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Physical Modeling of Agitation in Refining Ladle
With Submerged Lance Gas Blowing Injection: A
Comparison Between Two-Nozzle and Single-Nozzle
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To improve mixing phenomena during steel refining process in a ladle, it is
crucial to study metal-slag interaction. Using an acrylic model, scaled 1:8,
two different lances were employed: one with two nozzles (inverted T shape),
and the other with a single nozzle (L shape). The effect of gas flowrate and
lance position on the mixing time, dye dispersion, and the slag eye opening
at the reactor surface were evaluated. Mixing time decreased and the slag
eye opening area increased as the gas flow was increased from 5 L/minute
to 20 L/minute. The two-nozzle lance in the radial position (2R/3) provided

better results.

Introduction

The steel industry demands low sul-
fur levels in steels due to its negative
effects on the alloy. For common
steels, sulfur content must be below
0.015%, while for special steels, it
ranges between 0.001% and 0.003%.!
Although sulfur is removed during
steelmaking and hot metal pretreat-
ment, achieving levels below 0.01%
requires additional desulfurization in
secondary refining.? This process is
carried out in the ladle furnace, where
argon injection through a porous plug
or submerged lance promotes the
homogenization of chemical compo-
sition and temperature, in addition
to assisting in the removal of inclu-
sions and intensifying refining reac-
tions.? The interaction between liquid
steel, slag, gas and other elements
significantly influences the behavior
of inclusions.*

Desulfurization occurs in three
zones within the reactor: the transient
contact zone, where the desulfurizing
agent rises to the reactor’s top; the
permanent contact zone, where there
is continuous interaction between the
slag and the metal due to the constant
presence of top slag; and the rupture
zone, where gas bubbles pass through
the slag and escape into the atmo-
sphere, potentially dragging liquid
metal and causing reoxidation and
nitrogen absorption.? Factors such

as steel and slag composition, slag
thickness and stirring rate directly
influence desulfurization efficiency.®
Studies indicate that increased bath
agitation and decentralized lance
positions contribute to process suc-
cess.”8 Moreover, the lance immersion
depth is crucial, as deeper immersion
results in lower final sulfur content.5?

The mixing of liquid steel occurs
through convection and turbulent dif-
fusion, with larger intensity at high-
er gas flowrates, reducing mixing
time.”!0 However, top slag can reduce
process efficiency by dissipating part
of the stirring energy, increasing the
time required for homogenization,
according to Zhou et al.!! To improve
mixing efficiency and inclusion
removal, it is necessary to reduce the
slag eye area, which can be achieved
by reducing the gas injection hole
diameter, minimizing slag entrap-
ment and energy consumption.!2

Gas flowrate directly affects mass
transfer, promoting slag emulsifica-
tion and influencing reaction rates
at the slag-metal interface.!®!* Most
studies indicate that desulfurization
systems require higher gas flowrates
than those applied in industrial ladle
furnaces.!®> However, gaps still exist
in understanding plume behavior
and metal-slag interaction, as well
as the need for models that consoli-
date variables into a single equation.
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Process optimization involves studying physical models
on a laboratory scale to seck improvements in industrial
efficiency, increasing productivity while reducing costs.!?

This study aims to evaluate, through a physical model,
the effect of gas flowrate, geometry, immersion depth,
and the position of the submerged lance on mixing time,
mass transfer and slag layer behavior in a ladle stirred by
inert gas.

Table 1

Process Parameters and Physical Model
Characteristics

Parameters Dimensions
Maximum height of the ladle 650 mm
Liquid column height 500 mm
Diameter of the ladle 390 mm
Slag column height 20 mm

Radial distance of the 0 (center); R/S;
submerged lance to center 2R/3

30 mm; 50 mm and
70 mm

Distance of the submerged
lance to the ladle bottom

5,710,12,15 and

Gas flow 20 NI/min.

Figure 1

Methodology

An acrylic model was used, built with a scaling factor
of A = 1:8, corresponding to an industrial reactor with
an approximate capacity of 215 tons of liquid steel
(Fig. la). For combined gas and desulfurizing material
injection, the system was assembled using two models
of a submerged lance: L-shaped, with a single lateral
nozzle, which is directed toward the center of the ladle;
and T-shaped, with two lateral injectors, separated by
180° in an inverted T-shape, with the nozzles positioned
perpendicular to the ladle diameter. Three radial lance
positions were evaluated, as shown in Table 1, along with
other geometric data of the model.

The average mixing time was determined using the
conductimetry method, with a KCI solution (15 mL)
injected as a tracer at the central surface of the ladle.
The salt concentration was monitored at two points: at
the lateral wall, 25 cm from the bottom (CB), and at the
center of the ladle bottom (CA) (Fig. 1b). Two conductiv-
ity meters recorded conductivity variations, connected
to a data acquisition board integrated with software
for storage and processing. The system was considered
homogenized when signal variation was below 5%. Eight
measurements were performed for each experimental
condition, with liquid replacement after each test to pre-
vent sensor reading saturation.

Mass transfer tests were conducted using water and
soybean oil to simulate steel and slag, respectively, and
thymol (C;(H;,0) as a sulfur tracer in steel. Experiments
were carried out at 25°C, with an initial thymol concen-
tration in water of approximately 100 ppm. For better
solubilization, thymol was predissolved in analytical-
grade ethanol and injected into the water via a syringe.
After system homogenization, continuous oil injection
through the submerged lance began, with flowrates

(a) Physical model of the steel ladle; (b) schematic representation of the mixing time tests; and (c) schematic

representation of the mass transfer tests.
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Table 2

Properties of Substances

gas flowrate results in a reduction in mixing
time under all studied conditions, similar
to the study by Mazumdar et al.!® Fig. 2a
presents the average mixing time obtained

Intt:r:;?;al Thymol in the physical model for the two conductiv-

Density Viscosity ~ with water partition ity meters, indicating the standard deviation

Substance (kg/m3) (mPa.s) (mN/m) coefficient for the eight measurements performed at
cach flowrate, considering the L-shaped

Water 998 1 — - submerged lance positioned at 30 mm from
the bottom in three different radial positions.

Soybean oil 914.3 52.2 15.57 439.2 The results show that the most decentralized

between 2.4 and 3.1 ml/second for 7 minutes. Every
minute, 10 mL samples of aqueous solution were collected
through a lateral duct 20 cm from the ladle bottom, fil-
tered to remove oil and stored in sealed containers until
analysis. Thymol concentration was determined by UV
spectrophotometry (Model S100) using MetaSpec Pro
software at a 275 nm wavelength, where thymol exhibits
an absorption peak.

To determine the slag eye opening in the water/oil
system, high-definition camera recordings were made
under LED reflector illumination at the Pyrometallurgy
Laboratory at the Universidade Federal de Ouro Preto’s
Department of Metallurgical and Materials Engineering.
To facilitate oil visualization, it was dyed blue. For plume
eye area calculations, images were edited with contrast
enhancement, allowing for area calculation using Image]
software. The oil-covered surface area was subtracted
from the total ladle surface area to determine the slag
eye opening area.

Results and Discussion
Analyzing the mixing time of a tracer injected into the
physical model, it is observed that the increase in inert

Figure 2

position resulted in shorter mixing times,

whereas the centralized position exhibited

the worst condition studied. Fig. 2b presents

the mixing time results for the same sub-
merged lance at a height of 50 mm for the radial positions
R/3 and 2R/3, and at 70 mm for the centralized position.
The results are similar, showing that larger decentraliza-
tion leads to shorter mixing times. For the radial positions
R/3 and 2R/3, variations in the height of the submerged
lance with an L-shaped outlet showed minor differences
(within the margin of error).

Similarly, Figs. 3a and 3b present the mixing time
results for the T-shaped lance outlet. Fig. 4a shows the
mixing time for three radial positions at a height of
30 mm from the bottom of the ladle. It is observed that
the best condition corresponds to the most decentralized
position, while the worst condition occurs at the central-
ized position. The same behavior is observed in Fig. 3b,
which compares two decentralized positions (R/3 and
2R/3) at a height of 50 mm with the centralized position
at a height of 70 mm from the bottom. Comparing the
two submerged lance outlet designs, it was observed that
under the same radial position and depth conditions, the
T-shaped submerged lance provided better mixing condi-
tions, achieving shorter system homogenization times.
This behavior can be explained by the difference in the
flow pattern formed, as the lance with more outlet holes

Homogenization time for L-shaped lance: At 30-mm height (a), and at 50-mm or 70-mm height (b).
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Figure 3

Homogenization time for T-shaped lance: At 30-mm height (a), and at 50-mm or 70-mm height (b).

50

% Lance R/3
45 % Lance 2R/3
» Lance Centralized

40
35 |
30

Time (s)

25
20

X

15

R
10

Flowrate (L/min)

(a)

10 -+

tends to provide larger bubble dispersion, which favors a
shorter mixing time.!”

The energy input (g) for mixing was calculated as a
function of the stabilization time of the tracer injected
into the ladle for each studied gas flowrate. This energy
input is given by Eq. 1, validated by the universal rela-
tionship shown in Eq. 2, as suggested by Szekely et al.!8

for reactors undergoing a mixing process.

s = I’ZRT]II 1+ psolgHa

a

(Eq. 1)

Figure 4

System energy as a function of mixing time for L-shaped lance: At 30-mm height (a), and 50-mm or 70-mm height (b).

38

+ Lance (R/3)
m Lance (2R/3)
36 s = A Lance Centralized
—
COEX
[
E 32 4
; ¥ =+0.2941x+4.1461
Ri=0.7821
=
[l | 30 y =03255x+4.0723
R =0.8437
28 y =-0.2091x+3.9132
R#=09257
26
1.8 2.0 22 24 26 28 30 3:2 34

Ln (Energy Input (10° W/kg))
(a)

Ln Time (s)

50
« Lance (R/3) 50mm
451 = Lance (2R/3) 50mm
40 - = Lance Centralized 70mm
- B
S
@ 30
£
i: 25
20 |
15 -
10 - : : 3 _
5 7 10 12 15
Flowrate (L/min)
(b)
T=a-g"
(Eqa. 2)
where

(W/kg), energy input,

(mols/second), gas flowrate,

(J/K.mol), ideal gas constant,

(K), temperature,

(kg), mass of liquid in the ladle,
(kg/m3), solution density,

(m/second?), gravitational acceleration,
m), ladle height,

(Pa), atmospheric pressure,

(second), mixing time and

a and b are constants.
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Figure 5

System energy as a function of mixing time for T-shaped lance: At 30-mm height (a) and 50-mm or 70-mm

height (b).
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Figs. 4a and 4b show the relationship between the aver-
age energy input and the mixing time recorded by the
two conductivity meters, CA and CB, for the L-shaped
submerged lance, considering the three radial positions
and different heights relative to the bottom of the ladle.
In all analyses, the stabilization time is shorter for higher
energy input values, meaning that higher gas flowrates
injected into the system result in shorter mixing times.
Shorter mixing times at higher gas flowrates and, con-
sequently, increased system agitation energy is consistent
with the correlations found in the study by Morales et
al.!2 The equations and angular coefficients indicate a
steeper slope for the curves at the R/3 radial position
compared to the other two positions, demonstrating a
larger influence of energy input on mixing time. When
comparing different immersion depths, it is observed,
based on the lower values of angular coefficients, that
shallower immersion depths result in a steeper curve,
indicating a larger influence of energy input on mixing
time.

Similarly, Figs. 5a and 5b correlate the mixing time
and energy input for the T-shaped submerged lance at
different radial positions and immersion depths. Higher
gas injection flowrates result in shorter system mix-
ing times. The equations and angular coefficients also
indicate a steeper slope for the curves at the R/3 posi-
tion, regardless of immersion depth. However, at shal-
lower immersion depths, a larger energy input effect
on mixing time is observed across all radial positions.
When comparing the energy input for the T-shaped and
L-shaped submerged lances (Figs. 4a and 4b), generally
higher angular coefficients are observed, indicating a
larger influence of energy input on mixing time for the
T-shaped lance.

Mass transfer experiments were conducted by injecting
oil through the submerged lance, simulating the injection
of desulfurizing material into the steel. The relationship
between instantaneous and initial thymol concentration

38 # Lance (R/3) S0mm
A # Lance (2R/3) 50mmn
A Lance Centralized 70mun

&

Ln Time (s)
»

32 - A
30 R= .. x*‘\
~

28 R | i

y = -0,4248x + 4.1096 4

R*=09761
26
1.8 20 2.2 24 2.6 28 i0 32 34

Ln (Energy Input (10° W/kg))
(b)

(~100 ppm initial) as a function of time is given in Eq. 3,!9
which was used to obtain the curves in Fig. 6a for dif-
ferent gas flowrates with the L-shaped submerged lance
positioned at 2R/3. A linear behavior of the curves was
observed, allowing the evaluation of the behavior of K ap
(apparent mass transfer coefficient) as a function of time,
similar to the study conducted by Silva et al.20 Fig. 6b
shows the same relationship for a gas flowrate of 10 L/
minute at the three radial positions (R/3, 2R/3, and cen-
tralized). It can be observed that increasing the gas flow-
rate results in larger thymol extraction from water into oil.
Additionally, it was observed that the radial position had
little influence on the mass transfer rate.

(Eq. 3)
where

C and () are the concentration at time t and the initial
concentration, respectively;

Kap is the apparent mass transfer coefficient.

In Figs. 7a and 7b, for the T-shaped submerged lance,
it is observed that an increase in gas flowrate results in
larger thymol extraction from water into oil. However,
compared to the L-shaped submerged lance, lower thy-
mol extraction was achieved under the same experimen-
tal conditions, indicating that the L-shaped lance was
more efficient in the mass transfer process. For the dif-
ferent radial positions in Fig. 7b, the most decentralized
condition showed larger efficiency in mass transfer.

Fig. 8a compares the apparent thymol extraction coef-
ficient (K,,) as a function of gas flowrate in the physical
model for the two submerged lance outlet configurations,
L and T: by increasing the gas flowrate, the K, value is
increased. Fig. 8b compares the three radial positions
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Figure 6

Linear correlation of the mass transfer rate of thymol with the submerged lance (L): Different gas flowrates in
position 2R/3 (a), and 10 L/minute in different positions (b).
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Linear correlation of the mass transfer rate of thymol with the submerged lance (T): Different gas flowrates in
position 2R/3 (a), and 10 L/minute in different positions (b).
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for both configurations at a gas flowrate of 10 L/minute,
showing a great influence of the radial position for the
T-shaped lance. It is highlighted that the value is higher
for all flowrates and radial positions when using the
L-shaped submerged lance. It is also noted that the best
mixing time conditions were achieved with the T-shaped
submerged lance, whereas the mass transfer process was
favored by the L-shaped submerged lance. This can be
explained by the fact that the L-shaped submerged lance
has only one nozzle, providing higher gas velocity at the
outlet, which can result in smaller oil droplet size and,
consequently, a larger interfacial area, enhancing the
mass transfer process of thymol.

The study addressed the analysis of slag eye opening
and surface agitation by adding 2.4 liters of soybean oil
(layer thickness = 20 mm) to simulate the top slag layer
on the ladle surface. Tests were conducted with both sub-
merged lances (L and T) at three radial positions (2R/3,
R/3, and Centralized) for all gas flowrates (5, 7, 10, 12,

Time (s)

> |
0 e 100, 200 300 400 500

« 2R3
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y =-0,0017x+0.0627
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(b)

15 and 20 L/minute). A direct relationship was observed
between plume eye opening and the increase in gas flow-
rate. According to Morales et al.,'? high gas flowrates and
thinner slag layers reduce mixing time. Fig. 9 presents the
ladle surface region for different positions at a flowrate
of 10 L/minute, where visualization becomes easier due
to minimal slag emulsification. For flowrates above 15 L/
minute, emulsification begins to occur, showing no sig-
nificant differences with further increases in flowrate but
making the plume eye opening analysis more challeng-
ing. It was observed that the most decentralized position
of the L-shaped submerged lance resulted in the largest
plume eye opening, whereas the opposite behavior was
noted for the T-shaped submerged lance, which exhibited
a smaller plume eye opening at larger decentralization.
This behavior can be explained by the flow direction of
each submerged lance: in the L-shaped lance, the flow in
more decentralized positions is directed toward the center
of the ladle, while in the T-shaped configuration, the flow
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Figure 8

Comparison of average Kap values for the oil injection system with the submerged lance shaped in L or T: Position

2R/3 (a), and gas flow 10 L/minute (b).
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Comparison of the slag eye opening with the submerged lance shaped in L or T at 10 Ipm.
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is directed perpendicularly to the ladle center. Further
investigations are necessary to gain a deeper understand-
ing of these correlations.

The curves representing the ratio of the slag eye
opening area to the ladle surface area, considering the
geometry in the analyzed image, are presented in Fig. 10,
similar to the study conducted by Cruz et al.,!” for each
gas flowrate studied with the L- and T-shaped submerged
lances at the three radial positions. An increase in the
plume eye opening area was observed with increasing
gas flowrate under all presented conditions. It was noted
that the L-shaped lance has an orthogonal gas outlet,

R/3 2R13

directing the flow from the 2R/3 position toward the cen-
ter and from the central position toward the edge of the
ladle, altering the fluid dynamic conditions of the lance’s
radial positions. The 2R/3 position for the T-shaped lance
exhibited the smallest eye opening for the highest gas
flowrates. Further studies on bubble size can contribute
to deepening the understanding of the fluid dynamic
phenomena. Additionally, it was observed that the plume
eye size begins to enter a stability zone at higher flow-
rates. However, it is in this zone that the largest plume
eye opening measurements were recorded, as also noted
by Li et al.” The plume eye diameter is affected by the
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Figure 10

Comparison between the slag eye opening and the gas
flowrate.
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slag layer thickness near the meniscus region. However,
it does not influence the axial velocity along the plume
height for a given gas flowrate.!2

Li et al.’ studied the effects of gas flowrate through
a porous plug on plume eye opening. The results show
that the higher the inert gas flowrate, the more stable the
plume eye becomes; however, increasing the gas flowrate
also results in a larger plume eye opening. Other stud-
ies have addressed the same topic but focused on fixed
lances, with findings indicating that lance morphology
has a significant influence on bubble distribution, plume
volume and eye opening. In the study of Cruz et al.,/” a
lance with a single vertical hole exhibited the smallest
plume eye opening and the lowest plume volume, while a
disk-shaped lance presented the largest plume eye open-
ing and the highest plume volume.

Conclusions

Data from a physical model of the desulfurization ladle
with gas injection through a submerged lance in L-shape
(single hole) or T-shape (inverted T, two holes) were ana-
lyzed. It can be concluded that:

* Regarding the mixing time analysis, the results
show that the most decentralized position resulted
in shorter mixing times, while the centralized

position exhibited the worst condition for both
outlet configurations of the submerged lance. It
was observed that under the same radial position
and immersion depth conditions, the T-shaped
submerged lance achieved shorter homogeniza-
tion times.

The mixing time decreases with higher energy
input values, meaning that higher gas flowrates
injected into the system result in shorter mixing
times. Additionally, a larger influence of energy
input on mixing time was observed at the R/3
radial position for both lance designs. Between the
two submerged lance outlet designs, the T-shaped
outlet exhibited a larger influence of energy input
on mixing time.

An increase in gas flowrate resulted in larger
thymol extraction from water into oil. Moreover,
the 2R/3 radial position yielded superior results
compared to the other positions. Also, it was
observed that the T-shaped design of the sub-
merged lance exhibited lower thymol extraction
under the same experimental conditions, conclud-
ing that the L-shaped lance was more efficient in
the mass transfer process. The evaluation of the
K, (apparent mass transfer coefficient) highlighted
that this coefficient was higher across all flowrates
for the L-shaped submerged lance. This effect can
be justified by the higher gas exit velocity in the
single-hole lance, which promotes oil dispersion
into smaller droplets, consequently increasing the
surface area for thymol absorption.

A direct relationship between slag eye opening and
gas flowrate was observed. Additionally, the most
decentralized position of the L-shaped submerged
lance exhibited a larger slag eye opening, whereas
for the T-shaped submerged lance, the most decen-
tralized position resulted in a smaller slag eye
opening. Finally, it is concluded that the slag eye
size begins to enter a stability zone at higher gas
flowrates, and it is in this zone that the largest slag
eye opening measurements are recorded.

This article is available online at AIST.org for 30 days following publication.
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