useful for a small slip con-
dition, because the induced current in the secondary conductor
is small when the speed of a secondary conductor is close to
the synchronous speed. In such a condition, the magnetic flux
density in the cross section is well uniform when .
But in this case, the thrust is not enough because the twist is
very small. When , uniformity of and is slightly
bad, because is not negligible. When , the magnetic
field is reduced around the center part, and the advantages of the
two-pole machine are lost. Distributions of , , and in
the case of and are shown in Fig. 12. The variable

, , and are the dimensionless amplitude normalized
by . In order to obtain strong and uniform thrust
in the cross section, we must adopt an appropriate twist angle
about (45 ).
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