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Abstract

Three lance designs for argon bubbling in molten steel are presented. Bot-
tom bubbling is considered too. Geometries considered are straight-shaped,
T-shaped, and disk-shaped. The bubbling behavior of these lances is analyzed
using Computational Fluid Dynamics, so transient three dimensional, isother-
mal, two-phase, numerical simulations were carried out. Using the numerical
results, the bubble distribution and the open eye area are analyzed for the
considered lance geometries. The plume volume is calculated from the open
eye area and the lance immersion depth using geometrical considerations.
Among the three lance designs considered, disk-shaped lance has the bigger
plume volume and the smaller mixing time. As the injection lance is deeper im-
mersed, the power stirring is increased and the mixing time is decreased.
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1. Introduction

Homogenization of temperature and composition of molten steel requires prop-
er stirring, which is frequently achieved by means of argon gas bubbling given
that momentum transfer occurs from argon bubbles to molten steel [1]. Besides,
argon bubbling is employed to degassing of molten steel, desulphurization, re-
moval of undesirable nonmetallic inclusions, change of inclusion morphology,
enhancement of chemical reaction rate and mass transfer, and so on [2]. Argon
injection in molten steel is carried out by submerged lance injection or bottom
injection methods [3], as is depicted in Figure 1. When argon is injected in
molten steel through a submerged lance or a porous plug located at the bottom

of the ladle, the gas jet breaks up into bubbles. The rising bubbles break the up-
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per slag layer and create an open eye in the slag [4]. At low gas flow rates, dis-
crete bubbles form at the plug exit, but at higher flow rates bubbles coalesce at
the nozzle itself and assume a large size before detachment [5].

Open eye formation, plume characteristics, fluid dynamics of molten steel and
slag behavior are topics that are frequently addressed by researchers in the last
two decades. Cold physical modeling and Computational Fluid Dynamics simu-
lations are commonly employed as tools for the analysis [6]. The effect of the gas
flow rate on the fluid flow and open eye formation is studied in [4] using a water
model. A numerical simulation of eye formation and slag entrapment in a ladle
with bottom injection is reported in [7]. The mechanism of inclusion removal
around the open eye is studied in [8].

Related to plume structure and characteristics, in [9] an expression is pro-
posed for the buoyant force in the bubble plume. Besides, an equation is derived
for the vertical acceleration of liquid in the plume, which is directly proportional
to the injected gas flow rate and inversely proportional to the immersion depth.
In [10] an expression for estimating the plume rise velocity in bubble-stirred
ladle systems was derived. It is shown that the plume velocity in such systems is
related to the ladle operating parameters: molten steel depth, ladle radius, and
gas flow rate. A Large-Eddy Simulation model is employed in [11] to quantify the
impact of the bubble size, the nozzle diameter and the gas flow rate on the proper-
ties of bubble plumes, such as the plume’s width, centerline velocity, and mass flux.

Recent papers have been published on fluid dynamics in gas stirred ladles, e.g.
[12]. In [13] flow structures of molten steel during stirring operations with ar-
gon injection are studied through physical and mathematical models. Emphasis
is made on the turbulent conditions near the metal-slag interface since this re-
gion is important for mass transfer and inclusions capture by the slag. In [14]
[15] the Euler-Euler and Euler-Lagrange modeling approaches were applied to
simulate the multiphase flow in gas-stirred ladles. A multi-scale mathematical
model to simulate the multiphase flow in ladles, which captures large phase in-

terfaces and eddies is presented in [16].
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Figure 1. Methods for argon bubbling in molten steel.
(a) Submerged lance injection, (b) bottom injection.
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In [17] a rotary lance is proposed and tested using a cold water model. The
mixing time of the water bath stirred by gas injection was determined by an
electrical conductivity method. Effects of the gas flow rate, the rotation speed
and the bath depth on the mixing time were examined. It is reported that the ef-
fect of the gas flow rate on the mixing time becomes significant for high lance
immersion depths and low rotation speeds. In [18] seven different lance confi-
gurations were proposed to determine the most efficient design using physical
and mathematical modeling approach. A new curved port lance was designed by
the authors, and this lance yields uniform and swirling flow profile inside the
ladle without rotating the lance. Injection through the new lance increased the
residence time of the particles and reduced the dead zones in the molten steel
volume. A physical and mathematical study on gas injection in water using con-
vergent-divergent nozzles is presented in [19]. Different geometries were em-
ployed and the plume characteristics were obtained by means of in-line pressure
measurements. In [20] a scale water model of an industrial gas-stirred ladle with
an eccentric porous plug at the bottom is used to study the impact of different
injector designs on mixing at constant flow rate.

Unfortunately, few works have been published related to lance design. In this
work three lance configurations for argon bubbling in molten steel are designed
and presented. Bottom bubbling is considered too. Geometries considered are
straight-shaped, T-shaped, and disk-shaped. The bubbling behavior of these
lances is analyzed using Computational Fluid Dynamics, and transient three di-
mensional, isothermal, two-phase, numerical simulations were carried out. The
open eye area, the volume plume and the plume volume fraction are quantified

and compared maintaining constant the gas flow rate.

2. Mathematical Model

Computational Fluid Dynamics (CFD) [21] was employed to study the fluid flow
in the multiphase system formed by molten steel and argon. Slag is not consi-
dered. The injection process is here considered isothermal. The equations of
continuity and momentum [22], the Volume of Fluid (VOF) model for multi-
phase flow [23] and the classical K-& model for turbulence [24] were employed
in the CFD simulations. The boundary conditions for K and ¢ in the lance noz-
zles were determined in accordance with those suggested in [25] using the inlet
velocity as parameter, which was determined from the expression
)

Y = nd*N (v

where v; is the inlet velocity, Q, is the gas flow rate, d, is nozzle diameter, and N,
is the number of nozzles in the lance head. Q, was kept constant irrespective of
the lance design.

Stirring power can be determined using the empirical correlation reported in

[26] for gas injection through a straight-shaped lance:
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where & is the stirring power (W tonne™), Q, is the gas flow rate (Nm*min™"),
T,, is the molten steel temperature ("K), W,, is the molten steel weight (tonne),
H is the lance immersion depth (m), and 7, is the gas pressure at the bath sur-
face (atm). Besides, for the above lance, the mixing time is determined from
(26],

-13

7, =116(¢)" DPH" (3)

where 7, is the mixing time (s), and Dis the ladle diameter (m).
Residence time of the bubbles in the molten steel bath can be roughly esti-

mated considering that bubbles have a vertical ascending trajectory:

T =— (4)

where 7, is the residence time, and v, is the bubble rise velocity. This last variable
is estimated from the Stoke’s Law [5]:
g(p.—p,)d;
vy E (5)
184,

where gis the gravity acceleration, p,, and p, are the densities of molten steel and
injection gas, respectively, d, is the bubble diameter, and y,, is the molten steel
viscosity. The bubble diameter depends, among others, on the nozzle diameter,
the gas flow rate, and the physical properties of molten steel. At low gas flow

rates the bubble diameter can be estimated from the expression [27]

1/3
d, :{ 6d,o, J (©)
g(p—r.)
where 0, is the surface tension of molten steel.

It can be assumed that the plume is a two-phase (molten steel and gas bub-
bles) region in the form of an inverted cone, being its height the lance immer-
sion depth (/) and being its top diameter the diameter of the open eye. Then the
plume volume (V7,) can be estimated as the volume of a truncated cone:

1 2 2
v, = (Ej nH (df +d; +dd,) ?)
where d, is the plume diameter at the injection point, and d, is the diameter of
the open eye at the molten steel surface. The first one is obtained here from tri-
gonometry and lance immersion depth, and the second one is determined from
CFD simulations. For bottom injection d, = 0.

As the plume is composed of molten steel and gas bubbles, the gas content of
the plume depends on the bubble diameter and the number of bubbles in the
plume. The volume fraction of the plume (x,) is the quotient between the plume

volume and the molten steel volume:
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%=y (®)
The volume fraction of the plume plays an important role in the gas stirring
efficiency given that, generally speaking, as x, is increased the momentum trans-
fer is increased, the stirring power is increased, and the mixing time is decreased

[5].

3. Numerical Solution and Simulations

To numerically solve the momentum, continuity, turbulence and VOF model,
CFD software was employed. Transient, isothermal, two-phase (molten steel and
argon) three-dimensional computer simulations were carried out using a time
step of 0.001 s. Slag was not considered. The geometric model of the ladle was
meshed in 99,000 trilateral cells and the ladle physical dimensions are shown in
Figure 2. In the computer simulations three head lance designs were considered,
namely straight, T-shaped, and disk-shaped, as is shown in Figure 3. Besides the

bottom injection was simulated too.

(2.8m]

539

232m

Figure 2. Physical dimensions of the considered
ladle. Red phase is molten steel, blue phase is argon.

(a) (b) (c)

Figure 3. Considered designs of the injection lance: (a) straight-shaped, (b)
T-shaped, (c) disk-shaped.
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The bottom injection has just one nozzle. The straight-shaped and the
T-shaped lance have two nozzles, whereas the disk-shaped lance has six nozzles.
The diameter of the lance nozzles was 0.02 m. The molten steel depth was kept at
2.8 m, and a lance immersion depth of 2.5 m was considered. The inlet velocity
in each nozzle was adjusted in order to keep constant the gas flow rate at 0.377
Nm’min™". In this way, the inlet velocity for the bottom nozzle was 20 m-s™’, for
the straight-shaped and T-shaped nozzles were 10 m-s™', and for the disk-shaped
was 3.33 m-s™'. The physical properties of the involved phases are shown in Ta-
ble 1. Besides, Table 1 shows the values of the operational parameters employed
in the numerical simulations, which approximately correspond to an industrial

ladle, as it is reported in [1] and [5].

4. Results and Comments

Numerical files obtained from CFD simulations were post-processed in order to
analyze the characteristics of the flow dynamics for each of the lance design or
bubbling method considered. Three aspects are reported: bubble distribution,
streamlines of bubbles in molten steel, and phase distribution. Finer resolution
of bubble geometry and size was not possible given the rather coarse mesh em-
ployed in the computer simulations. Working with a finer mesh was not possible
for the present authors given the limitations of the available hardware. However,
in spite of this disadvantage, some valuable information is obtained.

Table 1. Values of the parameters employed in the numerical simulations.

Parameter Value
Molten steel density 7100 kg:m™
Molten steel temperature 1773.15°K
Molten steel viscosity 0.0067 kg:m™-s7!
Molten steel surface tension 1.69 N-m™!
Molten steel weight 90 tonnes
Molten steel volume 12.63m’
Molten steel depth 2.8m
Gas density 1.18 kgm™
Gas pressure at the molten steel surface 1 atm
Nozzles diameter 0.02m
Lance diameter 0.1m
Lance immersion depth 2.5m
Length of T head 0.6 m
Disk diameter 0.6 m
Gas flow rate 0.377 Nm*min™"
Nozzles in normal lance 2
Nozzles in T lance 2
Nozzles in disk lance 6
DOI: 10.4236/wjet.2020.83025 322 World Journal of Engineering and Technology
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Figures 4-7 show the bubble distribution, the streamlines in the molten metal,
and the phase distribution for the straight-shaped, T-shaped, disk-shaped, and
bottom injection configurations, respectively. These figures correspond to an
immersion depth of 2.5 m. For the gas flow rate considered, in the straight-
shaped lance bubbles ascend vertically almost stuck to the lance with low lateral
dispersion, as is seen in Figure 4(a) and Figure 4(c). This causes a reduced open
eye area, as is observed in Figure 8(a) and Table 2. A comparison between Fig-
ure 4(a) and Figure 5(a) suggests that the T-shaped lance causes a lateral dis-
persion greater than that caused by the straight-shaped lance. Then a larger open
eye area it would be expected for the T-shaped lance, as is corroborated in Fig-
ure 8(b) and Table 2.

Table 2. Estimated values of plume parameters.

Lance design Open eye area, m* Plume volume, m*  Plume volume fraction
Straight-shaped 0.0619 0.0577 0.4568 x 1072
T-shaped 0.1011 0.0942 0.7457 x 1072
Disk-shaped 0.1490 0.1389 1.0995 x 10~
Bottom injection 0.1089 0.1017 0.8051 x 1072

(a) (b) (c)

Figure 4. Numerical results for straight-shaped lance. (a) Argon bubbles, (b) streamlines,
(c) phases. Red phase is molten steel, blue phase is argon.

(a) (b) (c)

Figure 5. Numerical results for T-shaped lance. (a) Argon bubbles, (b) streamlines, (c)
phases. Red phase is molten steel, blue phase is argon.
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(a) (b)

Figure 6. Numerical results for disk-shaped lance. (a) Argon bubbles, (b) streamlines, (c)
phases. Red phase is molten steel, blue phase is argon.

(a) (®) (0)

Figure 7. Numerical results for bottom injection. (a) Argon bubbles, (b) streamlines, (c)
phases. Red phase is molten steel, blue phase is argon.

(d)

Figure 8. Open eye (red color) for the considered lance designs. (a)
straight-shaped, (b) T-shaped, (c) disk-shaped, (d) bottom injection.
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Results for the bottom injection method are presented in Figure 7. This me-
thod has a similar behavior to that of the T-shaped design in terms of the open
eye area, as is seen in Table 2. In accordance with Figure 6(a) and Figure 6(c),
among the designs considered here, the disk-shaped lance exhibits the widest
bubble dispersion. This is due to the large number of nozzles and its circular
distribution along the lance head. According to the above, the disk-shaped lance
presents the largest open eye area, the largest plume volume, and the largest
plume volume fraction, as is shown in Table 2. As the plume volume and the plume
volume fraction are related to large stirring power and small mixing time, then the
disk-shaped lance presents, among the considered designs, the best performance.

From a broad point of view, the flow patterns for the whole set of lances are
similar, as is observed in Figures 4(b)-7(b). Generally speaking, recirculatory
streamlines are formed in the bulk melt. However, more detailed studies are re-
quired to disclose the particularities of the flow patterns induced by each of the
lance designs. Flow patterns were not an objective of the present work. It is im-
portant to recognize that the flow pattern and the interaction between molten
steel and slag at the molten metal surface play an important role in the capture
of non-metallic inclusions by the slag.

The stirring power and the mixing times for the straight-shaped lance as func-
tion of the lance immersion depth are shown in Figure 9 and Figure 10. It is
appreciated that the lance immersion depth increases the stirring power and de-
creases the mixing time, as is reported in [1]. The bottom injection method mi-
nimizes the mixing time due to its large immersion depth, however this method,
in accordance to Table 2, yields a lower plume volume and a lower plume vo-

lume fraction than the disk-shaped lance.

5. Conclusions

Three lance designs were studied for stirring of molten steel by means of argon
bubbling: straight-shaped, T-shaped and disk-shaped. Bottom injection was
considered too. Three-dimensional transient and isothermal two-phase Compu-
tational Fluid Dynamics simulations were carried out to compare the lances

performance in terms of bubble distribution, plume volume and open eye area.
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Figure 9. Stirring power as function of the immersion
depth for the straight-shaped lance.
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Figure 10. Mixing time as function of the immersion
depth for the straight-shaped lance.

Under the considered conditions (gas flow rate of 0.337 Nm® min’, immersion
depth of 2.5 m, molten steel depth of 2.8 m, nozzle diameter of 0.02 m, weight of
molten steel of 90 tonnes), and from the computer simulations results the fol-
lowing conclusions arise:

For argon bubbling, the lance configuration affects the bubble distribution,
the plume volume and the open eye area in the molten steel. Under the consi-
dered conditions the plume volume and the open eye area of the T-shaped lance
are similar to those of the bottom injection method. Among the three lance de-
signs considered, disk-shaped lance has the bigger plume volume and the small-
er mixing time. As the injection lance is deeper immersed the power stirring is
increased and mixing time is decreased. Given that the mesh employed in the
current simulations is relatively coarse, it is suggested that future work must be

carried out considering finer meshing and cold model comparison.
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