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Abstract
Steelmaking has shown an increasing concern toward nonmetallic inclusions,
leading to new technologies in the secondary metallurgy of steel. Although the
typical inclusion removal procedure is by injecting inert gas into the ladle, this
vessel does not fulfill all the requirements to accept a porous structure tailored
to produce “clean steels.” Consequently, the spotlight has moved to the tundish,
the last vessel before solidification, in which gas injection can continuously oper-
ate. Therefore, this work focuses on understanding the influence of typical gas
flow rates (10–60 NL/min) on the kinetics of inclusion flotation, considering two
bubble diameters (0.6 and 1.1 mm). For this purpose, experimental measure-
ments were conducted in a water model, where glass hollow spheres played the
role of inclusions, and their concentration was fitted by an exponential decay.
In general, injecting bubbles into the system contributed positively to a faster
and greater flotation of particles. The smaller bubbles led to a higher maximum
efficiency, whereas the larger ones allowed a shorter time scale (i.e., a faster
removal), defining a trade-off to tune the bubble size. Regarding the gas flow rate,
the results indicate an optimum range to decrease the time scale, and suggestions
for bubble curtains in tundishes are drawn.

KEYWORDS
clean steel, nonmetallic inclusion, porous brick, purging beam, tundish purging

1 INTRODUCTION

There is a vast body of literature on the origins, reac-
tions, and effects of nonmetallic inclusions (NMIs) in
steelmaking,1–3 and, depending on their size and concen-
tration, theymight deeply affect themechanical properties
of high-performance steels. The classical stress life curve
is described for low- to high-cycle fatigue and displays a
stress limit below which the material has a theoretically
infinite life. However, theWöhler diagramwas deduced for
surface defects, such as cracks and surface roughness, not
considering the effect of internal fragile inclusions in the

metallic matrix.4 For structural components working on
fatigue regimes beyond 108 cycles (very high andultra-high
fatigues), subsurface mechanisms contribute to premature
failure, dismantling the concept of a stress limit for an infi-
nite life.5 Therefore, “clean steel” is defined as a condition
where NMIs do not decrease the in-service properties of
the metallic part,6 displaying, therefore, a strict correla-
tion to the steel’s application as there is no “inclusion-free”
grade.
Various sources of NMIs might be pointed out through-

out the refining of liquid metal. Whereas some can
be lessened by properly installing flow control devices
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and adjusting the slag and mold powder’s chemical
composition,7,8 others are inherent to steelmaking—
namely, the contact with ceramic refractories and the
deoxidation of liquid metal (generating oxide inclusions),
making the removal of nonmetallic a recurrent challenge
for metallurgists. Although these ceramic phases are
typically less dense than the molten bath, their natural
flotation velocity is governed by Stokes’ Law, according
to which µm-sized inclusions would take hours (or even
days) to reach the slag layer of a steelmaking ladle.9
Consequently, injecting inert gas bubbles is crucial to the
induced flotation of inclusions, speeding up the refining of
the liquid metal. In addition to natural flotation, bubbling
in the liquid metal provides additional mechanisms of
induced flotation by which inclusions may be removed:
(i) attachment to the bubble surface, according to the
probabilities of collision, adhesion, and detachment10;
(ii) captured in the bubble’s wake zone, after entering
the rising zone11,12; and (iii) carried by the flow pattern
caused by the bubble plume.13 Additionally, the injection
of bubbles causes the agglomeration of small inclusions
into coarser ones, speeding up their removal.14
Gathering the flotation mechanisms, complexity can

be observed in determining the optimum conditions to
effectively withdraw NMIs from liquid metal, yielding
clean steel grades. Even so, efforts to define the optimum
bubble size range were made based on the total proba-
bility of inclusion removal by bubble attachment, that is,
mechanisms “(i)”, mentioned above. According to Wang
et al.,15 the likelihood of collision and adhesion are max-
imized when bubbles are smaller than 2.0 mm, whereas
the detachment probability increases for bubbles below
0.5 mm. Thus, an optimum bubble size range between
0.5 and 2.0 mm is typically pursued for ceramic refrac-
tory devices aiming at steel cleanliness. Complementarily,
it is reported that bubble shapes other than the spheri-
cal one can lead to an increase in particle removal due to
the wake zone (mechanism “(ii)”)—that is, when the bub-
ble becomes large enough to shape it into a spheroid or a
spherical cap.11
With these concepts in mind, the goal of producing

“clean steels” turns into a challenge to the design of
porous ceramic refractories to fulfil the requirement of
bubble sizes within the optimum range. Typically, inert
gas is injected into the ladle during the secondary refining
through devices known as purging plugs.16 These devices
operate in a wide range of gas flow rates (usually, from
50 to 200 NL/min) as their role in the ladle is not merely
the removal of NMIs, but also the injection of gas to allow
the chemical and thermal homogenization of liquid melt
(mainly during the alloying step) and the formation of
the slag’s “open eye,” exposing the liquid metal to the
environment for additives to be incorporated.13,17 Addi-

tionally, the gas injection is intermittent as the ladle is
constantly moved by cranes at the steelmaking plant, lead-
ing to periods of liquid metal infiltration into the porous
structure.18 Therefore, the steel ladle might not have the
best conditions to bear a porous device tailored to remove
NMIs.
Previous studies from the authors have shown the

importance of the plug’s surface wettability in generat-
ing bubbles, where high contact angles with the liquid
cause the bubble to spread over the bubbler, increasing its
equilibrium diameter for detachment.19 Under these con-
ditions, the effect of the pore diameter on the bubble size
might even be hindered. On the other hand, designing a
porous structurewith a low contact angle (highlywettable)
and larger pore size to also allow the injection of low-to-
high gas flow rates is not a good alternative when aiming
at controlling the infiltration of liquid metal, as the only
controllable variable would be the gas counterpressure.18
Despite the efforts to keep a gas buffer to slow down
the plug’s infiltration,20 this solution might face practical
issues as a pressured gas container must be installed in the
ladle’s outer shell. In this scenario, the tundish emerges
as a “more than a buffer” vessel where the conditions for
the flotation of small inclusions are fulfilled.21 Correlating
to previously discussed requirements, the tundish allows a
constant injection of gas along its life span, reducing the
infiltration of liquid metal and even making the applica-
tion of wettable compositions possible. Besides, there is
no requirement for high gas flow rates as alloying is not
conducted in the tundish, and, thus, a porous structure
may be designed focusing on inclusion removal. Commer-
cial solutions for injecting gas in the tundish are currently
available, consisting of magnesia porous bricks operating
with gas flow rates of 10–60 NL/min.22
Focusing on the influence of the bubble size distribu-

tion and gas flow rate on the kinetics of particle’s flotation,
the authors conducted experiments on a water model with
two porous structures to generate the bubble plumes in
a quasi-2D recirculating water tank. Hydrophobic glass
hollow particles were applied to simulate the behavior of
NMIs, and their concentration was indirectly measured by
light scattering and fitted by an exponential decay. Unlike
other works from the literature,23–25 the aim of the present
one is not to reproduce a specific industrial tundish setup,
but to gain experimental insights into the influence of the
bubble plume on the efficiency and characteristic time for
the removal of NMIs.

2 MATERIALS ANDMETHODS

In order to conduct the physical simulations of induced
flotation, this work made use of a water model with a
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3 of 11 FALSETTI et al.

F IGURE 1 (A) Front view of the water model and the coupled devices and (B) micrograph of the glass particles after the sieving
procedure. Extracted from Falsetti et al.26

1000 × 400 × 40 mm3 vessel, filled with softened tap water
and coupled with a system to homogenize the concentra-
tion of particles during the experiment (Figure 1A). The
behavior of NMIs was reproduced by glass hollow spheres
(Potters Q-Cel 7014) as in Figure 1B, following a procedure
to sieve them to a size distribution between 10.1 and 64.3
µm(d10 and d90, respectively). The nature of these particles
provided the indirect measurement of their concentration
using a light scattering method, where a scientific camera
(LaVision VC-Imager sCMOS CLHS) recorded the scat-
tered rays at 2 Hz and an exposure time of 1 ms. The
experiment consisted of (a) 5 min of homogenization after
injecting 80 mL of the particle suspension, (b) 10 min of
natural flotation—without injecting gas, (c) 25min of com-
bined flotation—when the mechanisms induced by the
bubble plume were coupled, and (d) a step of filtering out
particles to ensure that the background did not change
throughout the measurement. More details of the experi-
mental setup are available in a previous publication by the
authors.26
The light intensity along the steps of flotation (“b” and

“c”) was fitted by an exponential decay function over time
(t), as 𝐼 (𝑡) = 𝐼𝛿 ⋅ exp(TS−1 ⋅ 𝑡) + 𝐼∞, from which the time
scale (TS) is directly obtained. The final efficiency is cal-
culated as Ef f = 𝐼∞

𝐼𝛿+𝐼∞
, where I

∞
and Iδ represent the

intensity at an infinity time and the decrease from the
initial value, respectively. At this point, it is crucial to
understand how these two parameters are related to the
performance of the porous bubbler in removing inclusions.
The maximum value that could be achieved for the per-
centage of removed particles is called “efficiency,” which
does not depend on the removal rate as this property is
obtained by extrapolating for an infinite time. Oppositely,
the time scale (TS) represents themean lifetime of particles
in suspension, which is inversely related to the removal
rate, and indicates how fast the maximum efficiency is
reached. In summary, the overall performance of a purg-
ing bubbler depends on this pair of parameters, and high

efficiencies with low time scales are desired so that a large
number of inclusions is removed in a short time.
Industrially speaking, the gas injection in the tundish

is typically controlled in the normal liter per minute
(NL/min). However, the actual volume of gas released by
the porous structure is affected by temperature and pres-
sure differences from the standard conditions, and by the
area of the porous bubbler. Thus, by applying this assump-
tion when using purging beams, the corresponding value
in L/min/m2 may be obtained, representing the volume of
gas injected per squaremeter—also referred to as the linear
velocity of the gas at the outlet, as the dimensional analysis
of the units will lead to “Length/Time.”27
To carry out this procedure, the standard flow rate is con-

verted to the actual gas flow rate on the porous surface in
Equation (1), by assuming an ideal gas behavior and con-
sidering the temperature and pressure difference from the
standard conditions (Tstd and Pstd, respectively) to those at
the gas outlet (Tgas and Pgas).

𝑄𝑔 = 𝑄𝑔,std ⋅
𝑃std
𝑇std

⋅
𝑇gas

𝑃gas
. (1)

The values at 273 K (0◦C) and 101.325 kPa (1 atm) may
be directly applied in Equation (1) for Tstd and Pstd, respec-
tively, whereas some other aspects must be discussed for
Tgas and Pgas. For the temperature, the gas is typically
heated up to the temperature of the vessel’s outer shell
(around 300◦C, or 573 K), whereas the pressure at the gas
outlet is the atmospheric plus the ferrostatic one. Assum-
ing a 1 m-high column in the tundish (Hl) of liquid steel
with a density of 7000 kg/m3 (ρl), the linear velocity of the
gas (Ug) is derived by Equation (2), where “APB” is the area
of the purging beam and “g” the gravitational acceleration.

𝑈𝑔 = 𝑄𝑔,std ⋅
101325 Pa

273K
⋅

573K

101325 Pa + 𝜌𝑙 𝑔 𝐻𝑙
⋅

1

𝐴PB
.

(2)
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TABLE 1 Experimental conditions of the measurements
conducted in the water model.

Bubbler

Bubbler
area
Amo (m2)

Gas flow
rate
Qg (L/h)

Flow rate per
area
Ug (L/min/m2)

A1 Pair of air
diffusers

0.00250 25 170
A2 50 330
A3 75 500
B1 Porous brick 0.00435 25 95
B2 50 190
B3 75 290
B4 100 380
B5 150 580
B6 200 770

As mentioned in the Introduction section, the typi-
cal range for the gas flow rate in a purging beam of
900× 100mm2 is within 10–60 NL/min. Substituting these
values into Equation (2), the corresponding gas flow rate
per area is expected within the 140–830 L/min/m2 range.
To simulate this condition in the water model, two kinds
of porous structures were applied: a pair of commercial
air diffusers (AD) and a porous ceramic brick (PB). The
gas flow rate injected through these bubblers was mea-
sured by a calibrated flow meter in the range of 25–250
L/h. As summarized in Table 1, the nine experiments dis-
cussed in this work comprised six levels of gas flow rates
applied to the porous brick and only three to the pair of
air diffusers. Although higher gas flow rates would still be
within the range of interest, the reason behind this choice
is that the air diffuser generated smaller bubbles. Thus,
its plume remained in the recirculating flow pattern for
gas flow rates higher than 75 L/h, scattering more light to
the camera and disturbing themeasurement of the particle
concentration.
The correlation between the gas flow rate applied to

the purging beam in the tundish and to the bubbler in
the water model is summarized in Figure 2, highlighting
that the experimental conditions of the conducted tests are
within the industrial range—except for experiment “B1,”
which falls below the lower limit.
The choice for testing two porous bubblers aimed at

generating different bubble size distributions. Thus, the
bubble plumes for the nine experimental conditions were
characterized by a shadowgraphy technique, where an
LED panel (9 × 16 in2, roughly 23 × 41 cm2, from Edmund
Optics)was placed behind thewatermodel and the sCMOS
camera captured the shadow generated by the bubbles.28
The recorded frames were analyzed by an algorithm in
Python using the OpenCV library (cv2), as presented in
Figure 3. The pipeline of image analysis consisted of:

F IGURE 2 Correlation between gas flow rates of industrial
tundishes (in NL/min) and the corresponding value in the water
model (in L/h), by keeping “Ug” constant according to Equations (1)
and (2).

1. Binarizing the images of the bubble plumes based on a
threshold value (cv2.threshold function). However, the
bubble center tends to have the same shade as the
background after this step.

2. Filling the holes inside the bubbles, starting from a
seed pixel outside any bubble and connecting it to the
neighboring pixels up to when the whole background is
mapped (cv2.floodFill).

3. Fitting circles to the features in the binarized image
via the “Hough circle transform” method to detect
circles in an image, including the overlapped ones
(cv2.HoughCircles)*.

4. Fitting the detected circles to a log-normal distribution
to obtain the statistical parameters of average bubble
size and deviation.

Following this methodology, the next section starts by
characterizing the bubble plume.

3 RESULTS AND DISCUSSION

3.1 Bubble plume characterization

Considering that this work applied two different porous
structures to generate the bubble plumes, the first step con-
sisted of characterizing the bubble size distribution using
the shadowgraphy technique coupled with image analysis.
The results are shown in Figure 4, highlighting that the
bubble plumes are slightly affected by the gas flow rates.
In general, the air diffusers generate an average bubble of
0.6 mm (0.2–1.4 mm), whereas the porous brick produces
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5 of 11 FALSETTI et al.

F IGURE 3 Bubble shadowgraphy and image analysis showing (A) the original image, (B) the binary one, (C) the superimpose of
detected circles, and (D) the fitted log-normal curve.

F IGURE 4 Obtained bubble size distribution for the porous
brick (PB) and air diffusers (AD) as a function of the gas flow rate.

1.1 mm bubbles (0.7–1.6 mm). Compared to the optimum
size range described in the literature (0.5–2.0 mm), the
porous brick generated bubbles within the suggested lim-
its, whereas the air diffusers were closer to the lower limit.
According to the literature,15 the smaller bubble sizewould
increase the collision and adhesion probabilities, but also
the detachment one, leading to a lower overall probability

of removal. Thus, onemight expect a faster pace of particle
removal for the porous brick.

3.2 Modeling the kinetics of particle
removal

The particle removal as a function of time for the natu-
ral and induced flotation was recorded, and the results are
presented in Figure 5. Considering that the nine experi-
ments began with a natural flotation step, there is a similar
pattern in the first 10 min after the homogenization of
particles in the system, as no gas is being injected yet.
From the moment when the porous structure is blown
with compressed air, some bubbles reach the camera’s field
of view, scattering light, causing the particle removal to
be artificially decreased for a while. These bubbles float
right away and this effect does not disturb the subsequent
results as the bubble plume is already developed. From 10
to 35 min, the results represent the combination of natu-
ral and induced flotationmechanisms, as bubbles now also
help the removal of particles. Comparing the fitted blue
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FALSETTI et al. 6 of 11

F IGURE 5 Percentage of particle removal as a function of time presenting the fitted natural flotation (dark red line) and induced one
(dark blue line) for the nine combinations of gas flow rate (25, 50, 75, 100, 150, and 200 L/h) and bubble size (0.6 and 1.1 mm).

curves for the nine conditions, various removal rates and
efficiencies are expected.
An exponential decay fitted the light intensity data

for the natural and induced flotation, and the param-
eters of time scale and maximum efficiency for each
experiment are summarized in Figures 6 and 7. The aver-
age value for the parameters of natural flotation was a
time scale of 648 ± 50 s and a maximum efficiency of
43.5% ± 2.6%, with a coefficient of variation of 7.7% and

6.0%, respectively. These values attest the reproducibility
of the experiment’s initial conditions (before the bub-
ble plume is injected), providing a direct comparison
among the results for induced flotation. Besides, it is
worth noticing that although the average efficiency is
43.5%, this value represents an extrapolation at an infin-
ity time, whereas the system has roughly three-quarters
of the initial particle concentration still in suspension
after the 10 min of natural flotation, thus allowing
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(A) (B)

F IGURE 6 The collected (A) time scales and (B) maximum efficiencies for the nine experiments considering only the natural flotation,
highlighting the reproducibility of the experiment’s initial condition.

(A) (B)

F IGURE 7 The collected (A) time scales and (B) efficiencies for the nine experiments considering both the natural and induced
flotation, comparing the results to the average of plain natural flotation (gray dashed lines).

the analysis of the share of induced mechanisms to
flotation.
Regarding the repeatability of the results and aiming at

maximizing the number of measured points for the avail-
able amount of particle suspension, the authors preferred
to have more data within the analyzed gas flow rate range
rather than conducting the experiments in duplicate. To
evaluate the performance of the water model in deliver-
ing reliable results, one of the experiments was repeated
twice (1.1 mm bubbles, 50 L/h gas injection). The obtained
flotation parameters were 223–257 s for the time scale
and 42.4%–49.6% for the removal efficiency, leading to a
variation coefficient of 7.1% and 7.8%, respectively. When
comparing these values to the ones for plain natural flota-
tion, it is remarkable that the injection of the bubble plume
adds other sources of error to themeasurement, increasing
mainly the uncertainty for the removal efficiency.

The time scale andmaximum efficiency values compris-
ing the share of induced flotation mechanisms are shown
in Figure 7 and plotted as a function of the gas flow rate
per area (Ug). Recalling from the Methods section, the
maximum Ug for the air diffusers was 500 L/min/m2 (or
75 L/h), because higher gas flow rates would disturb the
particle concentration measurement. The averages for the
plain natural flotation are also indicated to ease the values’
comparison (gray dashed line), highlighting a noticeable
decrease in the time scale when the bubble plume is
injected, regardless of the bubble size and the gas flow
rate. Moreover, the trend seems to be of a U-shaped pro-
file in Figure 7A, suggesting an optimal gas flow rate to
speed up the particle flotation. The initial decrease in time
scale is in tune with other experiments from the literature,
where an increase in the gas flow rate caused a higher par-
ticle removal rate (i.e., lower TS), even though the authors
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did not correlate it to a specific flotation mechanism.29–31
However, by increasing the gas flow rate even further, the
removal rate tends to decrease. The complete behaviormay
be analyzed considering the three mechanisms of flota-
tion induced by bubbles: (i) surface attachment, (ii) wake
capture, and (iii) flow-induced removal.
Even though the effect of the gas flow rate on the likeli-

hood of bubble–particle attachment and volume of bubble
wake region is typically discussed in the literature for a
single bubble, one might expect that their magnitudes
are proportional to the number of bubbles in the plume.
Thus, as the bubble size was not significantly affected by
the gas injection in this work, a higher flow rate should
induce mechanisms (i) and (ii) (particle attachment and
bubble wake capture, respectively), leading to a propor-
tional increase in the removal rate. However, it is worth
comparing themarginal increase of removal rate when the
gas flow rate rises from 95 to 190 L/min/m2 (90% faster,
for 1.1 mm bubbles) and from 190 to 380 L/min/m2 (72%
faster), as the latter is less noticeable. This effect is likely
because the collision probability and the wake region of
an individual bubble are affected by the neighboring bub-
bles in the plume, not representing a simple addition of
the shares from each one. Besides, when increasing the gas
flow rate even further, from380 to 770L/min/m2 for 1.1mm
bubbles, an increase in the time scale is seen in Figure 7A,
indicating a lower removal rate. A first hypothesis on the
reason behind this effect could be the recirculation pat-
tern induced by the bubble plume, whose velocity scales
with the cubic root of the gas flow rate, according to
the literature.32 By mass conservation, the velocity of the
ascending plume scales with the horizontal flow velocity
on the top region of the model, which reduces the time
for the floated particle to be transferred to the liquid’s free
surface. However, the recordings of the bubble plumes at
50 Hz during the experiments show that the vertical veloc-
ities are similar—for instance, 291 and 273mm/s for 50 and
200 L/h, respectively, and 1.1 mm bubbles. Consequently,
as the bubble size remains the same (Figure 4), a higher
gas flow rate leads to more bubbles per volume for a con-
stant residence time of the plume in the system. Another
hypothesis is that a larger number of bubbles reaching
the system’s free surface per unit of time causes higher
turbulence, disturbing the transfer of the particle to this
top layer. If so, it could not be investigated further with
the current setup. Overall, although an increase in the
gas flow rate is beneficial to the induced mechanisms of
flotation,10,11 itmight spoil the removal rates at high values.
Regarding the influence of the bubble size on the time

scale, a lower overall probability of particle removal would
be expected for the plume with smaller bubbles and, thus,
longer times for the particle flotation. This behavior is
depicted in the results of Figure 7A where bubbles of

1.1 mm presented a lower time scale when compared to
the 0.6 mm ones for Ug below 500 L/min/m2. Besides,
Yang et al.11 discuss that larger bubbles have a positive
effect on the bubble wake region, mainly for the ones
large enough to assume nonspherical shapes (spheroids or
spherical caps). Their results show a decrease in the cap-
ture rate of the bubble wake zone when bubble diameters
decrease from 12 to 2.5 mm. By extrapolation, an increase
of 17% in the time scale could be expected when decreasing
the bubble size from 1.1 to 0.6mm. Thus, the lower removal
rates for the 0.6 mm bubbles could be linked to the lower
effectiveness of the mechanisms “i” (particle attachment)
and “ii” (bubble wake capture). Nevertheless, the results
for maximum efficiency (Figure 7B) are not supposed to
be affected by these mechanisms, as this parameter is an
extrapolation to an infinite time. In other words, lower
removal rates will lead to longer times for the flotation to
occur, but not to lower efficiencies.
Analyzing Figure 7B, smaller bubbles (0.6 mm) were

able to remove more particles in suspension, leading to
higher efficiencies. However, there is no clear trend for this
parameter as a function of the gas flow rate. Thus, cluster-
ing the results by bubble size (dashed lines), the average
efficiency was calculated as 68.4% ± 6.5% for 0.6 mm bub-
bles and 59.8% ± 7.3% for 1.1 mm ones. When compared
to the average efficiency of natural flotation (44.1%), the
bubble plume’s share removal of hydrophobic particles is
noticeable.

3.3 Insights on the industrial practice

The question now raised is “What can we learn from the
results and how can we apply them to the practice of
bubbling in the tundish, removing the maximum num-
ber of inclusions?” The similarities between the water
model and an industrial tundish are typically discussed
in dimensionless numbers, like the Froude (Fr), Reynolds
(Re), and Eötvös (Eo) ones.33 When using water to repli-
cate the liquid steel, the only condition where both Fr
and Re similarity conditions are met is having a 1:1 phys-
ical model,23 assuring that the bulk flow phenomena are
well reproduced.34 As this work studied the contribution
of bubbles to particle flotation, it is also important to have
similar Eo numbers which, combined with Re, ensure the
similarity of bubble shape in the liquid, as introduced by
the Grace diagram.35 Even though the relative Eo between
water and liquid steel is 3.8,34 it is worth highlighting that
this diagram is built on a log scale, meaning that systems
with Re and Eo numbers within the samemagnitude order
will have a comparable bubble shape.
It is worth highlighting that the terminal velocity of the

bubble, calculated by the Stokes Law,36 is expected to be
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close in both liquid media due to the similar kinematic
viscosity between water and molten steel. This means an
approximately equal residence time of the bubble plume in
ascension and an analogous particle-bubble kinetic energy
during collision.37 Naturally, one must account for the
effect of gas expansion due to temperature and pressure
differences, leading to a 1.3% or 8.3% larger bubble diam-
eter in water or liquid steel (0.4 m-high liquid column),
respectively—corresponding to 2.7% or 17% faster ascen-
sion. For the steel tundish, the effect of temperature could
worsen this scenario, increasing the relative expansion to
61%. However, this latter effect can be neglected consid-
ering that 0.6 mm bubbles take less than 2 s to leave a
0.4 m-high tundish, hardly reaching the steel temperature.
Therefore, primary insights can be obtained from water

modeling, supporting the practice of bubbling inert gas
into the tundish. An additional similarity regarding the
bubble plume must be addressed before applying the cur-
rent results to an industrial tundish. Although the bubble
diameter injected in the liquid steel by porous structures
is within the 2–20 mm range,33,38,39 one might assume that
engineered purging devices could generate the same bub-
ble size distributions applied in this work. For this sake,
controlling plug parameters such as the pore diameter and
surface wettability could help to achieve smaller bubbles.19
Compared to the results for plain natural flotation

(Figure 6), the gas injection decreases the required time
for particle flotation (TS) and increases the maximum
efficiency that could be attained. Industrially speaking,
various parameters can be adjusted while installing a bub-
ble curtain in the tundish, for example: the gas flow rate,
the bubbler area, and the target bubble size. Starting with
the gas flow rate, the results suggest an optimum value
for which the time scale would be the lowest, attained at
around 300–500 L/min/m2 for both bubble sizes. This con-
dition could be applied to relatively shallow tundishes (1:1
scale, as previously discussed) and converted to industrial
gas flow rates of 20–35 NL/min when considering the com-
mercial “purging beam” (Figure 2). This gas flow rate could
also be a starting point for other industrial setups, although
novel watermodels would be required to get insights about
particular geometries of tundishes.
Even though there was no clear trend between the

maximum efficiency of removal and the gas flow rate, it
is important to remember that this value represents an
extrapolation at an infinite time. For example, this condi-
tion could be attained in a ladle by increasing the bubbling
time, as the molten bath recirculates in this vessel. How-
ever, the tundishworks as a buffer and the tools to increase
the residence time of the liquid metal in this vessel are
limited to flowmodifiers (such as dams and weirs). There-
fore, it is crucial to have high removal rates (i.e., low time
scale) to ensure maximum cleanliness of the liquid metal

in a short time. Alternatively, a higher number of bubble
curtains can be installed in the tundish, or a larger area
covered by the porous bricks, increasing the interaction
time between the liquid metal and the bubble plume while
remaining within the optimum range for Ug.
Summarizing, the results for the two bubble plumes

(0.6 and 1.1 mm bubbles) define a trade-off between
shorter removal times and higher maximum efficiencies
(Figure 7A,B). For example, the bubble size distribution
closer to the lower limit of the optimum range (0.6 mm)
presented a higher “TS” and “Eff,” meaning that it would
take longer to achieve the efficiency plateau, but more
inclusions would be removed. Hence, it might still be
attractive to design porous bubblers to generate smaller
bubbles, but with the aforementioned considerations to
increase the interaction time with the plume. Besides, tiny
bubbles tend to be trapped in the liquid metal flow and
their use must be carefully considered not to generate
pores in the solidified steel.

4 CONCLUSIONS

In this work, the authors studied the influence of the bub-
ble size and gas flow rate per unit area on the kinetics
of particle removal, considering the time scale and the
maximum efficiency of an exponential decay profile. The
experiments were conducted in a quasi-2D water model
where the bubble plume was characterized by a shad-
owgraphy technique coupled with image analysis, and the
particle concentration was recorded as a function of time
by light scattering. Two distinct size distributions of bubble
plumes were generated in the experiments: 0.6 and 1.1 mm
bubbles, on average.
The results indicated an optimum gas flow rate for

which the time scale was the lowest, leading to faster
removal rates. This behavior of a U-shaped curve was cor-
related to themechanisms of bubble-induced flotation. On
the other hand, as the maximum efficiency represents an
extrapolation of the exponential decay at an infinite time,
there was no clear trend of this parameter as a function of
the gas flow rate. In summary, this value increased from
43.5% for the plain natural flotation to 68.4% and 59.8%,
for 0.6 and 1.1 mm bubbles, respectively. On the other
hand, the smaller bubbles led to a higher time scale (slower
removal rate). Therefore, a trade-off between removing
more inclusions and attaining this condition in a shorter
time is defined by the bubble size. Analyzing these results
with a focus on the practice of bubbling in the tundish,
some suggestions were drawn:

1. Bubble curtains yield higher removal efficiencies and
shorter flotation times.
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2. Adjusting the bubble size in the tundish should be care-
fully considered as bubbles closer to the lower limit of
the optimum range show a highermaximum efficiency,
but a longer removal time.

3. Defining the optimum values for the gas flow rate
per area (Ug) for an industrial tundish–bubbler sys-
tem is crucial to achieving higher removal rates and
requires further considerations about the features of the
industrial tundish, as similarity criteria should be met.

4. Besides the gas flow rate and bubble size, the project of a
porous brick in the tundish should consider the number
of bubble curtains and the bubbler’s coverage area, as
longer interaction times with the bubble plume might
be required to attain maximum efficiency.
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