Physical Modeling of Liquid/Liquid
Mass Transfer in Gas Stirred Ladles
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Several of the metallurgical reactions occurring in gas stirred steel ladles are controlled by liquid phase
mass transfer between the metal and slag. In order to calculate the rate of these reactions, information
about the two phase mass transfer parameter is necessary. The mass transfer between two immiscible
liquids, oil and water simulating slag and steel, respectively, was measured in a scale model of a ladle.
The mass transferred species was thymol which has an equilibrium partition ratio between oil and
water similar to that for sulfur between slag and metal. The mass transfer rate was measured as a
function of gas flow rate, tuyere position and size, method of injection, oil viscosity, and oil/water
volume ratio. In addition, mixing times in the presence of the oil layer and mass transfer coefficient
for the dissolution of solid benzoic acid rods were measured. The results show that there are three gas
flow rate regimes in which the dependence of mass transfer on gas flow rate is different. At a critical
gas flow rate, the oil layer breaks into droplets which are entrained into the water, resulting in an
increase in the two phase interfacial area. This critical gas flow rate was found to be a function of
tuyere position, oil volume, densities of two phases, and interfacial tension. Two phase mass transfer
for a lance and a tuyere was found to be the same for the same stirring energy in low energy regions
regardless of lance depth. Mass transfer is faster for a center tuyere as compared to an offcenter
tuyere, but mixing times are smaller for the offcenter tuyere. From the results obtained, the optimum

stirring conditions for metallurgical reactions are qualitatively discussed.

I. INTRODUCTION

DVUE to the need for cleaner steels and higher productivity,
secondary refining or ladle metallurgy has grown dra-
matically in the past few years. The ladle metallurgical
processes can vary from simple addition of a synthetic slag
into the ladle followed by argon bubbling to highly so-
phisticated arc heated ladle systems equipped with vacuum,
powder injection, argon bubbling, and in some cases
induction stirring for inclusion removal, desulfurization,
dephosphorization, and alloying. The advantages of ladle
refining by gas stirring are that its capital cost is low, it
enhances inclusion flotation, and it gives good refining effi-
ciency by leading to a faster approach to equilibrium be-
cause of a better mass transfer rate between slag and metal.
In a gas stirred ladle, bubbles rising through the liquid
induce a recirculatory flow of fluid because of the reduced
density in a gas/liquid plume. Bubbles may also cause the
ejection of small droplets of one phase into the other.

Much of the previous work'~" on physical and mathe-
matical modeling of gas stirred ladles was concerned with
fluid flow and mixing times in the metal. However, the
rate-controlling process for most metallurgical reactions
such as desulfurization is two phase mass transfer between
slag and metal, not one phase mixing as represented by
mixing times. ’

The mixing of liquids in metallurgical vessels has been
studied to relate the mixing time (7,) with mixing power
density (¢).!""">* The mixing time was defined as the time
corresponding to the arbitrary level of approach to the final
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steady state concentration. Empirical relationships of the
type 7, ¢ £" have been proposed, and various values of n
have been reported. Asai e al." and Mazumdar® have ana-
lyzed theoretically and experimentally these relationships
and confirmed their theoretical results by carrying out water
model experiments. In separate studies, they agreed that 7,
is proportional to £ ~'” and is dependent on the vessel size
in a flow regime predominated by turbulent viscous force.
Mazumdar further related the mixing times in the model
ladle (7., moger) to those in full scale systems (7, ) through
the geometrical scaling factor for axisymmetrically gas agi-
tated systems using the relationship:

— . )34
= Twmis. A

The effect of the presence of a slag layer in gas stirred ladles
on the mixing time was investigated by Haida et al.* and
Ying et al." Inthese respective works, they showed that mix-
ing time increases with the presence of slag and the absolute
value of exponent (n) is generally higher than that obtained
without the slag present. The interaction between mixing
time and mass transfer rate has not been mentioned clearly
until now. Very recently, Matway? asserted that the mass
transfer increases as the mixing time decreases for specific
circumstances in his study of a BOF scale model using
various tuyere patterns.

In a gas stirred ladle, the turbulence caused by a gas/
liquid plume rising through the bath in the upper portion of
the vessel and the recirculating motion in the bath facili-
tate the metallurgical reactions at the interface between two
immiscible liquid phases by giving high mass transfer
rates. The product of the mass transfer coefficient and the
interfacial area, kA (mass transfer parameter), is the only
parameter measured in the experiments of liquid phase mass
transfer because of difficulty in measuring the interfacial
area between the slag and metal. Due to the slag/metal
mixing, the area is generally greater than the planar area
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between the two phases. Asai ef al.® comprehensively re-
viewed the previous work concerning the effect of gas flow
rate on the mass transfer rate between two immiscible lig-
uids, and showed that the results of previous work as well
as their own water modeling work in terms of the values
of exponent (n) in the relation of K « Q". Numerous val-
ues'*™ of n, depending on the systems of two immiscible
phases and the operating variables of the system, have been
reported. It is interesting to note that the results of de-
sulfurization of steel by a synthetic slag in a plant scale ladle
show an abrupt increase of the value of the exponent from
0.25 to 2.1, and from 0.3 to 1.3 at a critical gas flow
rate.”* This abrupt change was partially explained by the
authors®'?# as being due to the change of mixing pattern and
as an effect of the increased heating of the slag layer at
higher gas flow rates by the others.” The existence of such
an abrupt transition of the mass transfer rate in two immis-
cible liquid systems has also been observed in many water
model studies investigating the transfer of some organic
species between two immiscible liquids.'***** Based on
the previous results of both high temperature experiments
and cold model experiments, there appear to be at least
two or possibly more physical regimes of gas flow, where
different values of n apply depending on the operating sys-
tem variables.

Despite many previous studies done on liquid/liquid mass
transfer in gas stirred vessels, questions still exist concern-
ing the optimum stirring conditions for better liquid phase
mass transfer: e.g., location of plugs, number of plugs, gas
flow rate, and other system variables. It is the purpose of
this study to investigate the dependence of the mass transfer
parameter on the operating system variables such as gas
flow rate, number and position of tuyeres, lance injection,
volume ratio of two immiscible liquids, and physical prop-
erties of liquids. The effect of the presence of a secondary
immiscible liquid and tuyere location on mixing times are
also investigated. In addition, mass transfer between a solid
rod of known surface area and the liquid was examined to
approximately separate the mass transfer coefficient term
from the mass transfer parameter obtained in liquid/liquid
system. In a future publication, the results of this study will
be explained by a dimensional analysis of the system.

II. EXPERIMENTAL TECHNIQUE
AND MASS TRANSFER EQUATIONS

A scale model of a steelmaking ladle (1/7.2 scale of a
200 ton stee] ladle) with a bottom diameter of 45.6 cm, a
10 pct taper (2.5 deg), and a height of 62 cm was used. The
liquid was usually filled to a height of 44.5 cm. The system
has four positions for tuyeres: one at the center, one each at
one-half the radius, and one at the bottom of vessel side
wall. The air flow rate was monitored by rotameters on each
gas line leading to a tuyere, which had a diameter of 0.2 or
0.48 cm. The model lance was a stainless steel tube with
side holes or ports (0.48 cm in diameter) at the tip.

The modified Froude number (N,), defined as the ratio of
two times the kinetic energy of the gas injected through a
tuyere to the buoyancy energy of the gas, was considered as
the similarity criterion to correlate the gas flow rate between
the scale model and full scale system.

NFr=_— [1]
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The linear gas velocity at the exit of a tuyere is expressed in

terms of a gas flow rate and tuyere diameter as follows:
o M 1

PsUr = 22260 wdi/a

where M is a molecular weight of the gas (grams), and dr

is a diameter of the tuyere (cm).
Then,

(2]

U 2 2
L Y 3]
pipe8L Ldzr

where
9.159 x 107'M?
PP,

Applying a modified Froude criterion between the model
and full scale system, one finds:

(N l’*r)mndcl = (N l,"r)full scale [4]

C:

Then,

C’" " 52
QI‘.S. - (C—[\_> A Qm [5]

where A 1s a geometrical scale factor (a ratio of character-
istic lengths of systems (L;,/L,)). If one applies this cor-
relation to the systems of steel/Ar and water/air, then

Or, = 1.038A%2Q,, [6]

Therefore, the scaled gas flow rate of | SCFM in a 200 ton
steel ladle would be approximately equal to 0.2 1/min in this
scale model system, assuming a modified Froude number
criterion for the bulk fluid flow.

Measurements of the mixing times were carried out by
injection of a tracer (80 ml of 2.5 N KCl! solution) into the
water bath (75 1) and by using a conventional electric con-
ductance measurement method. The conductivity cell was
immersed to a depth of 1 cm away from the bottom and near
the wall of a model ladle. A tracer was injected into the
water bath at the center of the plume eye on the bath surface.
In order to avoid the additional mixing due to the kinetic
energy of the tracer, experiments were done by gently pour-
ing the tracer onto the bath surface. The change of conduc-
tivity in the water with the time was measured. The mixing
time is defined as the time in which the tracer concentration
in the water falls within +5 pct of the steady state concen-
tration. 2.5 1 of oil was covered on the top to investigate the
effect of slag layer on the mixing phenomena.

For mass transfer between two immiscible liquids, there
are two liquid phase boundary layers offering resistances to
overall mass transfer. The overall mass transfer coefficient
at the interface can be calculated by equating the mass fluxes
at the two phase boundaries under steady state condition.

J =k, (Cn ~ Cp) = k(C; — Cy) (7]

Considering an equilibrium at the interface gives the follow-
ing equation:

C’
h=—
cr (8]
Combining the above equations gives
k,Cn + k,C
C’[n — m m § §
k, + hk, &
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After substituting the above equation into the flux equation
for the metal phase, the flux equation reduces to

__Cu—C/h _ ( _g)
" 1/k, + 1/(hk,) Ko\ Cm h [10]

where K, is the overall mass transfer coefficient.

1
1/k, + 1/(hk,)

In this equation, 1/k,, and 1/(kk,) represent the resistances
to mass transfer in the metal and slag phases, respectively.
It is generally acknowledged that the difference between k,,
and k, may be assumed to be within an order of magnitude.
Accordingly, depending on the value of h in a specific
system, the resistance in one phase boundary layer can be so
great as to make the resistance of the other phase boundary
layer insignificant, or both the phase resistances can affect
significantly the mass transfer rate.

In several previous studies of mass transfer in liquid/
liquid systems, B-naphthol (C,HgO) was used as the trans-
ferring tracer, paraffin oil as the slag phase, and water as the
steel phase. However, B-naphthol has a partition ratio, A,
between oil and water of less than one (0.6). This leads to
liquid phase mass transfer being controlled by mass transfer
in the oil phase. The transfer of a tracer from oil phase to the
water phase was investigated in all previous mass transfer
studies using a cold model. These are not the modeling
conditions in real systems such as sulfur transfer from metal
to slag. The partition ratio of sulfur between slag and metal
is on the order of 200 to 500, resulting in the liquid phase
mass transfer controlled by metal phase resistance. There-
fore, an ideal cold model system using thymol (C,H,0) as
a tracer and a 50/50 mixture (by volume) of paraffin oil and
cottonseed oil as the slag phase developed recently by
Matway,”* was adopted because the partition ratio of thy-
mol in this system is high (>350). The transfer of a tracer
from water to oil phase was investigated in this study.

Typically, 75 1 of water containing 120 to 130 ppm thy-
mol was placed in the ladle model followed, in most cases,
by placing 2.5 1 of oil on top. This is the approximate steel
to slag volume ratio used in actual practices (normally the
slag to metal ratio in ladle treatment is less than 0.1).% After
gas stirring is started, samples are taken out of the water as
a function of time and in some cases as a function of position
in the ladle. The samples were allowed to settle for several
hours to float up the oil sampled with water, then were
carefully treated using a pipet to remove the oily surface,
and finally filtered using filter papers to obtain clean water
samples. The samples were analyzed by a UV-spectro-
photometer to determine the concentration of the trans-
ferred species in water.

The mass transfer equations for the model system are the
same as for a real system. The mass transfer equation in the
case of liquid phase mass transfer due to the resistance of
the water phase boundary layer can be expressed as:

dc, _ kA
dt V.
_a

C

The mass balance for the transferred species is

K, = (11]

(€= Cu) (12]

h

[13]
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(€L —CIV. =GV, [14]

Assuming equilibrium at the interface, the combinations of
the above equations reduce to

& dc, _ kA Jtdt
[ (1 + hVW/VD)CW - thVw/Vo Vw 0

[15)

Integration of the above equation yields the following form
of mass transfer equation for a constant partition ratio:

ln[(l + th/Vo)Cw/Cev — th/Vo] _ kw_A
1+ hv,/v, Ve

In this investigation, the left-hand side is referred to as LHS.
Plotting LHS vs time for each experimental result should
give a straight line with a slope equal to k,A/V,.

When the gas is injected into the bath, a “plume eye”
develops where the oil layer is pushed open by the gas. The
size of the plume eye was measured as a function of flow
conditions to determine the planar interfacial area of oil
and water.

For the mass transfer study between solid rods and water,
samples were prepared by melting benzoic acid powder and
casting it into a cylindrical shape with a wire inserted in the
center. To ensure an equal amount of exposed surface area
on each sample, paraffin wax was used to coat the end of the
sample that has the holding wire extending from it. About
2 cm of exposed benzoic acid remains on each sample after
preparation. The benzoic acid rod sample was attached to a
rod that holds it securely during each experimental trial and
placed in the water bath at various positions. The experi-
mental time was 20 minutes to allow for adequate weight
loss. After each experiment, the weight loss was measured
and used to calculate the mass transfer coefficient.

The mass transfer equation for the calculation of a mean
mass transfer coefficient in the dissolution of the solid rod
into the liquid, can be expressed by

dW

— =k,A(C,— C 17

” ( b) [17]
The following assumptions are made to simplify the mass
transfer equation:

1. The driving force is constant during the dissolution test.
2. The surface area is equal to the arithmetic mean area
[A = O~5(Ainitial + Aﬁnal)]‘
3. The mass transfer coefficient (k, ) corresponds to a mean
value (k,) for the entire surface of the exposed area dis-
regarding the peripheral and planar distribution of the mass
transfer coefficient around the cylindrical rod.
The above equation is simplified as:
- AW
o CiA At (18]

t [16]

IMI. RESULTS AND DISCUSSION
A. Effect of Second Phase on Mixing Time

Figure 1 shows a plot of mixing times as a function of gas
flow rate for a center, an offcenter, and a side tuyere with
an oil layer present. All the mixing time results, measured
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Fig. 1 —A plot of mixing time as a function of gas flow rate for three
different arrangements of a tuyere with an oil layer present.

4 to 6 times for each gas flow rate, are shown. It is inter-
esting to note that shorter mixing times are observed as the
position of a single tuyere moves from the center toward the
wall of a vessel. As the tuyere position becomes more off-
centered, the mixing of the wall side regions closer to the
gas/liquid plume occurs more quickly than the other regions
away from the gas/liquid plume. Therefore, the effect of
mixing in one wall side region on the mixing in the other
wall side region (mixing phenomena due to eddy diffusion
inside the gas/liquid plume) becomes less significant as the
tuyere position becomes more offcentered. This explanation
is supported by visual observation using a dye tracer in place
of the KCl solution. Asai et al. " explained this phenomenon
by describing that increase of fluid circulatory loop in a
vessel tends to decrease mixing time.

Plotting of mixing time in terms of stirring energy density
(&) is depicted in Figure 2 to compare the present experi-
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Fig. 2—Mixing time vs stirring energy density for 3 different tuyere
patterns with and without an oil layer.
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mental results with those of other theoretical and experi-
mental studies. The present mixing time results with and
without an oil layer are plotted together to demonstrate the
effect of the oil layer on the mixing time distribution. Stir-
ring energy density is calculated by considering the potential
energy increase due to the isobaric expansion at the tuyere
exit and isothermal expansion during the rise of bubbles.

_0.014250T log(1 + H/1033.9)
W,

The presence of an oil layer increases the mixing time sig-
nificantly regardless of injection patterns as shown in
Figure 2. Similar results have been reported but without
detailed explanations."'* In the presence of the oil layer,
some of the stirring energy by gas injection is consumed in
producing a turbulence at the interfacial region and a circu-
lation inside the oil. Therefore, less energy is used for the
mixing phenomenon inside the bulk phase. This effect im-
plies the resistance of an oil layer to the recirculatory veloc-
ity of bulk fluid. This finding also indicates the weakness of
the existing mathematical models to describe the velocity
profile in the bulk phase, which was developed without
considering the effect of secondary phase (slag layer). The
slope of the lines, n, in Figure 2 without an oil layer for a
center tuyere injection (—0.32) is in good agreement with
the theoretical one (—0.33) derived by Lehner,”® Asai
et al.,"" and Mazumdar.” Considering the experimental
scatter, the value of » with an oil layer (—0.43) is also
consistent with those determined from both plant scale
experiments with a slag layer’’ and water modeling experi-
ments using simulated slag.'*'* In general, the absolute val-
ue of exponent n becomes larger with the presence of slag
layer regardless of the operating system variables. The value
of n for offcenter tuyeres is the same as that for a center
tuyere injection experiment with an oil layer.

€ [19]

B. Two Phase Mass Transfer

The reaction rate of a slag/metal or any two phase reaction
is significantly increased by gas stirring because of the faster
replacement of the major heavier phase (metal) at the inter-
face and the generation of additional interfacial area. Typ-
ical experimental data of liquid/liquid mass transfer are
shown in Figure 3, where LHS of Eq. [16] is plotted as
a function of time. This plot shows a linear relationship
between the LHS and time and gives a slope of k,A/V, .

Effect of Gas Flow Rate: Figure 4 shows aplotofk, A as
a function of gas flow rate for a center tuyere. The mass
transfer parameter, k,A, increases slowly with increasing
flow rate for low flows. There is an abrupt increase of k, A
at higher flow rates (>4.5 1/min). A different behavior of
interaction between oil and water phases was visually ob-
served with increasing flow rate. As shown in Figure 5, the
ln-1n plot for k,,A and flow rate, a center tuyere arrangement
for stirring produces three regimes of flow rates in which the
dependence of k,A on the gas flow rate is different.
Regime I (low gas flow rate region) shows a 0.6 order de-
pendence of k,A on Q. The mass transfer rate is a weak
function of flow rate in this regime where the oil layer is
very calm, no oil droplets are driven into the water, and
the interface between oil and water phases is close to pla-
nar surface except for the very weak wave motion of the
interface near the edge of plume eye. In Regime II of
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Fig. 3— Relationship between LHS of mass transfer Eq. [10] and time for
center tuyere injection.
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Fig. 4—A plot of k,A as a function of gas flow rate for center tuyere
injection.
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Fig. 5—Relationship between k,A and flow rate in terms of the order
dependence, n, for center tuyere injection.

intermediate flow rates (4.5t09 1/ n{in), the exponent value
of k,A on Q is as high as 2.5. This high value and the
abrupt change of the dependence can be explained by the
observation that the oil layer near the edge of a plume eye
continuously forms oil ligaments and then breaks up into
droplets which are entrained into the water. This phenome-
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non increases the oil/water interfacial area. The critical gas
flow rate defines the boundary between Regime I and
Regime II. It is at this gas flow rate that oil droplets are
formed and the entrainment of these droplets into the bulk
liquid phase starts to occur. At higher gas flow rates
(Regime I, Q > 9.5 1/min), k, A is proportional to Q'+,
At this higher gas flow rate region, nearly the entire oil
layer breaks down into oil droplets without forming oil lig-
aments near the edge of plume eye right after gas injection,
and the penetration of oil droplets deep into the water bath
occurs. The effect of stronger agitation on the mass transfer
rate begins to decrease because the size and number of oil
droplets approach steady state. The recirculation and en-
training depth of the oil droplets in the liquid bath are the
major parameters increasing the mass transfer instead of
the number of entrained oil droplets. Similar trends of the
dependence of k,A on Q were also observed in previous
mass transfer studies in both water modeling systems'¢-2032¢
and commercial plant scale systems.?"?

Effect of Oil Viscosity: Experiments were carried out to
determine the effect of oil viscosity on k,, A. The measured
physical properties of a light paraffin oil mixture and a
heavy paraffin oil mixture with cottonseed oil are shown in
Table I. As shown in Figure 6, no difference in k,A with
different oils was observed in the low gas flow rate region.
The starting gas flow rate for entraining oil droplets into
water is the same in the high and low viscosity oils. How-
ever, k, A for the high viscosity oil is slightly lower at high
gas flow rates than that for low viscosity oil, because a
greater number of oil droplets forms for lower viscosity oil.
These results indicate that oil viscosity affects the mass
transfer rate to some extent in the higher gas flow rate region
where the oil droplet formation and entrainment into water

Table I. Physical Properties of Selected Materials

Interfacial Tension

Density  Viscosity with Water
Type of Oil (gr/cm’®)  (Poise) (dynes/cm)
light paraffin oil 0.886 0.334 18.12
+ cottonseed oil
heavy paraffin oil  0.896 0.475 19.38
+ cottonseed oil
light paraffin oil 0.850 0.323 41.84
70 |l T T T T T T
60} viscosity ( poise) ;
o 0.334
50 o 0.475 - -
I [+]
s
,,,\g 40#
<; 304 .
2ol ]
10 ’— E
O _ 1 1 1 S 1
0 2 2) 6 8 10 12 14 16

Q, +/min
Fig. 6— Effect of oil viscosity on the mass transfer parameter for center
tuyere injection.
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occurs. It can be said that the critical gas flow rate is not a
function of oil viscosity even though the oil viscosity
changes the rate of oil droplet formation. This finding is in
good agreement with the qualitative explanation based on
visual observation by Billington et al.”® His observation
showed that the rate of droplet formation is constant in the
low gas flow rates regardless of oil viscosities, but the rate
of droplet formation of the lower viscosity oil increases
more rapidly than that of the higher oil viscosity in the
regime of higher gas flow rate. It was also reported that
the equilibrium size of the largest oil droplets becomes
larger and the mean diameter of oil droplets increases as
the viscosity of the dispersed phase increases.” Therefore,
the different size distribution of droplets according to the
oil viscosity can also explain the slight difference of mass
transfer in higher flow rates for two different viscosities of
the oils.

Effect of Interfacial Tension: The interaction between the
oil layer and water was visually studied to determine the
effect of interfacial tension between two phases on the crit-
ical gas flow rate. The liquid/liquid systems of light paraffin
oil/water and light paraffin oil plus cottonseed oil/water
were used for this study mainly because of the close values
of oil viscosities. The physical properties of these oils are
shown in Table [. It was found that the critical gas flow rate
for light paraffin oil/water system is higher than for the other
system: 7 I/min for light paraffin oil/water system and
4.5 1/min for the other system, where the same ratio of oil
to water (2.5 1/75 1) was used, respectively. The slight dif-
ference of densities between these oils can not change the
critical gas flow rate significantly, even though it is a critical
parameter for the determination of critical flow rate; the
effect of density differences between two immiscible phases
on the critical gas flow rate was preliminary studied and
found to be very significant. This visualization result
showed that the interfacial tension between two immiscible
phases is an important parameter for the breakage and en-
trainment of the oil, and the critical gas flow rate increases
with the higher interfacial tension of phases. Wang and
Calabrese™ reported that the relative influence of interfacial
tension decreases as the dispersed-phase viscosity increases,
and further proposed that the resistance to oil breakage due
to interfacial tension becomes negligible relative to viscous
resistance only at about w, > 10 poise for systems of low
interfacial tension. The present result agrees well with this
observation since the viscosities of various oils in the
present study are much smaller than 10 poise.

Effect of Oil Volume Fraction: Figure 7 shows the effect
of the volume fraction of oil on &, A. The larger amount of
oil increases the mass transfer rate by the formation of oil
droplets at slightly lower gas flow rates. For low gas flow
rates, because a larger oil/water volume ratio increases the
interfacial area by giving a smaller diameter of the plume
eye, the mass transfer parameter is higher. Furthermore, a
large oil/water ratio decreases the starting gas flow rate for
breaking the oil layer, increasing the mass transfer parame-
ter. It was observed that k, A is proportional to Q at flow
rates below 4 1/min. With increasing oil volume ratio, the
intermediate Regime II becomes narrower and finally too
narrow to define. In the case for 4.5 ] of oil, Regime III
appears very abruptly at 5 I/min and shows the same de-
pendence value of k,A on O as that in Regime I. In this
flow rate regime, the thicker oil layer has more oil droplets
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Fig. 7—Effect of oil volume on the mass transfer parameter for center
tuyere injection.

separated from the oil layer in addition to the decreased
diameter of a plume eye, which causes a higher value of k,, A
than in the case of 2.5 1 of oil. Some of the stirring cnergy
due to the gas injection is consumed in producing turbulence
at the interface between two immiscible phases and creating
a circulation inside the upper oil phase, which can help
break up the oil layer. Visual observation indicates that as
the oil layer becomes thicker, the oil layer breaks into the
droplets more easily due to the formation of more active
and stronger circulation inside the oil layer. However, the
critical gas flow rate for entraining the oil droplets does
not change much. The mass transfer rate turns out to be
very sensitive to the effect of oil volume fraction under
the conditions tested, but the critical gas flow rate is only
slightly dependent of the oil volume fraction.

Effect of Tuyere Diameter: The center tuyere diameter
was reduced to 0.2 cm to investigate the effect of tuyere size
on k,,A. The results are shown in Figure 8. No difference of
k,A is observed in the low flow rates (<<6 1/min), but the
larger size tuyere shows a slightly better two phase mass
transfer in higher gas flow rates where violent entrainment
of numerous oil droplets occurs. The apparent reason of this
better mass transfer in higher flow rates is that as the tuyere
diameter becomes larger, a greater number of large size
bubbles reach the interphase region, which results in gener-
ating more turbulence of the interface between two phases.

Effect of Tuyere Position: The tuyere position was
changed from a center to the vessel wall to investigate the
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Fig. 8 —Effect of tuyere size on the mass fransfer parameter for center
tuyere injection.
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effect of tuyere location. The values of k, A are plotted as
a function of gas flow rate for the injection through a center,
an off-center, and a side tuyere in Figure 9. For gas flow
rates below 5 1/min, no difference in the values of k,, A for
the three different tuyere arrangements was observed. How-
ever, above 5 1/min, a center tuyere arrangement gives
faster two phase mass transfer than the other two offcenter
tuyere arrangements. The apparent reason for this is shown
schematically in Figure 10. In the case of an offcenter
tuyere injection, the oil layer near the vessel wall on the
opposite side of a tuyere is not affected much by the gas-
liquid plume and the formation of oil droplets starts to
appear at much higher gas flow rates, apparently because it
requires more energy to break down the wider stagnant area
of oil at the opposite side of the tuyere position. It was found
that the mass transfer decreases significantly as the tuyere
position moves from the center to the half distance of the
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Fig. 9— Effect of the position of a tuyere on the mass transfer parameter.

plume eye active oil layer stagnant oil layer

©

center tuyere

offcenter tuyere

three tuyeres

Fig. 10— A schematic diagram of top views of oil layer during gas injec-
tion of high gas flow rates according to the different arrangements of
tuyere(s).

two offcenter tuyeres
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bottom radius, while the mass transfer does not change
wherever a tuyere locates between the half distance of the
radius and the vessel wall. To investigate further the effect
of tuyere position on the mass transfer, the number of
tuyeres was varied. Figure 11 shows a plot of k,,A vs total
flow rates for a center tuyere arrangement and the linear
arrangements of two and three tuyeres. The same mass
transfer rates were also observed in the region of low gas
flow rates, but there are some differences between a center
tuyere arrangement and linear arrangement of tuyeres at
higher flow rates. As shown in Figure 10, these differences
appear because the relatively narrow stagnant oil layers are
formed near both the side walls across the centerline con-
necting tuyeres, where the movement of oil is not as active
as in the case of a center tuyere injection. It was visually
observed that these differences can be minimized by ar-
ranging the tuyeres in a concentric arrangement instead of a
linear arrangement. The mass transfer at low gas flow rates
is the same at a fixed total gas flow regardless of tuyere
positions and numbers.

As shown in Figure 12, only two physical regimes of
interaction between oil and water phase are observed over
the flow rate range investigated in the offcenter tuyere
arrangements and linear arrangements of tuyeres.
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Fig. 11— A plot of £, A vs total gas flow rate for a center tuyere arrange-
ment and linear arrangements of two and three tuyeres.
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For off-center tuyere arrangements

k,A « Q%" (0 < 51/min)
k,A « Q' (Q > 5 1/min)

For linear arrangements of tuyeres

kA Q% (0 < 51/min)
k,A = Q*7 (Q > 5 1/min)

Effect of Lance Injection: The mass transfer parameter
was measured for gas injection through a model of a lance
to determine if there are any differences between it and a
bottom tuyere. Figure 13 shows a comparison of the mass
transfer rate for gas injection through a lance with two side
holes at the bottom center and a center tuyere. No difference
in mass transfer rate was found in these two gas injection
techniques. This observation shows that the two phase mass
transfer is independent of the number of holes at the speci-
fied tuyere pattern and dependent only of the total gas
flow rate.

To investigate further the effect of lance injection, the
height of lance position in the vesse! was varied. The Fig-
ure 13 also shows a plot of In(k,, A) vs In(Q) for lance injec-
tion at one-half bath depth. With the increasc of lance depth
into the bath, the mass transfer rate increases over the whole
range of gas flow rates employed. The stirring cnergy of the
injected gas for recirculation is sensitive to the lance posi-
tion or depth as indicated by Eq. [19]. Therefore, the lower
liquid mass transfer rate with shallower depth of the lance
can be explained by less active turbulent behavior of oil/
water interface due to the production of less stirring energy.
This explanation is clearly proven in Figure 14 in which the
data in Figure 13 are plotted in terms of stirring energy
instead of flow rate. No difference of kK, A was observed in
the range of low energy, but higher values of k,A for a
bottom position lance for higher energies were observed. As
shown in Figure 14, only two physical regimes were found
over the range of flow rates employed for lance injection in
the middle of the bath.

In Regime 1
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Fig. 13— A comparison between tuyere and lance injection, and effect of
lance depth on the mass transfer parameter.
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The reason for the presence of these two physical regimes
is the same as that described earlier for tuyere positions.

C. Estimation of the Mass Transfer Coefficient and
Interfacial Area

Experiments were conducted to measure the mass transfer
coefficient of benzoic acid at the various positions in the
solid/liquid system stirred by gas injection through the cen-
ter tuyere. As the tuyere position comes closer to the center,
more turbulence near the bath surface occurs. In the calcu-
lation of k,, using Eq. [18], it is further assumed that the
bulk concentration of benzoic acid is equal to zero and the
interface concentration is the same as the equilibrium con-
centration. The results in Figure 15 show that the mass
transfer coefficient increases with increasing gas flow rates
regardless of position of the sample over the gas flow rates
tested. The highest mass transfer coefficient was observed in
the region at the center of the surface layer (position 2). The
mass transfer coefficient was found to be approximately
proportional to Q®*. The value obtained in this study is
relatively well consistent with the following correlation be-
tween k; and gas flow rate for the mass transfer between two
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Fig. 15— A plot of mass transfer coefficient of benzoic acid as a function
of flow rate at various positions in the ladle model.
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immiscible liquids in a gas stirred reactor, which was experi-
mentally determined by Richardson et al.*!

- of29)

where 8 is an experimentally determined coefficient. This
correlation has provided a fairly good prediction for prac-
tical purposes.’’”® However, this dependence value of k
with respect to Q is higher that that (0.29) for graphite rod
dissolution in a 6t argon stirred ladle using an offcentered
porous plug near the ladle wall, as reported by Lehner.
This difference may be considered to be due to the different
processes of gas injection, i.e., location of injection.

The estimated interfacial area for the two phase mass
transfer experiments and the planar interfacial area are
shown in Figure 16. The estimated interfacial area was cal-
culated from the k,A of the liquid/liquid system and the
average values of k, determined from the dissolution of
benzoic acid rod. The planar interfacial area decreases with
flow rates because the plume eye decreases. The assumption
is made that k,, is the same in both experiments because the
values of diffusion coefficients of thymol and benzoic acid
in water are nearly the same (6.8 X 107 and 8.4 X 10°°
cm’/sec, respectively).* The estimated interfacial area is
larger than the planar interfacial area even in the low flow
rate range. The estimated interfacial area increases at a
much greater rate at flow rates greater than about 4.5 1/min
which corresponds to the formation of oil droplets which are
entrained into the bath. Based on these results, it can be con-
cluded that the abrupt change in the dependence of £, A on
flow rate is mainly due to the drastic increase of interfacial
area between two phases.

IV. SUMMARY AND CONCLUSION

The rate controlling process in many metallurgical reac-
tions in gas stirred ladles is mass transfer between metal
and slag. The effect of operating variables was studied in
the present work with a physical model. From the experi-
mental results, it can be concluded that

1. The presence of a second phase (oil in the model, slag in
the steelmaking ladle) increases mixing time signifi-
cantly, indicating its resistance to the recirculatory ve-
locity of fluid near the surface.
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Fig. 16— A comparison between estimated and planar interfacial area for

center tuyere injection.
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2. Better one phase mixing, as indicated by decreased mix-
ing time, is observed as the position of a single tuyere
moves from the center to the wall side of a vessel.

3. Three regimes of two phase mass transfer were observed
in gas stirring through a center tuyere which are ex-
plained by the break-up of the oil into droplets and the
entrainment of these droplets, causing an increase of the
interfacial area. It is anticipated that a similar behavior
occurs in slag/metal system.

4. Oil viscosity does not change the critical gas flow rate but
affects the rate of two phase mass transfer to some extent
in the higher flow rate region.

5. A large volume ratio of oil to water (slag to liquid metal)
increases the rate of two phase mass transfer.

6. Mass transfer parameter for the offcenter tuyere arrange-
ments does not increase with increasing gas flow rates as
rapidly as the center and linear arrangements of tuyeres
in the higher gas flow rate region. No difference is
observed for the different tuyere arrangements in the
lower flow rate region. Better mass transfer is expected
for a concentric arrangement of tuyeres rather than for a
linear arrangement.

7. The tuyere diameter does not significantly affect the
rate of two phase mass transfer in the region of low gas
flow rates.

8. The mass transfer rate for lance injection is independent
of the number of holes and dependent only of the total gas
flow rate and the lance position.

9. There is no difference in mass transfer rate for gas injec-
tion through a tuyere and lance injection at the same
position. Lower mass transfer rate with shallower depth
of a lance appears due to less stirring energy available.

For the relationship between mixing time and mass trans-
fer rate, it is frequently mentioned in the literature that the
mass transfer rate increases as mixing time decreases. Based
on present results of mixing time and mass transfer experi-
ments, this general assertion is found to be incorrect. For
example, the mixing times for the offcenter tuyere arrange-
ments are shorter than for a center tuyere, but two phase
mass transfer is faster for a center tuyere. Therefore, the
mixing time is not a good parameter in predicting the two
phase mass transfer except when the same tuyere pattern is
considered.

Based on the results of the physical modeling of a gas
stirred ladle, information for the optimum conditions of
inclusion removal and desulfurization in actual plant pro-
cesses can be deduced. For obtaining low oxygen level in
steel, it is necessary to prevent air contamination of steel
during stirring, to promote the reaction between slag and
metal, and to coalesce inclusions to slag by means of effec-
tive stirring without entraining slag deeply into the steel
bath. In order to satisfy these criteria simultaneously, it is
recommended to use lower flow rates of gas blowing for
relatively long periods of time. The desulfurization process
requires vigorous stirring which can maximize slag/metal
mixing and penetration of slag into the steel. However, the
process should be followed by a gentle stirring to remove
any entrained slag from the melt.

NOMENCLATURE

A  interfacial area (cm?)
C  concentration in bulk (gr/cm?)
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concentration at interface (gr/cm®)
depth of tuyere or lance position (cm)
mass flux (gr/cm’ sec)

capacity coefficient of mass transfer, k,A/V, (sec™)
depth of liquid bath (cm)

gas flow rate (I/min)

temperature (K)

linear velocity of gas at the tuyere outlet (cm/sec)
volume (1)

weight of rod (gr)

weight loss within a specified time (gr)
weight of water (ton)

gravity constant (gr/cm’® sec)

partition ratio

mass transfer coefficient (cm/sec)
density (gr/cm?)

time (min)

mixing time {sec)

stirring energy density (watts/ton)
geometrical scaling factor

viscosity (poise)

time elapsed for dissolution (min)

~

A~ »ww§;g<q'ﬂmhw&mﬁ

BE >o

subscripts

bulk phase
dispersed phase
interface

gas phase
liquid phase
metal phase

oil phase

slag phase
water phase

T @0 F TR RS

superscript

° initial state
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