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The improvement of mixing conditions in metallurgical vessels is of fundamental importance to
increase furnace productivity, steel cleanliness, removal of impurities, and so on. Water mod-
eling has been used to investigate mixing phenomena; however, there is still a need to clarify the
role played on mixing time by process variables such as the nozzle diameter to properly rep-
resent the real process conditions. In water modeling design, this parameter is usually ignored.
The current investigation has found that changes in nozzle diameter affect mixing time; how-
ever, the extent of this effect is influenced by nozzle radial position and gas flow rate. The
conditions to minimize mixing time with one nozzle and a top layer of 2 pct have also been
identified.
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I. INTRODUCTION

WATER modeling has been employed for more than
40 years to investigate fluid flow in metallurgical vessels.
This technique overcomes the limitation of opacity of
liquid metals. In spite of satisfying geometrical, kine-
matic, and the main dynamic criteria on similitude,
water modeling still has several drawbacks.

A. Type of Injection Device

Bottom gas stirring in industrial metallurgical ladles is
carried out with porous plugs, and most water models
employ nozzles. Bubble formation in nozzles and porous
plugs in gas/water systems is different. Anagbo and
Brimacombe[1] reported the bubble size in a water model
for a low gas flow rate in the range from 8 to 14 cm3/s
per cm2 of porous plug area, indicating a smaller bubble
size with porous plugs in comparison with nozzles, 3 to
4 mm and 15 mm, respectively. Above this gas flow rate,
incipient bubble coalescence starts to develop and the
bubble diameter increases up to 35 to 50 mm. In
addition to this, the bubble size in gas/water and gas/
metal systems is also different. There is strong experi-
mental evidence that bubbles in gas/metal systems are
significantly larger than in identical gas/water systems.[1–
3] The bubbles in a gas/metal system are bigger because
of the nonwetting conditions, and their final volume is
dominated by the fluid properties: surface tension (r)
and density (q). The ratio r/q is 73 for the air/water
system and 251 for the air/steel system. Irons and

Guthrie[2] reported that the nonwetting conditions in a
gas/metal system lead to bubble formation at the outer
nozzle diameter.[2] Stapurewicz and Themelis[4] investi-
gated mixing time in a large water model using porous
plugs and a nozzle with central gas injection. Three
different diameters were employed arbitrarily in the
experiments. They reported similar results in terms of
mixing time as well an improved mass transfer coeffi-
cient with porous plugs in comparison with nozzles;
however, this effect decreased as the gas flow rate
increased. Sahai and Guthrie[5] postulated on theoretical
grounds that any hydrodynamic analysis of flow recir-
culation is not affected by the bubbles formed by either
nozzles or porous plugs. Mazumdar and Guthrie[6] also
stated in a review paper that the equilibrium distribution
bubble size in the fully developed region of the plume is
determined by the thermophysical properties of the
system and not by the inlet operating variables (gas-
injection device, orifice diameter, etc.). Bubbles reach an
equilibrium bubble size in the plume region due to the
decrease in hydrostatic pressure and thermal expansion.
The plume region occupies a much larger volume of the
reactor in comparison with the inlet region. If the
injection device does not have a marked effect on the
equilibrium distribution bubble size, then a negligible
effect on mixing time is to be expected. The results from
Stapurewicz and Themelis[4] are strong evidence of this
behavior; however, Cho et al.[7] reported different
results. They found that for the range from 1 to 5 L/
min, porous plugs yield a shorter mixing time if the ladle
aspect ratio is close to 1. When the aspect ratio is close
to 0.8, mixing time was similar in both injection devices.

B. Wetting

In the real gas/metal system, the contact angle leads to
non-wetting conditions in contrast to gas/water model-
ing. Wang et al.[8] reported experimental values of
contact angles. The contact angle between porous plugs
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and water was reported as 16.8 deg and that between
porous plugs and hot metal as 145 deg. In water
modeling, there are wetting conditions; meanwhile,
under industrial conditions, there are nonwetting con-
ditions. The nonwetting conditions increase the bubble
size; therefore, the small bubble size observed with
porous plugs in water models will be different with
respect to the real process.

C. Bubble Thermal Expansion

Thermal expansion due to bubble heating is quite
large taking into account that the temperature gradient
is in the order of 1873/298 = 6.3 times. In water
modeling, bubble thermal expansion is not taken into
account. Using the equilibrium bubble size in the plume
region could solve this limitation; however, it is neces-
sary to clearly identify the bubble size representing the
industrial process.

D. Top Slag Layer

The top slag layer has not been included in the vast
majority of investigations on water modeling for 30
years. In the last 5 years, this layer is being taken into
account; however, a top layer that satisfies equivalent
viscosity and density ratios to the real steel/slag system
is still an unresolved issue. Mazumdar and Evans[9]

suggested that it is impossible to represent the steel-slag
density in any aqueous system.

E. Criteria to Define the Minimum Size of a Water
Model

In previous investigations, a range in geometric-scale
factors from 0.05 to 1 have been employed. There is a
concern that a too-small geometric scale cannot guaran-
tee the criteria on dynamic similarity. To satisfy this
criterion, the inertial, gravitational, and viscous forces
between model and prototype should be similar. The
Froude and Reynolds numbers represent these forces.
Because of the large values in the Reynolds number, in
the range[10] from 3 9 104 to 1 9 106, it is implied that
viscous forces are negligible; therefore, the inertial and
gravitational forces dominate bubble-driven flows. As the
geometric-scale decreases, the magnitude of the Reynolds
number also decreases by approximately one order of
magnitude,[11] indicating an increasing influence of vis-
cous forces. Therefore, fluid flow could no longer be
represented exclusively by the Froude number. However,
the current experimental results indicate that the geomet-
rical-scale factor is not a critical parameter in water
modeling. For example, Oymo and Guthrie[12] compared
two scales (1:19 and 1:5) obtaining similar results.

F. Heat and Mass Transfer

Mixing phenomena involve thermal and chemical
mixing. One author has described previously the lack of
information on thermal mixing in water modeling and
reported that bottom-gas injection could even affect
thermal homogenization of liquid steel in a ladle.[13] To

the authors’ knowledge, one publication[14] involves ther-
mal mixing in water modeling. With regard to mass
transfer, it is important to notice that the primary purpose
of a ladle furnace is as a refining reactor. Consequently, the
removal rate of impurities from liquid steel to the top slag
layer is one of the most important process parameters. In
contrast tomixing phenomena,mass transfer in gas-stirred
ladles[15–18] has received less attention. Kim and Frue-
han[15] reported the complexity to simultaneously improve
mixing phenomena and mass transfer because the condi-
tions that improve mass transfer are not necessarily the
same that provide the shortest mixing time.

G. Criteria to Define the Nozzle Diameter in Water
Models

Of particular interest for the current investigation is the
criterion to define the nozzle diameter in water modeling.
In the past, previous researchers always have arbitrarily
chosen the diameter of the injection device. If the
conditions in the inlet region are of secondary importance
to flow recirculation, then the selection of an arbitrary
size is irrelevant. However, based on the information
previously discussed, this subject is not conclusive.
One important aspect from the previous information

is the need to produce bubbles representative of the gas/
metal system of interest. Oryall and Brimacombe[19] at
one time were concerned on the validity of water models
to properly represent the real gas/metal systems.
It is well known that the bubble size in the inlet region

is affected by the diameter of the nozzle. This behavior
was experimentally confirmed by Andreini et al.,[3] who
applied an acoustical method to measure bubble size in
gas/metal systems, reporting the following relationship:

db ¼ dn
Froð Þ0:224

Weoð Þ0:109
½1�

where db represents the bubble diameter, dn is the nozzle
diameter, Fro is the orifice Froude number, and Weo is
the orifice Weber number.
The orifice Froude and Weber numbers are defined as

follows:

Fro ¼
v2o
gdn

½2�

Weo ¼
qgv

2
odn

r
½3�

where vo represents the gas velocity at orifice in cm/s, dn
is the orifice diameter in cm, g is the gravitational
constant in cm/s2, qg is the gas density in g/cm3, and r is
the liquid surface tension in dyne/cm.
Mori et al.[20] reported an equation to predict the

bubble size valid for low and high gas flow rates. In this
equation, the bubble size also increases when the nozzle
diameter increases:

db ¼
6rdn
qlg

� �
þ0:0242 Q2dn

� �0:867� �1
6

½4�
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where db is the bubble diameter in cm, g is the
gravitational constant in cm/s2, ql is the liquid density
in g/cm3, r is the liquid surface tension in dyne/cm, and
Q is the gas flow rate in cm3/s.

In water modeling design, the nozzle diameter is never
included. It is perhaps accepted that a nozzle of any size
yields similar results. Investigations from the past show
different results. Krishna-Murthy et al.[21] reported
physical modeling results on mixing time as a function
of nozzle diameter for axisymmetric conditions and
neglecting the top slag layer. They obtained minimum
changes in mixing time when the gas flow rate was
changed from medium (84 L/min) to high values (200 L/
min); however, when the gas flow rate was low (37 L/
min), an increase in nozzle diameter from 2.77 to 10 mm
also increased mixing time from 40 to 60 seconds. This
result was not discussed in their report. Kim and
Fruehan[15] provided experimental evidence of the ben-
efits to increase the nozzle diameter to increase the mass
transfer coefficient between the steel and slag with a
water model. The mass transfer coefficient was similar
for two nozzle diameters investigated (2 and 4.8 mm) at
low gas flow rates. At high gas flow rates, the mass
transfer coefficient was slightly higher for the case with a
bigger nozzle diameter. The transition in regimes was
reported for a stirring energy of approximately 5 Watts/
ton, which correspond to conditions for slag emulsifi-
cation. Li[22] reported mathematical modeling results on
mixing time as a function of nozzle diameter for
axisymmetric conditions and neglected the top slag
layer. He reported a small effect of nozzle diameter on
mixing time for a nozzle diameter ranging from 1 to
6 mm. When the diameter was changed from 1 to 3 mm,
the mixing time did not change, but it increased less than
3 seconds when the nozzle diameter increased from 3 to
6 mm.

Two types of investigations dealing with mixing
phenomena in a different context to metallurgical ladles
have also included the effect of nozzle diameter. One
investigation dealt with the strong mixing conditions
between steel and slag and the second one with jet
mixers. In the context of iron bath smelting, Su et al.[23]

reported an optimum nozzle diameter of 10 mm to
minimize mixing time. The nozzle diameters investigated
in their water model ranged from 7.5 to 15 mm. The
experiments were conducted at high gas flow rates, from
320 to 480 NL/min, under a jetting regime. With a small
nozzle diameter, the kinetic energy is maximum; how-
ever, there is a large loss in energy due to severe spout
formation and liquid ejection. On the other hand, with a
large nozzle diameter the total stirring energy decreases.
Patwardhan and Gaikwad[24] reported physical model-
ing results on mixing time on jet mixed tanks. In jet
mixers, stirring is conducted with water jets; the water is
partially withdrawn with the help of a pump and
returned through a nozzle at high velocity into the
reactor. They reported a decrease in mixing time from
35 to 20 seconds when the nozzle diameter was increased
from 5 to 20 mm.

The contribution of the kinetic energy to the total
stirring energy has been neglected because most of this
energy is consumed at the orifice and less than 6 pct is

transferred to the bath. However, Taniguchi et al.[25]

indicated that it should be taken into account when the
temperature is high and the gas flow rate is also high.
The kinetic energy decreases as the nozzle diameter

increases, as shown below:[23]

ek ¼
32qgQ

3

p3d4nD
2H

½5�

where qg is the density of the gas; dn is the nozzle
diameter; D and H are the diameter and height of the
reactor, respectively; and Q is the gas flow rate.
One of the primary objectives of this work is to

evaluate the effect of nozzle diameter on mixing time in a
water model. The relationships on mixing time reported
in the literature include gas flow rate, reactor dimen-
sions, and more recently some of the physical properties
of the top layer. None of them include the effect of
nozzle diameter, based on the assumption that a change
in nozzle diameter has a negligible effect on mixing time.

II. EXPERIMENTAL WORK

An industrial size metallurgical ladle of 120 tonnes
was used as prototype to design the present water
model. The dimensions of the water model with a scale
factor 1:8 are reported in Table I. The whole experi-
mental setup is shown in Figure 1. The volume of water
corresponds to 34.33 L. The height/diameter (H/D)
ratio in the model is 1.16. A ladle geometry with an
H/D ratio between 1.0 and 1.3 has been reported to
provide better mixing conditions.[26,27] Air was em-
ployed as the stirring agent.
The experiments were carried out with one nozzle.

The variables investigated are nozzle diameter (1.5 to
5 mm), nozzle radial position (0 to 0.85R), and gas flow
rate (1.7 to 7.8 NL/min) with and without a top slag
layer. The thickness of the top slag layer in the industrial
practice usually ranges from 1 to 3 pct. In the water
model, the oil thickness was fixed at 2 pct with respect to
the height of water.
The gas flow rate in the water model was computed

employing the dynamic similarity criteria based on equal
modified Froude numbers in both the model and
prototype (Frm = Frp), assuming a major role of the
inertial and gravitational forces over viscous and surface
tension forces.
The top layer is a critical issue in water modeling. The

authors could not identify an oil with representative
density and viscosity ratios of the industrial practice, a
limitation in all water models up to this moment. The oil
selected was a motor oil with a density of 890 g/m3 and a
kinematic viscosity of 215 9 10�6 m2/s. The oil/water
density ratio is 0.89, which is much higher than in the
real process, around 0.5 to 0.6. The kinematic viscosity
of a metallurgical slag ranges from 60 to 120 times
higher than that of liquid steel. The oil selected has a
higher viscosity than that of water.
Measurements on mixing time were carried out

recording the instantaneous change in electric conduc-
tivity, using an apparatus manufactured by Eutech
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Instruments, Mexican (model CON 110). The electrode
was placed at the bottom of the vessel, 10 mm away
from the wall and 10 mm away from the bottom. This
position was chosen based on previous experience
indicating the presence of a dead zone. The tracer
employed was 3.5 mL of a saturated aqueous solution of
potassium chloride. The tracer was always injected at
the top of the spout. The concentration signal as a
function of time was recorded in a computer. The
criterion to define mixing time was the conventional
value of 95 pct homogenization. Each experiment was
repeated three to five times.

III. RESULTS AND DISCUSSION

Stirring energy was computed applying the relation-
ship reported by Sano and Mori.[28]

_e¼ 6:18QTln 1þ qlgH0

1:013� 105P

� �
½6�

where _e represents the stirring energy in Watts, T is the
temperature of water in K, Q is the gas flow rate in Nm3/
min, ql is the density of water, g is the gravity constant in
m/s2, H is the height of water in the ladle, and P is the
atmospheric pressure in atm.

The gas flow rate in the range from 1.7 to 7.8 NL/min
is equivalent to 3.3 to 15.2 Watts/ton in the current
water model.

A. Nozzle Diameter

The effect of nozzle diameter on mixing time as a
function of nozzle radial position, slag thickness, and
gas flow rate is shown in Figures 2 through 6. These
results clearly indicate that fluid flow becomes extremely
complex in the presence of multiple variables.
To simplify the following discussion, a criterion of

low and high stirring conditions is defined taking into
consideration that the range of gas flow rates employed
in this investigation was from 1.7 to 7.8 NL/min. The
corresponding values of stirring energy for the three gas
flow rates were 3.3, 10, and 15.2 Watts/tonne. In the
context of mass transfer studies in a water model, Kim
and Fruehan[15] reported low stirring conditions below
5 Watts/tonne. In our case, based on the experimental
results above 10 Watts/tonne, this value is chosen as a
reference to define low and high stirring conditions.
The results from previous research[21] analyzing the

effect of nozzle diameter on mixing time have been
obtained on the basis of changes in stirring conditions
but fixing the nozzle radial position in the center. In the
following analysis, it will be shown that the rate of

Table I. Prototype and Ladle Dimensions, and Experimental

Variables

Prototype Water Model

Liquid height (H), mm 3130.8 391
Diameter (D), mm 2673.55 335
H/D ratio 1.16 1.16
Number of nozzles 1 1
Top slag (oil) thickness, mm 2 pct 0, 7.8
Gas flow rate (Q), NL/min 100 to 450 1.7, 5.1, 7.8
Nozzle diameter (dn), mm 120 1.5, 3.0, 5.0
Nozzle radial position (r/R) 0.7 0, 0.33, 0.5, 0.67,

0.8, 0.85

Compressor

Regulator

Mass
Flow-
meter

Tracer

PC

443
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4 mm

Slag 
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Sensor

Fig. 1—Experimental setup.
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Fig. 2—Effect of nozzle diameter on mixing time for a central posi-
tion at different gas flow rates, with and without a top layer.
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Fig. 3—Effect of nozzle diameter on mixing time, for a radial posi-
tion r/R = 0.5 at different gas flow rates, with and without a top
layer.
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change of mixing time as a function of nozzle diameter
can be significant depending on the nozzle radial
position and stirring conditions.

B. Axisymmetric Radial Position (0R)

Figure 2 shows the results for an axisymmetric nozzle
radial position. It is observed that an increase in nozzle
diameter decreases mixing time; however, this effect is
small because by increasing the nozzle diameter by a
factor of 3.3, mixing time only decreases 10 to 15 pct. In
this radial position, the slope is constant at different
stirring conditions. The gas flow rate has a stronger
effect on mixing time. Mixing time decreases on average
60 pct, from 120 to 50 seconds by increasing stirring
energy from 3 to 15 Watts/tonne.

In all cases, the top layer increases mixing time. The
increment ranges from 5 to 15 seconds. This effect is
caused by the energy consumed in the motion of the top
layer in detriment of the motion of the underlying phase.
The increment in mixing time is not uniform for all

nozzle diameters. The increment depends not only on
nozzle position but also on gas flow rate. The increment
in mixing time due to the top layer is of the same order
of magnitude when the nozzle diameter is increased,
suggesting that the negative effect of the slag layer on
mixing time could be compensated with an increase in
nozzle diameter.

C. Nozzle Radial Position at 0.33R and 0.5R

The mixing times as a function of nozzle diameter for
nozzle radial positions at 0.33 and 0.5R are similar.
Figure 3 shows the results for a nozzle radial position of
0.5R. The effect of nozzle diameter on mixing time at
high stirring energies is relatively small, considering that
the difference in mixing time between opposite diameters
is less than 3 seconds. At low stirring energies, the
mixing time is also small, on the order of 4 to 5 seconds.
Mixing time increases at the same order of magnitude
due to the presence of the top slag layer. A mixing time
of 3 to 5 seconds is considered small taking into
consideration the scale for mixing time in the current
set of experiments, which ranges from 10 to 140 seconds.
The largest decrease in mixing time takes part in about
100 seconds.
The shortest value on mixing time is found for a

nozzle radial position of 0.5R, practically independent
of nozzle diameter, with values from 10 to 12 seconds.

D. Nozzle Radial Position at 0.66R

When the nozzle radial position is changed from the
central part to the middle of the ladle, an increase in
nozzle diameter decreases mixing time. This phenome-
non can be explained based on physical observations, in
terms of higher velocity fields caused by larger bubbles.
If the nozzle radial position is moved closer to the walls,
at 0.66R, then it is found that as the nozzle diameter
increases from 1.5 to 3 mm, the mixing time decreases.
But if the nozzle diameter is further increased to 5 mm,
then the mixing time increases, as shown in Figure 4. A
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Fig. 4—Effect of nozzle diameter on mixing time, for a radial posi-
tion r/R = 0.66 at different gas flow rates, with and without a top
layer.
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Fig. 5—Effect of nozzle diameter on mixing time, for a radial posi-
tion r/R = 0.8 at different gas flow rates, with and without a top
layer.
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Fig. 6—Effect of nozzle diameter on mixing time, for a radial posi-
tion r/R = 0.85 at different gas flow rates, with and without a top
layer.
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minimum in mixing time is obtained with a nozzle
diameter of 3 mm. The variations in mixing time, either
to decrease or increase are not large, in the order of 3 to
7 seconds. An increase in mixing time could be attrib-
uted to the Coanda effect.[29] The stirring energy
consumed by the walls increases the mixing time.

E. Nozzle Radial Position at 0.8R and 0.85R

Both radial positions are in close proximity to the
walls. There is some randomness in the results due to a
stronger interaction between bubbles and the wall. For a
nozzle radial position of 0.8R and without a top layer,
an increase in nozzle diameter decreases mixing time, as
shown in Figure 5. At high stirring energies, there is no
difference in mixing time for 10 and 15.2 Watts/tonne.
In the presence of the top layer, the mixing time slightly
increases when the nozzle diameter is increased from 1.5
to 3 mm.

A nozzle radial position of 0.85R produces irregular
fluid flow patterns probably due to maximum interac-
tion between bubbles and refractory walls. This would
explain the complex behavior in mixing time as a
function of nozzle diameter, as shown in Figure 6. At
high stirring energies, mixing time slightly increases by
increasing nozzle diameter, on the other hand, at low
stirring there is a minimum value for a nozzle diameter
of 3 mm.

The increase in mixing time for a nozzle radial
position closer to the walls was attributed to the Coanda
effect. This behavior can explain the results at 0.66R and
0.85R. However, for a nozzle radial position of 0.8R,
which is also pretty close to the walls, there should be
operating additional mechanisms that contribute to
decrease mixing time. On a closer examination, it can
be observed that the shortest mixing time at 0.8R is only
1.3 seconds higher in comparison with that for 0.66R
but in comparison with a nozzle radial position of
0.85R, mixing time for 0.8R is always lower. One
possible explanation to this behavior is that this position
yields a higher value of angular momentum. Joo and
Guthrie[30] reported the shortest mixing time as a
function of nozzle radial position based on the angular
momentum values derived from a numerical model.

The positions 0.8R and 0.85R were chosen on purely
academic basis because even if mixing time were the
shortest in these conditions, the friction caused by the
bubbles with the refractory wall would increase exoge-
nous inclusions and severe erosion of the refractory
walls. It is to be noted that the magnitude of mixing time
is still smaller in comparison with positions in the center
and one-third radius. Therefore, in spite of stirring
energy losses to the walls, mixing is improved by
displacing the nozzle from the center.

F. Nozzle Radial Position

In the previous figures, the main focus was on the
effect of nozzle diameter on mixing time. The results
were reported at different nozzle radial positions. The
effect of nozzle radial position on mixing time is much
larger than that due to changes in nozzle diameter, as

shown in Figure 7. It is shown that a change in position
from the center to 0.33R does not affect mixing time;
however, the mixing time drastically decreases when the
nozzle radial position is moved closer to the walls, at
half radius. The decrease in mixing time is approxi-
mately 80 to 100 seconds. The order of magnitude of this
change is usually observed when the stirring energy is
drastically increased, for example, from 1 to 10 Watts/
ton. It can also be observed that mixing time does not
experience major changes when the nozzle radial
position is moved closer to the walls. Geng et al.[31]

also reported negligible changes in mixing time by
moving the radial position from the center to 0.5R,
employing two nozzles and for separation angles of
90 deg and 120 deg.
This trend was expected because of stirring energy

losses due to bubble/walls interaction; however, when
the position was moved to 0.8R, a small decrease in
mixing time was observed. This behavior was unex-
pected; the energy losses due to the interaction between
bubble and refractory walls would increase the mixing
time. A new set of experiments at 0.85R was imple-
mented in the analysis observing a small increase in
mixing time. In a general way, the behavior reported
with positions closer to the refractory walls is the result
of the complex and random interaction between bubbles
and refractory walls. As mentioned, a position too close
to the walls accelerates the erosion rate of the refractory
walls. It has been reported[32] that the erosion rate was
increased by 11.1 pct, from 0.108 to 0.120 mm/h when a
porous plug was moved closer to the walls, from 0.4R to
0.6R.

G. Stirring Energy

This section is included to compare in more detail the
effects of stirring energy, nozzle radial position, and
nozzle diameter on mixing phenomena. The results
indicate a large effect of stirring energy on mixing time if
the nozzle radial position is located between the center
and 0.5R, as shown in Figure 8. For these conditions, at
low gas flow rates, the mixing time is in the range of 110
to 140 seconds, decreasing to 10 to 40 seconds at higher
gas flow rates. However, if the nozzle radial position is
closer to the walls, as shown in Figure 9, the results on
mixing time are weakly affected by an increase in stirring
energy because the fluctuations in mixing time are less
than 15 seconds, with and without the top slag layer and
for the whole range of nozzle diameters investigated.
There is an important practical implication from this
behavior, which suggests to decrease the gas flow rate if
the nozzle radial position is close to the walls in order to
minimize the consumption of stirring gas. By compar-
ison, it can be observed that the effect of nozzle diameter
on mixing time on a quantitative basis is not as
significant as the effects of stirring energy and nozzle
radial position. The largest decrease on mixing time due
to stirring energy or nozzle radial position is in the order
of 100 seconds. Meanwhile, for an increase in nozzle
diameter, the mixing time is 15 seconds. Despite the
relative importance of nozzle diameter to decrease
mixing time, its main role can be played under
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conditions of nozzle radial positions closer to the walls.
Under these conditions, the effect of the gas flow rate
substantially decreases and a higher nozzle diameter can
be used to enhance mixing phenomena.

H. Relationship Between Experimental Data and
Predicted Values on Mixing Time

The relationship of mixing time between experimental
data and predicted values for the current experimental
work is defined by Eq.[6]. This equation has a coefficient
of determination of 72 pct. The exponent of one third
on stirring energy is in line with previous investiga-
tions.[33,34] The exponent on nozzle diameter indicates
this variable is second in importance, after stirring
energy. The exponent on nozzle radial position (r/R) is
pretty small, suggesting a minor importance, contrary to
what it has been discussed previously. The reason for
this lies on the fact that mixing time is insensitive to

nozzle radial positions at both low and high r/R values,
but at intermediate values, it was found to have a drastic
effect. Figure 10 describes the relationship between
experimental and predicted data.

sm ¼ 54:26 eð Þ�0:327 dnð Þ�0:131
r

R

� 	�0:0027
hsð Þþ0:004 ½7�

IV. CONCLUSIONS

A water model investigation has been carried out to
analyze the influence of nozzle diameter (1.5 to 5 mm)
on mixing time nozzle at different nozzle radial positions
(0 to 0.85R), gas flow rates (1.7 to 7.8 NL/min), with
and without a top layer.

1. In general, an increase in nozzle diameter decreases
mixing time; however, this effect is not significant,
especially at high stirring energies. The extent of the
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effect of nozzle diameter on mixing time depends not
only on nozzle diameter but also on the nozzle radial
position and gas flow rate. For nozzle radial posi-
tions between 0 and 0.5R and low gas flow rates, an
increase in nozzle diameter has a stronger influence
on mixing time. The improved mixing conditions as
nozzle diameter increases are attributed to the for-
mation of larger bubbles.

2. The gas flow rate is considered the variable with a
stronger influence on mixing time. The current results
show that the nozzle radial position can have the
same influence. It has been found that for a large
decrease in mixing time when the nozzle radial posi-
tion is changed from the center of the ladle to half
radius and with further positions closer to the walls,
the mixing time remains almost constant.

3. The effect of gas flow rate on mixing time when the
nozzle radial position is located close to the walls,
between 0.5R and 0.85R, is not significant. There-
fore, in these conditions the current results suggest to
operate with lower stirring energies in order to min-
imize steel reoxidation and enhance savings in stir-
ring gas.
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Canada, 1991, p. 19.
11. D. Mazumdar, H.B. Kim, and R.I.L. Guthrie: IM&SM, 2000,

vol. 27, pp. 302–09.
12. D. Oymo and R.I.L. Guthrie: 4th Process Technol. Conf. Proc.,

I&SS, Chicago, IL, 1984, pp. 42–52.
13. F. Maldonado-Parra, M.A. Ramirez-Argáez, and A.N. Conejo:
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