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ABSTRACT

In iron bath smelting reduction processes and other
refining processes with a thick top slag layer, mixing in
the top slag layer affects significantly the efficiency of the
processes. The degree of mixing is commonly character-
ized by the mixing time. Concerning cold model experi-
ments, water and silicone oil are often used as the models
of molten iron (or steel) and molten slag, respectively. For
the water bath, the mixing time can be measured with
an electric conductivity sensor using aqueous KCI solu-
tion as tracer. Much information on the mixing time in
the water bath has been accumulated.

On the other hand, little is known about the mix-
ing time in the top slag layer because aqueous KCI so-
lution is insoluble in the oil, and hence, the above-
mentioned method cannot be applied to the silicone oil.

Considering these circumstances, we have devel-
oped an optical sensor to measure the mixing time in
the top slag layer. Silicone oil was used as the model
of molten slag and fine CaCOz powder was used as the
tracer. In this study we examined the adequacy of the
optical sensor and then investigated the mixing time in

the slag layer agitated by bottom gas injection.

1.INTRODUCTION

In steelmaking processes, gas injection techniques
have been extensively used to enhance chemical reaction
rates, homogenize temperature and chemical composi-
tions, and remove nonmetallic inclusions.l) As one of in-
dices for the degree of mixing, the concept of mixing time
‘has been widely employed.?®l Numerous model investi-

gations on the mixing time for various types of reactors
with gas stirring have been carried out using a deionized
water bath and an electric conductivity sensor. The water
was used as the model of molten steel because its kine-
matic viscosity is approximately the same as that of the
molten steel. Dilute aqueous KCI solution was chosen as
tracer. The mixing time was determined from the history
of the electric conductivity of liquid in the bath. Much
information on the mixing time has been accumulated
through water model experiments.

M and

In iron bath smelting reduction processes
some kinds of metals refining processes® (for example,
desulphurization process), a thick top slag layer is used.
Mixing in the top slag layer plays an important role for
slag/metal reactions because the reactions are controlled
by the mass transfer in the top slag layer. Accordingly,
the mixing in the top slag layer is closely associated with
the efficiency of the processes.

Transparent oils such as silicone oil are usually
used as the model of top slag.[® It is difficult to mea-
sure the mixing time in the oils by using the conventional
method based on electric conductivity measurement be-
cause aqueous KCl solution isinsoluble in the oils.

Accordingly, we developed a new method for de-
termining the mixing time in an oil bath. Fine CaCOj3
powder was used as the tracer. This method is based
on the measurement of a temporal change in the trans-
mittance of a laser beam crossing through a transparent
vessel containing oil. The change in the transmittance is
caused by the scattering of the laser beam on CaCOj3 par-
ticles. The transmittance of the laser beam approaches a
constant value as mixing proceeds, and accordingly, the
mixing time can be determined in the same manner as

for the conventional method.!

2. EXPERIMENTS

2.1 Experimental apparatus

Figure 1 shows a schematic of the experimental
apparatus. Two cylindrical vessels made of transparent
acrylic resin were used. One had an inner diameter D
of 20cm and a height H of 39cm, and the other had
D=14cm and H=25cm. The inner diameter of the cen-
tered single-hole nozzle is 0.2cm. Fine CaCO; powder
of a mean diameter of approximately 1pym and a density
of p,=1.7Tg/cm® was charged into a bath from the bath
surface.

The Reynolds number of a particle moving in lig-
uid is expressed by

Re, = o,dy /vy, (1)
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Up = Up — U, (2)
where v, is the relative velocity between the particle and
liquid, v, is the kinematic viscosity of the liquid, Dy is the
particle velocity, and vy, is the liquid velocity.

According to preliminary measurements, it was
found that each particle moved without relative veloc-
ity, o,= 0 and the particle Reynolds number was much
less than the unity under the present experimental condi-
tions. Consequently, the fine CaCO3 powder disperses in
the bath with liquid motion, supporting that the powder
is useful as tracer.

2.2 Water model experiment

In order to assess the accuracy of the new method
for determining the mixing time, water model experi-
ments were carried out and the results were compared
with those obtained with the conventional method.

Deionized water was filled in each vessel to a pre-
scribed depth, and the fine CaCQO3 powder was added
from the bath surface. The mass of the powder for one
charge was 0.2g for the smaller vessel and 0.5g for the
larger vessel.

The mixing time was defined as a period for the in-
stantaneous transmittance of a laser beam to settle within
+ 5 % deviation around the final value in the bath, as
shown in Fig.2. Sensor position and tracer charge posi-
tion were changed as shown in Fig.3. The distance from
the bottom of the bath to the sensor was denoted by H,
and the radial distance from the centerline of the bath
to the sensor was denoted by R, (see Figs.1 and 3). The
tracer was charged from four different positions. Each
tracer charge position is lcm apart from the side wall.

2.3 Oil model experiment

The kinematic viscosity of the representative top
slag attains up to about 100 times as large as the molten
steel. Four kinds of silicone oils with different kinematic
viscosity were used as the model of the top slag. The
physical properties of them are listed in Table 1. The
determination method of the mixing time is just the same

as described for the water model experiment.

Table 1 Physical properties of liquid at 298K

Specimens Density Kinematic Surface

viscosity tension

g/cm?® cSt dyn/cm
Silicone No.1 0.818 1.00 16.9
Silicone No.2 0.873 2.00 18.3
Silicone No.3 0.915 5.00 19.7
Silicone No.4 0.935 10.0 20.5
Water 0.996 0.857 72.0
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3.RESULTS AND DISCUSSION

3.1 Water model experiments
3.1.1 Mixing time determined by conventional method

The mixing time T, obtained by the conventional
method for water baths in the aforementioned two vessels
is given byl?

T,, = 190¢ %4 (3)

where ¢ is the rate of specific potential energy input to
the gas stirred system described by

.
|

prgQqeHL/(xprLHLD?[4)
49Q,/(xD?) (4)

Il

Equation (3) is valid under the following condi-
tions.

10cm < Hp, < 30em, 10%em?/s°<é<C 10%°cm? /s

For the two vessels, Eq.(3) reduces to

T, =120Q;** (D = 20cm) (5)

T = OLG, (D = 14cm) (6)

3.1.2 Mixing time determined by the present method
(1) Effect of sensor position on mixing time

The radial sensor position was. fixed at position E
(Rs=9cm) and the axial distance H, was changed from
5cm to 20cm with equal intervals of 5cm. Figure 4 shows
measured T, values against the axial sensor distance H.
Tracer was charged from the bath surface at position E.
Measurements were carried out for three different gas flow
rates. The measured T,, values are almost independent of
the axial distance from the bottom of the vessel, H,, and
approximated satisfactorily by the empirical correlation
of T, Eq.(5), originally derived from the conventional
mixing time measurements using dilute aqueous KCI so-
lution as tracer.

As shown in Fig.5, T,, is not influenced by the ra-
dial sensor position Ry, either. The empirical correlation,
Eq.(5), is also valid in these cases. Precise T,, measure-
ment can not be made at around the centerline of the
bath because the laser beam was scattered to a great ex-

tent there by rising bubbles.

10%
D=20cm H =25cm
- Rs=9cm
. 'y r's - [
(2]
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Fig.4 Relation between mixing time and

axial sensor position.
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Fig.5 Relation between mixing time and

radial sensor position.

(2) Effect of tracer charge position on mixing time

Figure 6 shows measured values of the mixing time
for different tracer charge positions. Fine CaCOs powder
was charged in turn from the bath surface at positions A
through E. The measured T, values are hardly affected
by tracer charge position.
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Fig.6 Mixing time as a function of
tracer charge position.

(3) Effect of gas flow rate on mixing time

Measured values of the mixing time T, for the
larger and smaller vessels were plotted against gas flow
rate (), in Figs.7 and 8, respectively. In the two figures,
the measured T, values can be approximated satisfacto-
rily by the empirical correlation derived from the conven-
tional method.
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= (Iguchi et al.)
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Fig.7 Relation between mixing time and
gas flow rate for D=20cm.
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Fig.8 Relation between mixing time and
gas flow rate for D=14cm.

(4) Effect of bath depth on mixing time

There occur two kinds of swirl motions in a bath
agitated by bottom gas injection.!®) One is caused by ver-
tical bath oscillations due to quasi-periodical generation
of bubbles and is closely associated with the rotary slosh-
ing which occurs when a vessel containing liquid in it is
oscillated in the vertical or horizontal direction.[’) The
other is caused through Coanda effect.

These two kinds of swirl motions take place for 0.3
< Hy,/D<1 and Hy/D> 2, respectively.® It should be
noted that the above-mentioned mixing time measure-
ments were carried out in the absence of the swirl mo-
tions.

Figure 9 shows T,, against the bath depth Hy.
Only the former swirl motion was observed for Hy =10
cm, whereas the latter swirl motion did not occur. In the
presence of the swirl motion, the mixing time became
very short. On the other hand, in the absence of the

swirl motion, T, decreased as Hj increased.
3.2 Oil model experiments

Figure 10 shows measured values of the mixing
time for silicone oil No.4 (commercial name: TSF-10)
against the gas flow rate @,. The measured T, value for
the silicone oil became much larger than that for water,
and accordingly, it cannot be predicted by Eq.(6). How-
ever, the dependence of Ty, on @, is the same as that for
water baths. This fact means that T, depends strongly

on the kinematic viscosity of the silicone oil, vp.
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Fig.9 Mixing time as a function of bath depth.

where Dy is a newly defined hydraulic diameter, g is
the acceleration due to gravity, and v, is the superficial
velocity.

The present measured 1), values were replotted in
Fig.11 together with previous measured values obtained
for water models on the basis of + 5 % criterion.19-012]
All the measured values can be correlated satisfactorily
by this arrangement method. The following empirical
correlation therefore was proposed.

To(Hy/Dp1)lg/Dpi]V? = 3.13 x 103Re; 2468 (11)

Equation (11) reduces to

Tm — 89.5@;0'468D}11'1033D0'925HEII/g'468 (12)
Mazumdar and Guthrie proposed the following em-

pirical correlation for water models.[*]
i

T, = 5.14Q; D" H;! (13)

Consequently, functional relationship of Eq.(12) is very

similar to Eq.(13) except for the kinematic viscosity of

" o oil model
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Fig.10 Mixing time for silicone oil bath
(silicone oil No.4) in smaller vessel.

Considering this result and previous experimental
results of T,, for water models, the following two dimen-
sionless parameters, II; and II,, were introduced.

Ty = Tp(Hz/Da)lg/Dia]'? (7)
[y = Repy = Dpvgp/vr (8)
Dy = 6D/(4+ D/Hp) (9)

Vep = 4Q, /(7 D?) (10)
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Fig.11 Correlation of mixing time as a function of
Reynolds number.
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4.CONCLUSIONS

A new method for measuring mixing time in a

model oil bath agitated by gas injection was developed.

to investigate mixing phenomena in a top slag layer. The
mixing time was determined from a change in the trans-
mittance of a laser beam crossing through the bath. Fine
CaCO3 powder was used as tracer The adequacy of this
method was confirmed by comparing the experimental re-
sults with those obtained using the conventional method.
An empirical correlation of the mixing time was derived
as a function of gas flow rate, bath depth, bath diameter
and the kinematic viscosity of liquid in the bath.

5.NOMENCLATURE

D: bath diameter (cm)
Dyy: hydraulic diameter defined by Eq.(9)
(cm)
d,: particle diameter (cm)
Hy: bath depth (cm)
H,: axial distance from the bottom of
the vessel to the sensor (cm)
Q,: gas flow rate (cm3/s)
Re,:  particle Reynolds number defined by Eq.(1)
)
R,: radial distance from the centerline of
the vessel to the sensor (cm)
Tr: mixing time (s)
U,:  relative velocity defined by Eq.(2)
(cm/s)
vs:  superficial velocity defined by Eq.(10)
(cm/s)
é rate of spesific potential energy input
defined by Eq.(4) (cm?/s?)

vr: kinematic viscosity of liquid (em?/s)
pr. density of liquid (g/cm?)
II;,II,:  dimensionless parameters (-)
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