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

Tsutomu Ando, Kazuyuki Ueno, Shoji Taniguchi, and Toshiyuki Takagi, Member, IEEE

Abstract—We report a study of an electromagnetic pump, appli-
cable to processing high-temperature molten metal such as molten
steel at over 1500 °C. A rotating twisted magnetic field is generated
by a stator with three pairs of helical windings. Axial thrust, as well
as rotational torque, acts on the molten metal in cylindrical ducts.
We carried out a molten metal circulation experiment using molten
gallium at 50 °C and confirmed that the conventional slip-thrust
relation is satisfied in the experiment. Here, we identify the slip for
each experimental condition and discuss the motion of molten gal-
lium in the rotating twisted magnetic field. The normalized stalling
pressure is obtained at the frequency at which § /a, = 0.6, where
4 is the skin depth and a. is the radius of molten metal.

Index Terms—Electromagnetic devices, electromagnetic forces,
electromagnetic processing of metals, electromagnetic pump, in-
duction machines, magnetohydrodynamics.

I. INTRODUCTION

ECENTLY, applications of electromagnetic forces have
been developed in the steelmaking process, where stable
performance in a harsh environment is required [1], [2]. The
development of an induction electromagnetic pump is expected
in that process because, in maintainability and durability, elec-
tromagnetic induction pumps are superior to mechanical pumps
and electromagnetic dc pumps. Direct action of the electromag-
netic force with neither impellers nor electrodes results in a
simple design with fewer parts that can be damaged. Until now,
however, there has been no electromagnetic pump that can actu-
ally be used with high-temperature molten metals, for example,
molten steel at over 1500 °C.
The annular linear induction pump (ALIP) is one of the most
familiar conventional induction pumps [3], [4]. It has an iron
core installed in the duct so that the magnetic field may tra-
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verse the working fluid. However, the iron core loses its ferro-
magnetic property when its temperature is higher than its Curie
point. Moreover, pillars that support the iron core are seriously
damaged by high temperatures. As a result, the ALIP cannot be
used with high-temperature molten metals.

In this paper, an electromagnetic induction pump for material
processing is studied. The stator of this machine generates a ro-
tating twisted magnetic field by means of a helical coil [5]. Since
this helical coil enables the magnetic field to penetrate the center
of the duct, this magnetohydrodynamic (MHD) pump does not
need an iron core in the duct, which is consequently a simple
structure. Since we do not need to carry out any machining on
the ducts, we can make the duct from various materials with spe-
cial properties such as heat resistance and corrosion resistance.
Moreover, since this magnetic field gives axial thrust as well as
rotational torque to the secondary conductor, this machine has
both properties of the linear pump and the rotary stirrer.

The authors have already reported the results of experiments
with a solid secondary conductor (bulk rotor) in previous papers
[6], [7]. It was verified that thrust was obtained using a rotating
twisted magnetic field. And the authors also qualitatively con-
firmed that this machine works as a pump in a preliminary ex-
periment [8].

This paper reports on a circulation experiment using molten
gallium quantitatively. In the discussion, we report that the con-
ventional slip-thrust relation is applicable to molten metal. We
identify the slip of molten gallium with this relation and dis-
cuss the motion of molten gallium in a rotating twisted magnetic
field.

II. ROTATING TWISTED MAGNETIC FIELD

Three pairs of helical windings, as shown in Fig. 1(b), were
adopted in order to generate a rotating twisted magnetic field.
It was an improved stator of an ordinary rotary induction motor
[Fig. 1(a)]. If the stator is twisted, the windings are twisted to-
gether into a helical shape, as shown in Fig. 1(b). Since this coil
has three-phase two-pole windings, the magnetic field rotates in
the cross section (x—y plane) of the secondary conductor. Mean-
while, the direction of the field vector changes with z, because
the winding is helical. This magnetic field rotates at a constant
speed keeping the spatial distribution, as shown in Fig. 1(c).

The rotating twisted magnetic field travels along the z axis
as well as rotating in z—y plane. This is a necessary property
for obtaining the axial thrust. We draw an analogy between the
rotating twisted magnetic field and impellers of axial-flow turbo
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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. (c) Rotating twisted magnetic
field.

(@) ®

Fig. 2. Stator. (a) Side view. (b) Top view.

pumps, in which straight motion is caused by the rotation of

twisted matter.

III. EXPERIMENTAL APPARATUS
A. Stator

A prototype stator with three pairs of helical windings was
fabricated for this molten gallium circulation experiment. A
photograph of the stator is shown in Fig. 2. The exposed parts
are connections of the coil end. The main specifications of this
stator are shown in Table I. The twist angle of the coil means an
angle between the z axis and windings. Eight-turn helical coils
per phase are composed of 16 copper pipes with rectangular
cross sections. The position of the windings in a cross section
of the stator is shown in Fig. 3. Fig. 4 shows the inner and outer
windings formed into a helical shape. This stator can continue
to operate for long periods owing to water cooling.

B. Magnetic Flux Density

When a stator had teeth and slots, the distribution of the
magnetic flux density of the stator had remarkable spatial
higher harmonics corresponding to the teeth and slots [7].
Therefore, we removed the teeth of the yoke and integrated
additional windings into this space.

Before manufacturing this stator, we calculated the magnetic
flux density by numerical analysis to check the effect of the
teeth. The details of this numerical analysis and the results are
shown in Appendix I. This result shows that the magnetic flux

1847

TABLE 1

SPECIFICATION OF THE STATOR
Inside diameter of helical coil ¢ 80 mm
Outside diameter of helical coil ¢ 125 mm
Outside diameter of yoke ¢ 180 mm
Length of yoke 305 mm
Twist angle of the coil at ¢ 80 mm 39°
Number of coil windings (V) 8 turn
Number of poles 2
Number of phases 3
Winding connection Star

D : Phase 1

B : Phase 2
% : Phase 3

Winding size
(Copper pipe ; thickness=1)

10
< [] : Inner layer
8

<1
M{D : Outer layer

(unit : mm)

Position of windings in a cross section of the stator.

Inner and outer windings of spiral coil on manufacture.

density at the center of the stator without teeth was 22% higher
than that with teeth and the uniformity was greatly improved.
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TABLE 1I
CIRCUMFERENTIAL AVERAGE OF rms VALUES OF MAGNETIC FLUX
DENSITY ON THE CROSS SECTION AT z = 0 mm WHEN I = 30 A,
N = 8, AND THE STATOR BORE IS EMPTY

r =0 mm r = 20 mm r =32 mm

By = By B, By B, By

[mT] [mT] [mT] [mT] [mT]

Measurement’ 45 45 4.4 5.0 4.6
Analysisi 3.73 4.03 3.87 4.50 4.02

tAccuracy of the measuring instruments : £0.6 mT.
{These values are given by numerical analysis in Appendix 1.
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Fig. 5. Circumferential distribution of root-mean-square value B,., By of
magnetic flux density at = = 0 mm when I = 30 A, n = §, and the stator
bore is empty.

After manufacturing the stator, the distribution of the mag-
netic 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
from the instantaneous signal of the magnetic flux density and
the primary current. Observation of the Lissajous figure for var-
ious locations 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
measured with the Hall probe. Table II shows circumferential
averages of rms values of the measurement and a numerical
analysis of the magnetic flux density in the central cross section
z = O0mm when I = 30 A and N = 8. Both results are
in good agreement and within the accuracy of the measuring
instruments, except for the center.

Fig. 5 shows distribution of the measured rms values B,, By
at r = 20,32 mm and z = 0 mm. Measurement results show
that the deviation of the spatial higher harmonics was within
+6% of the average. It was much smaller than the harmonics in
the stator with teeth [7].

C. Molten Gallium Circulation System

In this experiment, we used molten gallium as the secondary
conductor. The physical properties of gallium are shown in
Table III [9].
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TABLE III
PHYSICAL PROPERTIES OF GALLIUM
Atomic number 31
Atomic weight 69.72
Density [kg/m?]
323.15 [K] (Liquid) 6.08 x 103
Melting point [K] 302.91

Specific heat [J/(kg-K)]
302.95 [K] (Liquid) 398
Thermal conductivity [W/(m-K)]

302.95 [K] (Liquid) 25.5
Electric conductivity [S/m]
303 [K] (Liquid) 3.86 x 108
Viscosity [Pa-s]
323.15 [K] (Liquid) 1.93 x 103
500
—— Vacuum pump
Upper tank L
F ‘ Pressure
Valve L, | 0 transducer |
C Perforated
Perforated plate
I~ ' 1/ plate
Electromagnetic . i [ 7 -
flowmeter | © I / &
-E ~ ¥ I ﬁi
= g Bx 1 2 u)
2!
Stainless pipe =4 MHD Pump 11
OD= ﬁ%}% %S 7
D=7 *\j]-r oS I !
e T4
5 H | 26 g
L |2
| ! \
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3\5 N plate
Needl | \L
Needle valve H Pressure
Valve transducer
Lower tank 1 Ar gas
Hot water tank
1000 700

(a) Front view (b) Side view

Fig. 6. Molten gallium circulation apparatus (unit: mm).

The molten gallium circulation apparatus is shown in Fig. 6.
The gallium stored in lower tank is pushed up into the ducts by
argon gas pressure. After the gallium filled the ducts, the valve
under the upper tank was closed and the circulation experiment
was performed.

This system consists of two kinds of ducts with different
diameters. Therefore, before the experiment, we confirmed
the hydrodynamic symmetry of this duct system: there was
no difference between the upward and downward driving of
the molten gallium. After this testing, we fixed the driving
direction to be upwards.
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Fig. 7. Configuration of measurement system.

The rotating twisted magnetic field creates an axial flow with
swirl. To eliminate the swirl effect on the pressure measure-
ment, perforated plate conditioners with 35 holes are mounted in
this duct system [10]. Four of the perforated plates are mounted
in a symmetrical configuration with respect to the longitudinal
center of the stator between the inlet and the outlet pressure
transducer.

D. Measurement System

The measurement system is shown in Fig. 7. In this experi-
ment, the flowrate, the inlet pressure, and the outlet pressure
of the MHD pump were measured. The flowrate was measured
with an electromagnetic flowmeter. Before the experiment,
we calibrated this flowmeter using a volumetric method.
The outputs of the flowmeter, the pressure transducers, and
the wattmeter were sampled every 0.25 s and recorded on a
personal computer.

IV. EXPERIMENTAL RESULTS
A. Pressure for Various Input Powers

The developed pressure Ap was measured for various input
powers P, where Ap is defined as the difference in the static
pressure between the outlet and inlet of the pump. This result
is shown in Fig. 8. This experiment was performed at three fre-
quencies: 50, 250, and 400 Hz. The needle valve in the duct
system was at the full-open position. (Appendix II shows the
P-Q curve, the developed pressure Ap as a function of the
flowrate (), obtained with various open states of this needle
valve.) The error bar of the developed pressure shows the sample
standard deviation. This result shows that the developed pres-
sure is nearly proportional to the input power for each frequency

Ap = aP. 1)
The constant « of proportionality of each pressure curve is
shown in Table IV. (There are some unstable values of about
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Fig. 8. Developed pressure for various input power.

TABLE IV
COEFFICIENT OF PRESSURE CURVE ON THE MOLTEN GALLIUM
EXPERIMENT SHOWN IN FIG. 8

Frequency f «a
[Hz] [Pa/W]
50 0.68
250 1.14
400 0.71

0-1.6 kW for each frequency, as shown in Fig. 8. Therefore,
values of « in Table IV were obtained from data at more than
1.6 kW.) Using «, we can extrapolate the input power to obtain
any required pressure for each frequency.

Table IV shows the coefficient has a maximum at 250 Hz.
This reason is that this frequency is very close to the charac-
teristic frequency in this experiment. This detail is explained in
Sections V and VL

In Fig. 8, the maximum plotted points for each frequency are
the maximum power limits of the power supply unit. Supplied
current, voltage, and the power factor at the maximum power
for each frequency are shown in Table V.

The efficiency of energy conversion was very low during this
experiment (see Appendix III-A). The energy loss due to joule
heating of the primary coil was a severe disadvantage to the
efficiency of the energy conversion (see Appendix III-B). To
discuss separately from this effect, we summarize the experi-
mental data on the basis of the primary current rather than the
input power, as shown in the following sections.

B. Flowrate and Pressure for Various Primary Currents

We rearranged the experimental data in Fig. 8 using the pri-
mary current as the horizontal axis. The developed pressure Ap
and the flowrate ) versus the primary current I are shown in
Figs. 9 and 10, respectively. The error bars of the flowrate cannot
be distinguished in Fig. 10 because these sample standard devi-
ations are very small, 0.08 L/min or less and of the same order
as the accuracy of the electromagnetic flowmeter.

With respect to the flowrate curve at 50 Hz in Fig. 10, the
gradient of the curve is not constant. This fact suggests that the
velocity of the molten gallium, including the rotational speed,
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TABLE V
MAXIMUM LIMIT VALUE OF THE POWER SUPPLY UNIT AND MEASUREMENT VALUES

Frequency f Current I  Voltage V' Power factor Power P Flowrate Q  Pressure Ap
[Hz] [A] [V1] [%] [kW] [L/min] [kPa]
50 457 17.8 65 9.11 8.46 +0.3% 5.91 £8%
250 207 29.4 39 4.05 7.02 £0.7%  4.76 £12%
400 142 29.6 39 2.87 4.66 +£0.9% 1.99 +12%
7 7
6 % o | |m s0mz
: ® 250Hz
— T 4
£ 5 T =5 A 400Hz
=4 [ ] ]’ & .
s 4 =4 | '
B } 1 <
ER £3 ,
& () a2
& 2 11 | = +
~ %‘H’ l m S0Hz ) &,{r
1 ¢ ' e 250Hz | | }f{.
*;* i + A 400Hz 1 * ) +l
0 I 0 L %
0 100 200 300 400 500
200 X 0 2 4 6 8 10
Primary current [ [A] Flow rate Q [//min]
Fig. 9. Developed pressure for various primary currents. Fig. 11. Load curve by duct resistance with open needle valve.
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Fig. 10. Flowrate for various primary currents.

increases following the phase velocity of the magnetic field.

This phenomenon will be discussed in detail in Section V.
The data in Figs. 9 and 10 are plotted on another graph, as
shown in Fig. 11, where the horizontal axis is the flowrate () and
the vertical axis is the developed pressure Ap. This figure is the
so-called load curve of the duct system. These data are plotted
in the vicinity of a quadratic curve indicated by the dashed line
in Fig. 11. This is a reasonable result because, from the view-
point of the circulation duct system, the relationship between
the flowrate and the pressure depends only on the pressure loss
in the valves and the ducts except the part inserted in the pump.
Thus, it does not depend on the frequency. The developed pres-
sure Ap is a function of ()2, and can be shown in
Ap = BQ? for fixed load. )

This is the Darcy—Weisbach friction loss equation [11].

In principle, the coefficient 3 is a function of the Reynolds
number. However, since the measurement range of the flowrate
is narrow in this experiment, we treat the coefficient (3 as a fixed
constant. The coefficient (3 of our system is 89.1 Pa - min® /L2
at the full-open position of the needle valve.

V. SLIP OF MOLTEN GALLIUM
A. Discussion Based on the Conventional Slip-Thrust Relation

Our previous paper indicated that the slip-thrust curve of a
solid secondary conductor can be expressed by a unique func-
tion applicable to any secondary conductor material, except fer-
romagnetic material [7]. According to that paper, the thrust F,
is given as follows:

F

. 2cR,,s
2

= puoN?A;—— "
o Ty (cR,5)?

3)
where N denotes the number of turns of coil windings, R, de-
notes the shielding parameter

R, = 2mopofas’. @

Here, o denotes the conductivity of the secondary conductor,
o denotes the space permeability, f denotes the frequency of
power supply, and as denotes the radius of the secondary con-
ductor. The constants A¢ and c in (3) are determined by com-
paring the curve with experimental data. The function (3) has a
local maximum value Fz/f2 = uONQAf atcR, s = 1.

Slip s is a dimensionless parameter that explains the relative
motion between the magnetic field and the secondary conductor.
It is defined as

w—kU, —Q
w

&)

S =
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Fig. 12.  Outlines of the slip-pressure function (9) for various frequency ranges: (a) f < fo, (b) f = fo, and (¢c) f > fo.

where w denotes the angular frequency of the rotating magnetic
field, k& denotes the wave number in the z direction, U, and
2 denote the axial velocity in the z direction and the angular
velocity of the secondary conductor, respectively. In the exper-
iment using cylindrical solid metals, {2 was measured on the
condition of U, = 0 [7]. On the other hand, in this experiment
using molten gallium, U, was obtained from the flowrate, while
) was not measured.

It is, by nature, expected that the relationship between the
developed pressure Ap and slip of the molten gallium is similar
to the relationship (3). Thus, the following relation is supposed
for molten metal

Ap
?:

2cRu(f)s(f.1)
"1+ {cRu(f)s(f, D)

where R, (f) is a function of the frequency f, and s(f, ) at
steady state is a function of f and the primary current I. The re-
lation (6) gives the maximum value of a normalized developed
pressure Ap/I? = A, when cR,s = 1. We call A, “the nor-
malized stalling pressure” after the stalling torque of induction
motor.

We introduce a characteristic frequency fy for the experiment

cR,(fo) = 1. @)

(6)

The characteristic frequency fo corresponds to a local max-
imum of Ap/I 2 when I — 0. In this condition, s is obtained as
follows:

. w—kU, —Q
lim - @ =

lim s =
T U.—0,Q0—0 w

I—0

1. ®)

Consequently, the stalling condition cR,,s = 1 of (6) is satisfied
when f = fopand I — 0.

By substituting (7) for (6) and dividing both sides of it by A,,,
we obtain the following dimensionless slip-pressure function
G(f.T)

- 2-Ls(f, I
a(f.) = ﬁ( i 5
1 {£s(D}
Fig. 12 explains the outline of the slip-pressure function (9)
for various frequency ranges. In general, slip s is a monotone

decreasing function for the primary current I. Therefore, we
draw the graph for 0 < s(f,7) < s(f,0) = 1. In the case

©))

<&t Experimental data (Fig.14)
0
<
I~ —
ER
Sl =
% 17
£ Eq. (11a) Eq. (11a)
é: H
0 :
fo(=210Hz)
Frequency f [Hz]
Fig. 13. Stalling slip s,, = fo/f and selection of two slip functions.

of f < fo, there is no local maximum for 0 < s < 1, as shown
in Fig. 12(a). On the other hand, in the case of f = fy, there is
a local maximum at s = 1, as shown in Fig. 12(b). In the case
of f > fo, there is a local maximum at s,, = fo/f, as shown
in Figs. 12(c) and 13. Here, we name s,,, the stalling slip.
Because s — 1 for I — 0, fj is obtained from (9) as follows:

fozﬁ[lﬂ/m}, for f < fo (100

O
fo =G50

[1 —\/1- G(f,O)Q} . for f> fo. (10b)

If (6) is valid, all experimental data sets that are independent of
one another give a unique value of fj.

After deciding fo, we obtain the slip s (0 < s < 1) by (9). It
is rearranged as follows:

~_ 1 fo =2
= 1 fo 72
S(f;f)—m7 [1‘*‘ 1-G(f.1) (11b)

Fig. 13 explains the selection of two slip functions (11a) and
(11b).

B. Verification of Slip-Pressure Function

If the supposed relation (6) is correct, the unique value of fj
is obtained from any data set at an arbitrary frequency f. We try
to verify this supposition using the results of the molten gallium
experiment.
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Here, we replace the developed pressure Ap with the flowrate
Q by (2), because the accuracy of the experimental data of the
flowrate is higher than that of the developed pressure

Q

2
<_> = A2G(f,I) for fixed 8 12)

1
where the constant A is the maximum value of a normalized
flowrate /1. The relation between A, and A is

A, = BA% (13)
At first, to obtain the maximum value A in (12), the flowrate
was measured for various frequencies. This result is shown in
Fig. 14. The vertical axis is the normalized flowrate /1. In
this experiment, the maximum value of Q/I is A = 3.44 x
1072 L/(A - min) when f = 250 Hz and = 195 A.
Next, we need to obtain G(f,0). The value of G(f,0) can be
interpreted as follows:

1

2
G(f.0)= 43 {lim —] . (14)

1—0 OI
To obtain G(f,0) by (14), we calculated approximate curves
of three experimental data sets plotted in Fig. 10. This result
is shown in Table VI. Polynomial expressions to second-order
shown in Table VI are enough to obtain the gradient of each
curve for I — 0. The coefficients of determination in Table VI
are R? > 0.999.

The approximate curves in Table VI give G( f, 0). Moreover,
fo are derived from (10a) or (10b). Each value of f; obtained
from these data sets is between 207 and 210 Hz and almost
the same frequency, as shown in Table VI. It is verified that
the supposed equation (6) is satisfied in this experiment with
molten metal. The form of (6) suggests that (6) is applicable to
any molten metal.

As shown in Table VI, a first-order function is adopted as the
approximate curve for 250 Hz. In Fig. 10, the plotted data for
250 Hz is close to linear. More careful observation shows that
the plotted points fit an S-shaped curve. This fact shows that
the curve drawn from these data has a point of inflection, at
which the slip is s,, because Q/I(~ 9Q/JI) is a maximum.
These facts suggest that there is frequency fy in the neighbor-
hood of 250 Hz. In this case, the number of data points and the

IEEE TRANSACTIONS ON MAGNETICS, VOL. 40, NO. 4, JULY 2004

accuracy are not enough to adopt a higher order approximate
curve. Therefore, the first-order function is adopted in the case
of 250 Hz.

C. Identification of the Slip

Substituting experimental value of G(f,I) = Q2*/(I\)?
for (11a) or (11b), we obtain each slip s for each condition.
Fig. 15 shows the slip s of each experimental data point plotted
in Fig. 10, where fo = 210 Hz is adopted. The horizontal axis
is the slip s and the vertical axis is (/I)?. Slips s within the
region of 0 < s < 1 are plotted in this figure. As a matter of
fact, there are four rejected points of 250 Hz. Solid lines drawn
by (12) are added to Fig. 15.

Similarly, slips of the plotted data in Fig. 14 are calculated
and shown in Fig. 13.

VI. DISCUSSION
A. Motion of Molten Gallium

By substituting each slip in Fig. 15 for (5), we obtain the
angular velocity of the molten gallium, as shown in Fig. 16. The
results at 50 and 250 Hz show that the rotational speed increases
with the flowrate. However, the result at 400 Hz shows that the
rotational speed does not always increase. We suspect that the
motion of the molten metal is unstable in the case of 400 Hz. It is
well known that similar unstable operation of ordinary induction
motors occurs when the slip is higher than the stalling slip s,;,.
In Fig. 15, all the slip values in the case of 400 Hz are higher
than s,,, ~ 0.5.

The maximum angular velocity Q.5 at 50 Hz is 118 rad/s
(Smin = 0.62). The circumferential component Uy of velocity
at the outer edge of the boundary layer on the duct wall is esti-
mated to be 3.55 m/s. It is 71 times as large as U, . Hence, the
motion in the axial direction contributes 0.8% of all the slip.
Similarly, Qax at 250 Hz is 376 rad/s (Smin = 0.76). Thus,
Uy is 11.3 m/s. The motion in the axial direction contributes
0.2% of all the slip. So, the rotational velocity of molten gallium
accounts for almost all of the slip in this experiment. This ex-
cessive rotational velocity has to be reduced in future improved
design of the pump system.

B. Skin Depth

The skin depth ¢ of a rotational secondary conductor is given

as follows (see [12]):
[ 1
6= .
pooT [

When Ap/I? is equal to the normalized stalling pressure Ap, the
stalling skin depth 6, is given by substituting s = s,, = fo/f

for (15)
1
Om = .
V oo fo

Substituting fy = 210 Hz and the conductivity of gallium for
(16), we obtain

5)

(16)

a7
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TABLE VI
APPROXIMATE EXPRESSIONS OF FLOWRATE, G( f, 0) AND f, DERIVED FROM THE MOLTEN GALLIUM EXPERIMENT
Frequency f Approximate expression Coefficient of G(f, O)Jr fof
of flowrate’ determination
[Hz] [L/min] [-1] [-1] [Hz]
50 Q=-1x10"°1240.02317 R2 =0.9999 451 x10~1 210
250 Q =0.0341T R? = 0.9991 9.83 x10~1! 207
(250) (Q =1 x10"°1% 4 0.03231) (R? =0.9998) (8.82 x10~1)  (150)
400 Q=7x10"%T2 +0.0312T R? = 0.9991 823 x10~1 210

ggiven by Fig. 10, fgiven by (14), fgiven by (10a) or (10b).

1.5%10° . 50 Hz (exp. dat . - . .
O- - (exp. data) __: slip - flowrate function
0 : 250 Hz (exp. data) (Eq. 12)

Q A : 400 Hz (exp. data)
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Fig. 15. Slip-flowrate curves (fo = 210 Hz).
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Fig. 16. Rotational speed for each flowrate data (fo = 210 Hz).

In consideration of the electromagnetic similarity, this relation-
ship is expected to have universality and not depend on the size
of the device nor the motion nor the material property of the
secondary conductor.

In the previous experiment using cylindrical solid conductors,
Om /az ~ 0.5 was obtained [7]. The value of 4,,, /as for molten
metal is larger than that for solid metal. This is a reasonable
result because the liquid secondary conductor requires uniform
thrust to a certain extent, while the solid secondary conductor
accepts nonuniform thrust.

C. Twist Angle of Coil

Penetration of the magnetic field is decided by the skin depth
and twist angle of the coil. Even if the skin depth is greater than
the duct diameter, too large a twist angle results in a lack of
magnetic field at the center of the secondary conductor. The
magnetic field generated by the helical coil of this experiment
sufficiently penetrates the center if the skin effect is negligible,
for example, s = 0 [7]. Meanwhile, since 6,,/a2 ~ 0.6, it is
not necessary that the magnetic field fully penetrates the center
of the secondary conductor. Consequently, we have a certain
design flexibility with respect to the twist angle of the coil.
Section VI-A indicates that the Lorentz force produces the ro-
tational velocity rather than the axial velocity, and the former
accounts for almost all of the slip. Therefore, the optimum twist
angle of coil is larger than the present twist angle (39°).

VII. REQUIREMENT FOR USING HIGH-TEMPERATURE
MOLTEN METAL

Our induction pump aims at material processing, for example,
molten steel at over 1500 °C or highly reactive metal. There-
fore, performance in a harsh environment is required for this
MHD pump [13]. In principle, there is no problem for this MHD
pump. However, at the present time, there are the following
requirements.

* Fail-safe design to prevent a leakage of cooling water from
the copper pipe of the helical coil.

* The establishment of an insulating shield to prevent a
temperature rise of the stator and temperature fall of the
molten metal.

* The improvement in the heat resistance of the stator.

In the future, we must attempt to improve the efficiency and
meet these requirements.

VIII. CONCLUSION

An electromagnetic induction pump that gives thrust to high-
temperature molten metal in a cylindrical duct is studied. This
paper reports on a circulation experiment using molten gallium
as the secondary conductor. The following results were obtained
from this experiment.

1) A stator without teeth or slots was fabricated for this ex-
periment. Uniformity of the magnetic flux density was re-
markably improved. Measurement results of the magnetic
flux density show that the deviation was within +£6% of
the average, and the effect of spatial higher harmonics was
suppressed.
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2) The developed pressure is nearly proportional to the input
power.

3) It is confirmed that the conventional slip-thrust function
is valid for the results of this experiment with molten gal-
lium. The form of this function suggests that it is appli-
cable to any molten metal.

4) These experimental results show that the normalized
stalling pressure was obtained when the ratio of the skin
depth to the radius of the secondary conductor is 0.59.
In consideration of the electromagnetic similarity, this
relationship is expected to have universality and not
depend on the size of the device nor the motion nor the
material property of the secondary conductor.

5) The rotational velocity was much greater than the axial
velocity, and the former accounted for almost all of the
slip. This excessive rotational velocity has to be reduced
in future improved design of the pump system.

6) The optimum twist angle of the coil is larger than the
present twist angle (39°).

APPENDIX [
MAGNETIC FIELD ANALYSIS

Numerical analysis of the magnetic flux density without sec-
ondary conductor was performed to confirm the difference be-
tween stators with and without teeth.

A. Distribution of the Magnetic Flux Density of a Rotating
Twisted Magnetic Field
Gauss’s law in cylindrical coordinates is shown as follows:
19(rB,) 10Bs 0B,
r  Or r 00 0z

In the case of a twisted magnetic field, independent variables
are transformed as follows:

=0. (18)

T=t, R=r, O0=0+kz—wt, Z==z (19)
where k denotes the wave number in the z direction. Here,
we use the following two assumptions. The end effect is negli-
gible: 9/0Z = 0 for all variables. A steady state is established:
0/0T = 0. Equation (18) is rewritten from (19) and using the

above assumptions
1 9(RB;)
- —— (By+kRB,)=0.
R oR T Roe Pt EAB:)

The following magnetic flux density vector automatically sat-
isfies (20)

10

(20)

104
"T RO
1 04
By=-— 94
¢ 1+ 2R2OR
kR 0A
B,=——— =
1+ k2RZOR @D

Considering the actual coil shape, the current density in the
windings are given by
Jo +kRj. =0,

Jr=0. (22)
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Control
surface 1
n lines
rAQ
A0
ko
y N
Control J
surface 2

Fig. 17. Coil current about one phase; expansion plan at radius 7.

Equation (22) satisfies Kirchhoff’s law (V - j = 0)

10 0
(jo + kRj.)dR = 0.

. 1
ROk (Rjr) + ER) (23)
Ampére’s law is
10H, | OH,
R 00 00

LOH, OH.

96  or

10 10H, .
Eﬁ(RHG) ~“ R0 U= (24)

Taking B = pH into account, we obtain the same equation
from the second and third equations of (24)

19 (164
R290 \ 190

1 0 R 0A n — i (@5
ROR) n(1+ k*R%) OR -
where p denotes the magnetic permeability. The first equation
of (24) is automatically satisfied. Equation (25) is calculated by
the finite difference method, where 1 is a given function of R
and O.

B. Helical Coil Current

Here, we derive the relationship between the coil current and
the current density 7, inside the winding model of the numerical
analysis.

If the diameter of the windings is D, in Fig. 17

nD = —siny (26)

k
where rAf denotes the width of windings per one-phase and
one-pole slot-width of the yoke when the stator has teeth. The
angle Af is /3 in the case of the stator without teeth. On the
other hand, Af is w/6 in the case of the stator with teeth (see
(7D ]

When the current per winding is /, the current per area of
thickness dr about one phase is

dr—  Idr A8
"D TR @n

The current, which flows through a control surface, is shown

/j~'n.dS

(28)
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TABLE VII
NUMERICAL RESULTS OF MAGNETIC FLUX DENSITY
oot Current Magnetic flux density [mT]
Way of winding density By B. Result of
of yoke 5 . .
[A/m*] | Center Right wall  Upper wall Right wall | analysis
Three-phase With | 5108 | 225 429 39.4 429 Fig. 18
concentrated-winding teeth
~ Three-phase Without | 5. 106 | 274 316 435 31.6 Fig. 19
distributed-winding teeth
where j, n, and d.S denote a current density vector, a normal Magnetic flux density vector at z=0 [m]
vector for the control surface, and the area element in the control
surface, respectively. The integrals (28) for both control surfaces
1 and 2 are equal to (27)
_ 0.05
Idr AG . . Af J
———siny =jg—dr
DQ A Y =Js 2
Idr A6 )
— —sinvy =j,rAfdr (29) E o
D2 k
)
where, on the right-hand side of the equations, the current den-
sity across the control surface is regarded as uniform irrespec-
. . .. -0.05
tive of the gap in the windings.
Substituting J = I/D? and siny = kr/+/1 + k272 for (29),
we obtain
-0.05 0 0.05
. kr . 1
Jo=——F—r=J, Jo=—F—=J (30) z [m
VI+kZ2 7T 1+ k22 [m]
Magnetic flux density vector at y=0 [m]
where .J denotes the magnitude of the current density. The actual
magnitude of the current density is 41 /(wD?) when the cross 0.08
section of the winding is a circle. However, we adopt the current '
density J = I/D? in the numerical analysis to distribute it
uniformly irrespective of the gap in the windings. —_
The current through an area of radius r and thickness dr is .E. 0
n
A0 d T Apd 31)
r r= — T,
Iz V14 kZr2
—-0.05
Integrating (31) by Ry < r < Ry, we obtain
~JAf z [m]
_ 2 2 2 2
NI = 2 <\/1 T RIR \/1 + k2o ) (32) Fig. 18. Three-phase concentrated winding with six teeth.

where IV denotes the number of turns of the coil per phase and
per pole. Though the current NI of an ordinary coil is propor-
tional to [R12 — ROQ] , the current of a helical coil is not pro-
portional to the increase in radius, as shown in (32).

In the previous experiment [7], the inside and the outside ra-
dius of the stator were Rp = 0.04 m and 1 = 0.059 m, respec-
tively. The wave number in the z direction was k& = 25 m~!,
where the twist angle was 45°, and the angle of the slot-width
of the stator was Af ~ /6. The number of turns of the wind-
ings per phase was N = 50. Therefore, the current density .J is
obtained from (32)

I=6.16 x 1075J. (33)

C. Analysis Result

We analyze the magnetic flux density in two type of stators
at I = 12.3 A(J = 2 x 10% A/m?). In this case, the magnetic
permeability of the yoke is 1001 i and that of the other part is
1o. The result is shown in Table VII. In the case of the three-
phase concentrated winding, which was used in the previous
experiment [7], the stator has six teeth and six slots. In the case
of the three-phase distributed winding, the stator does not have
teeth or slots.

The numerical result shows that the magnetic flux density at
the center of three-phase distributed-winding is larger than that
of a three-phase concentrated winding. Comparing Fig. 19 with
Fig. 18, we can see that Fig. 19 is more uniform than Fig. 18.
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Magnetic flux density vector at z=0 [m]

—-0.05

-0.05 0

0.05
z [m]

Magnetic flux density vector at y=0 [m]

0.05 = =
e Z
SRR s
— [ o
b it it
Eoflll | 1
= =
7 N
_ S
-0.05 =
—-0.05 0 0.05
z [m]

Fig. 19. Three-phase distributed winding without teeth.

APPENDIX I
PRESSURE-FLOWRATE CHARACTERISTIC

The pressure-flowrate characteristic of our MHD pump is
shown in Fig. 20. This figure shows two results at 50 and 250 Hz
where each current (phase current) was 457 and 206 A, re-
spectively. The line voltage and power factors were 18 V, 65%
at 50 Hz and 29 V, 39% at 250 Hz and were almost constant
throughout the measurements.

This measurement has been performed for various open states
oftheneedle valve. The maximum flowrate points () of each fre-
quencyinFig.20weremeasuredbyreplacingtheneedle valve with
astraight duct. These experimental results show that the obtained
developed pressure barely changes with flowrate. Therefore, for
both frequencies, the efficiency increases with flowrate.

APPENDIX III
ENERGY CONVERSION

A. Developed Mechanical Power and Efficiency

The developed mechanical power and the efficiency of our
MHD pump were examined with open needle valve. The output
power QAp and the efficiency » for various input powers P are
shown in Fig. 21. The efficiency at 250 Hz is the best among
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Fig. 20. Pump characteristics.
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Joule heating and viscous dissipation Juuler heating ! Joule} hea:lng‘
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Joule heating
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Apparent power : 7.5kV A Apparent power: 7.3kV A
Power factor  :40 % Power factor ~ :39 %

Fig. 22. Ratio of joule heating on output.

these three kinds of experiments, 50, 250, and 400 Hz. The
efficiency increases with the input power. However, at about
50 Hz, the rising rate of efficiency becomes smaller with the
input power. The efficiencies at the other frequencies show the
same tendency. The efficiency of our MHD pump (of the order
of 0.01%) is of three orders smaller efficiency than that of an-
nular linear type MHD pump (of the order of 30%—40%) [4].

B. Joule Heating in the Primary Coil

We examine the joule heating of the primary coil from the
electric resistance and the current for each phase in this exper-
iment. Typical ratios of joule heating are shown in Fig. 22 at

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on November 24, 2008 at 23:06 from IEEE Xplore. Restrictions apply.



ANDO et al.: INDUCTION PUMP FOR HIGH-TEMPERATURE MOLTEN METALS

almost the same apparent power at each frequency. We get the
values of joule heating and viscous dissipation in the molten
gallium and the iron loss in the yoke by subtracting the joule
heating of the primary coil from the input power.

The result at 50 Hz indicates that about 90% of the input
power is dissipated as joule heating in the primary coil. This
ratio decreases as the frequency increases. The suppression of
joule heating in the primary coil is a very important problem.
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