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Development of a Multineedle Electroresistivity Probe for
Measuring Bubble Characteristics in Molten Metal Baths

MANABU IGUCHI, TADATOSHI NAKATANI, and HIROTOSHI KAWABATA

Precise information on the behavior of rising bubbles in molten metals is of essential importance for
the enhancement of current metal-refining processes as well as the development of new refining
processes agitated by gas injection. In particular, the total interfacial area between bubbles and molten
metal is a key parameter, but it cannot be evaluated unless the shape of bubbles is given. Getting
information on the shape of rising bubbles has been very difficult for nontransparent liquids. In this
study, we developed a multineedle electroresistivity probe to detect the shape of bubbles rising in
molten metal baths. The accuracy of the presently developed probe was examined for water-air and
Wood’s metal-He systems using a conventional two-needle electroresistivity probe and a high-speed
video camera.

I. INTRODUCTION

IT is widely recognized that the behavior of bubbles ris-
ing in the reactors of material-refining processes agitated
by gas injection plays an essential role for the efficiency of
the processes.[1–5] Theoretical and experimental investiga-
tions on the bubble behavior, therefore, have been carried
out by many researchers on the basis of various kinds of
cold and hot models. The bubble characteristics specified
by gas holdup a, bubble frequency fB, mean bubble rising
velocity uB, and mean bubble chord length LB can be mea-
sured with a two-needle electroresistivity probe which has
been used extensively in this research field.[6–13] It should
be noted that the first two values can be measured with a
one-needle electroresistivity probe as well.

Although metallurgical reactions between molten metal
and bubbles in a bath are significantly influenced by the
total gas-liquid interfacial area, the conventional two-needle
electroresistivity probe cannot give us any information on
the bubble shape, which is closely associated with the total
interfacial area. Even an X-ray fluoroscope cannot give us
detailed information on the shape of bubbles. It can detect
only the contour of a bubble. Considering these circum-
stances, we decided to develop a multineedle electroresis-
tivity probe capable of detecting the shape of bubbles in
addition to the aforementioned gas holdup, bubble fre-
quency, mean bubble rising velocity, and mean bubble
chord length. It is said that a prototype of this kind of mul-
tineedle probe has been developed by Davenport et al.[14]

to detect a single cap-shape bubble rising in mercury.
The accuracy of a newly developed multineedle electro-

resistivity probe was first examined using an aqueous sys-
tem. Experimental results of the gas holdup, bubble
frequency, mean bubble rising velocity, and mean bubble
chord length were compared satisfactorily with their re-
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spective values obtained using a two-needle electroresistiv-
ity probe. The shape of each bubble detected with the
multineedle electroresistivity probe was very similar to that
observed with a high-speed video camera. The multineedle
electroresistivity probe was subsequently applied to a
Wood’s metal-He system to clarify the shape of inert gas
bubbles in molten metal baths.

II. EXPERIMENTAL APPARATUS AND
MEASUREMENT METHOD

A. Water-Air System

Figure 1 shows a schematic diagram of the experimental
apparatus for an aqueous system. The cylindrical vessel
made of transparent acrylic resin had an inner diameter D
of 200 mm and a height H of 390 mm. Water was filled at
a depth HL of 250 mm. In many cases, air was injected
through a centered single-hole bottom nozzle with an inner
diameter dn of 0.5 mm. Some additional measurements
were carried out for dn 5 2 mm. The temperature of the
air was controlled to become the same as that of the water
in the bath, i.e., 25 7C. Accordingly, it was not necessary
to take bubble expansion due to temperature difference into
consideration. The air flow rate Qg was adjusted with a
mass flow controller.

1. Two-needle electroresistivity probe
The bubble characteristics specified by gas holdup a,

bubble frequency fB, mean bubble rising velocity uB, and
mean bubble chord length LB were measured with a two-
needle electroresistivity probe for more than 2 minutes. A
stainless steel wire with a diameter of 0.5 mm and acrylic
resin were used as the electrode needle and insulator, re-
spectively. As shown in Figure 2 (a), each electrode needle
was covered with acrylic resin except at its tip. Counter
electrodes were immersed along the sidewall in order not
to disturb the flow field in the bath. The vertical distance
Lp between the tips of the two electrode needles was 2 mm.
The output signals of the two-needle electroresistivity probe
were A/D converted at a sampling frequency of 5 kHz and
subsequently processed on a personal computer.

The mean bubble rising velocity uB and mean bubble
chord length LB were calculated from the following equa-
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Fig. 1—Experimental apparatus for water-air system.

Fig. 2—Schematic of electrode needle: (a) water-air system and (b)
Wood’s metal-He system.

Fig. 3—Schematic of multineedle electroresistivity probe.

tions:

u 5 Σu /N [1]B Bi

L 5 ΣL /N [2]B Bi

where the subscript i denotes the ith bubble signal and N
denotes the total number of bubble signals. In this analysis,
only bubble signals satisfying the following condition were
discriminated and stored on a personal computer to calcu-
late the mean values of uB and LB:

0.7 , t /t , 1.3 [3]Bu BL

where tBu and tBL are bubble passing times at the upper and
lower electrode needles, respectively. More than 1000 bub-
ble signals (N . 1000) were stored. The determination of
the limit values of 0.7 and 1.3 in Eq. [3] and other details
of the two-needle electroresistivity probe and the data pro-
cessing method are referred to in the previous article.[13]

2. High-speed video camera
The vertical shape of bubbles was recorded with a high-

speed video camera at 250 frames per second.

3. Multineedle electroresistivity probe
Figure 3 shows a schematic of the presently developed

multineedle electroresistivity probe. Thirteen needles made
of stainless steel wire with a diameter of 0.5 mm were
placed with equal intervals of 2 mm. One more needle was
placed along the central needle so that the vertical distance
between the tips of the two needles was 2 mm. These two
central needles were used to determine the bubble rising
velocity uB, where the subscript i was deleted for the sake
of simplicity. The total number of electrode needles, there-
fore, was 14. This is because 14 channels are available for
the A/D converter used here.

The surface of each needle was covered with acrylic
resin except at its tip, in the same manner as for the two-
needle electroresistivity probe. The output signal of each
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Fig. 4—Measurement method of bubble shape.

Fig. 5—Experimental apparatus for Wood’s metal-He system.

needle was processed at a sampling frequency of 1 kHz.
The time delay for data acquisition between the first elec-
trode needle (left end in Figure 3) and the fourteenth (right
end) was 0.4 ms. The mean bubble rising velocity was ap-
proximately 60 cm/s under the present experimental con-
ditions. Each bubble rose approximately 0.24 mm during
0.4 ms. This vertical distance was less than 3 pct of the
mean bubble chord length and hence, the time delay of 0.4
ms was acceptable for detecting the shape of bubbles sat-
isfactorily. More than 1000 bubble signals were stored to
determine uB.

In this study, the rising velocity of every part of a bubble
was assumed to be uniform. That is, the bubble rising ve-
locity uB was represented by a value determined with the
lower and upper central needles placed on the centerline of
the bath. The bubble chord length LB at each radial mea-
surement position (r 5 r ) can be calculated from

L 5 u t [4]B B B

where tB is the passing time of the bubble, as shown in
Figure 4.

In addition, the relative axial distance Ld between the
forward bubble-liquid interface detected by the lower cen-
tral needle located at r 5 0 and that detected by the needle
located at r 5 r can be determined from

L 5 u Dt [5]d B d

where Dtd is the time delay between the bubble signals ob-
tained at r 5 0 and r 5 r. We can readily determine the
vertical shape of the bubble using the data on LB and Ld.

B. Wood’s Metal-He System

A schematic of the experimental apparatus for the
Wood’s metal-He system is shown in Figure 5. The cylin-
drical test vessel made of stainless steel had an inner di-
ameter D of 200 mm and a height H of 300 mm. Wood’s
metal with a melting temperature of 70 7C (343 K) was
heated to 105 7C (378 K) in the bath. The bath depth HL

was kept at 150 mm. The density, kinematic viscosity, and
surface tension of the Wood’s metal are rL 5 9.56 g/cm3,
nL 5 0.341 mm2/s, and s 5 460 mN/m, respectively. He-
lium gas was preheated with a heater placed upstream of a
single-hole bottom nozzle with an inner diameter dn of 0.5
mm and, subsequently, injected into the Wood’s metal bath
through the nozzle at the same temperature as the bath.
Such a small nozzle diameter was chosen to prevent the
weeping of molten Wood’s metal in the nozzle. The He gas
flow rate was adjusted by the mass flow controller used for
the aqueous system.

As mentioned previously, the air flow rate was 66 N
cm3/s (at STP), while the He flow rate was 60 N cm3/s,
where STP represents the standard temperature and pres-
sure. These normal gas flow rates were chosen to yield
almost the same volumetric gas flow rate at the nozzle exit
in the two systems.



412—VOLUME 28B, JUNE 1997 METALLURGICAL AND MATERIALS TRANSACTIONS B

Fig. 6—Centerline values of gas holdup for water-air system.

Fig. 7—Centerline values of bubble frequency for water-air system.

Fig. 8—Centerline values of mean bubble rising velocity for water-air
system.

A stainless steel wire was also used as the electrode nee-
dle for the Wood’s metal-He system, while ZrO2 cement
was used as the insulator, as shown in Figure 2(b). The
shape and size of the multineedle electroresistivity probe
are the same as those shown in Figure 3. The same mate-
rials were used for the two-needle electroresistivity probe.
According to previous investigations,[15,16,17] this multinee-
dle electroresistivity probe would be applicable to molten
iron and molten copper of temperatures lower than approx-
imately 1300 7C. For these molten metals of temperatures
higher than 1300 7C, we should choose more adequate ma-
terials for the electrode needles and insulator.[11,15–17]

The output signals of the two-needle and multineedle
electroresistivity probes were processed in the same manner

as for the water-air system. Time of more than 2 minutes
was necessary to get sufficient data for statistical treatment.

III. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Water-Air System

Measured values of gas holdup and bubble frequency on
the centerline of the bath, acl and fB,cl, are shown in Figures
6 and 7, respectively. The measured values of acl for the
two kinds of electroresistivity probes agreed with each
other within a scatter of 510 pct everywhere in the bath.
Meanwhile, the multineedle electroresistivity probe brings
about less accurate results of bubble frequency in the vi-
cinity of the nozzle exit (z 2 cm). This seems attributable,;
partly to a relatively low sampling frequency, i.e., relatively
low temporal resolution for the multineedle electroresistiv-
ity probe. Since the capacity of the A/D converter used in
this study is limited, the sampling frequency for each needle
is 1 kHz, which is considerably lower than the 5 kHz for
the two-needle electroresistivity probe. Another reason for
the difference is that the multineedle probe confines and
distorts the flow when placed close to the nozzle.

Data on the mean bubble rising velocity on the center-
line, uB,cl, and mean bubble chord length on the centerline,
LB,cl, obtained for a different air flow rate of 40 N cm3/s
and a nozzle inner diameter of 2 mm are shown in Figures
8 and 9, respectively. In each figure, agreement between
measured values obtained with the two kinds of electrores-
istivity probes is good except near the nozzle exit.

The radial distributions of gas holdup a and bubble fre-
quency fB measured at z 5 5 cm under the same blowing
condition for the results in Figures 6 and 7 are given in
Figures 10 and 11, respectively. The multineedle electro-
resistivity probe was fixed so that its lower central needle
overlapped the centerline of the bath, as shown in Figure
1. Accordingly, all data were obtained with different elec-
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Fig. 9—Centerline values of mean bubble chord length for water-air
system.

Fig. 10—Radial distributions of gas holdup measured at z 5 5 cm for
water-air system.

Fig. 11—Radial distributions of bubble frequency measured at z 5 5 cm
for water-air system.

(a) (b)

Fig. 12—Measured bubble shape for water-air system: (a) high-speed
video camera and (b) multineedle electroresistivity probe.

trode needles, while the two-needle electroresistivity probe
was traversed in the radial direction with equal intervals of
2 mm. At every radial measurement position, the measured
values for the two kinds of electroresistivity probes almost
agreed with each other. Accordingly, the behavior of rising
bubbles was not influenced by the number of electrode nee-
dles. Both the radial distributions of a and fB almost fol-
lowed Gaussian distributions as widely accepted for
bubbling jets under the present experimental condi-
tions.[12,13]

The present multineedle electroresistivity probe was
found to be useful in the whole bath except near the nozzle
exit. Provided that the sampling frequency for each needle

of the multineedle electroresistivity probe is raised and the
size of each needle is minimized, this probe would yield
more accurate results even near the nozzle exit.

Figure 12 compares the vertical shape of a bubble ob-
served for dn 5 0.5 mm, Qg 5 66 N cm3/s, and z 5 3 cm
using a high-speed video camera with that detected using
the presently developed multineedle electroresistivity
probe. The bubble shapes shown in Figures 12(a) and (b)
are close to each other. It should, however, be stressed that
the high-speed video camera gives us the vertical contour
line of the bubble, whereas the multineedle electroresistiv-
ity probe gives not the vertical contour line but the vertical
cross section of the bubble. This result also supports the
adequacy of the present multineedle electroresistivity
probe. Although the evidence is not given here, the mean
bubble rising velocity uB was almost uniform for r , 1 cm.
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Fig. 13—Centerline values of gas holdup for Wood’s metal-He system.

Fig. 14—Centerline values of bubble frequency for Wood’s metal-He
system.

Fig. 15—Radial distributions of gas holdup measured at z 5 5 cm for
Wood’s metal-He system.

Fig. 16—Radial distributions of bubble frequency measured at z 5 5 cm
for Wood’s metal-He system.

The validity of the aforementioned assumption for uB,
therefore, was confirmed.

B. Wood’s Metal-He System

Figures 13 and 14 show the centerline values of the gas
holdup a and bubble frequency fB, respectively. In each
figure, agreement between the results for the two kinds of
probes are reasonably good except near the nozzle exit. Just
like the water-air system, the present multineedle electro-
resistivity probe is applicable to the Wood’s metal-He sys-
tem except near the nozzle exit (z 2 cm).,;

The radial distribution of gas holdup at z 5 5 cm is
illustrated in Figure 15. Unlike the radial distribution of gas

holdup for the water-air system at the same volumetric gas
flow rate, the radial distribution of a has two peaks. A
similar radial distribution can be observed when a swirl
motion of a bubbling jet occurs in a relatively shallow bath
of 0.3 HL/D 1,[18] where HL is the bath depth and D, ,; ;
is the bath diameter. This kind of swirl motion resembles
the rotary sloshing appearing in a cylindrical vessel, which
is subject to horizontal or vertical external forced oscilla-
tion. In the presence of the swirl motion, the radial distri-
bution of bubble frequency fB also is known to have two
peaks.[19] The radial distribution of fB, however, is almost
uniform near the centerline, as shown in Figure 16. In ad-
dition, the swirl motion was not observed by eye inspection
under this experimental condition. The radial distributions
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Fig. 17—Bubble shape of two successively rising bubbles detected at z
5 5 cm with multineedle electroresistivity probe for Wood’s metal-He
system.

Fig. 18—Bubble shape of three successively rising bubbles detected at z
5 8 cm with multineedle electroresistivity probe for Wood’s metal-He
system.

of a and fB shown in Figures 15 and 16, therefore, are not
associated with the swirl motion of a bubbling jet.

According to Figures 15 and 16, most bubbles exist for
g 1.3 cm.,;

The cross sections of two successively rising bubbles are
illustrated in Figure 17. The mean bubble rising velocity uB

was assumed to be uniform in the radial direction in deter-

mining the shape of bubbles, but actual uB values obtained
by the two-needle electroresistivity probe changed slightly
(,10 pct) in that direction. A more precise cross section
of each bubble can be obtained by modifying the cross
section shown in Figure 17 using the local uB value. The
modified cross sections, however, are not shown here be-
cause there is little difference between the original and
modified cross sections.

The bubbles shown in Figure 17 are reasonably regarded
as being axisymmetrical with respect to their vertical axis,
and bubble shape is skirted. A vertical bubble cross section
similar to those shown in Figure 17 can be seen when a
relatively large isolated bubble rises in a transparent high
kinematic viscosity and low surface tension liquid at rest.[20]

In the present case, however, the kinematic viscosity is low
and the surface tension is high, and bubbles are generated
almost periodically. Each bubble is affected in the course
of rising by turbulent molten metal flow induced by pre-
ceding bubbles. This is the main reason for the difference
between bubble shapes in still aqueous systems and the
present system.

It is worth noting again that even an X-ray fluoroscope
cannot detect precisely the vertical cross section of a bub-
ble.[21,22]

The bottom radius rBB of each bubble shown in Figure
17 is approximately 1 cm, which is almost identical to the
outer edge of the bubble dispersion region ( 1.3 cm) es-,;
timated from the radial distributions of a and fB shown in
Figures 15 and 16. These facts imply that each bubble rises
around z 5 5 cm, hardly fluctuating in the radial direction.
Measured gas holdup values, therefore, would be approxi-
mately proportional to the bubble chord length LB. Accord-
ing to Figure 17, the chord length of each bubble has a
maximum near the outer edge. This might be the reason for
two peaks appearing on the radial distribution of a. On the
other hand, since the bubble frequency fB is not dependent
on the chord length, fB is expected to be almost uniform
near the centerline of the bath. This is true, as can be seen
in Figure 16.

According to water model experiments, bubbles rising in
an axial region far from the nozzle exit are disturbed by
highly turbulent motion of liquid caused by the wake of
preceding bubbles, and hence, disintegration of the bubbles
takes place. In Figure 18, three successively rising bubbles
observed at z 5 8 cm are illustrated. The skirted bubble
shape is not observed anymore, probably due to the disin-
tegration of bubbles.

IV. CONCLUSIONS

1. A multineedle electroresistivity probe was developed to
measure the bubble characteristics specified by gas
holdup a, bubble frequency fB, mean bubble rising ve-
locity uB, and mean bubble chord length LB and to detect
the vertical shape of bubbles rising in transparent as well
as nontransparent liquids. The accuracy of this probe
was confirmed by comparing experimental results for the
bubble characteristics in a water-air system and in a
Wood’s metal-He system with those measured with a
conventional two-needle electroresistivity probe. In ad-
dition, the vertical shape of bubbles detected by the mul-
tineedle electroresistivity probe for the water-air system
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was favorably compared with that observed with a high-
speed video camera. The presently developed multinee-
dle electroresistivity probe was found to be useful in the
whole bath except near the nozzle exit for the water-air
and Wood’s metal-He systems.

2. Helium bubbles successively generated in the Wood’s
metal bath were skirted above the nozzle exit (z 5 5 cm)
under the present blowing conditions. Disintegration of
the bubbles took place far from the nozzle exit (z 5 8
cm). The radial distributions of gas holdup a were found
to be closely associated with the shape of bubbles.
Judging from the previous experimental evidence, the

multineedle electroresistivity probe developed in this study
for the Wood’s metal-He system would be applicable to
molten iron and molten copper of temperatures less than
approximately 1300 7C. If a platinum electrode needle cov-
ered with ZrO2 cement is used as the electrode and alumina
(Al2O3) as the insulator, this multineedle electroresistivity
probe is considered to be useful even for a molten iron bath
at a temperature of 1600 7C.
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