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ABSTRACT

Turbulent flow, the transport of inclusions and bubbles,
and inclusion removal by fluid flow transport and by
bubble flotation in the strand of the continuous slab caster
are investigated using computational models, and
validated through comparison with plant measurements of
inclusions. Steady 3-D flow of steel in the liquid pool in
the mold and upper strand is simulated with a finite-
difference computational model using the standard k-¢
turbulence model. Trajectories of inclusions and bubbles
are calculated by integrating each local velocity,
considering its drag and buoyancy forces. A “random
walk” model is used to incorporate the effect of turbulent
fluctuations on the particle motion. The attachment
probability of inclusions on a bubble surface is
investigated based on fundamental fluid flow simulations,
incorporating the turbulent inclusion trajectory and sliding
time of each individual inclusion along the bubble surface
as a function of particle and bubble size. The change in
inclusion distribution due to removal by bubble transport
in the mold is calculated based on the computed
attachment probability of inclusion on each bubble and the
computed path length of the bubbles. Results indicate that
6-10% inclusions are removed by fluid flow transport,
10% by bubble flotation, and 4% by entrapment to the
SEN walls. Smaller bubbles and larger inclusions have
larger attachment probabilities. Smaller bubbles are more
efficient at inclusion removal by bubble flotation, so long
as they are not entrapped in the solidifying shell. Larger
gas flow rate favors inclusion removal by bubble flotation.
The optimum bubble size should be 2-4mm.

INTRODUCTION

Increasing the productivity and improving the product
quality are permanent requirements concerning the
continuous casting process. To produce clean steel with as
few inclusions as possible is one of the main tasks of
steelmakers. Inclusions can be removed from the molten
steel by fluid flow transport or by bubble flotation 1-6)
Inclusions attached to the surface of bubbles can be
removed faster due to the small residence time of bubbles
in the molten steel. However, bubbles with attached
inclusions can finally generate line defects such as blisters
and pencil pipes if they are entrapped to the solidified
shell. ¥ Figure 1 is the example of bubbles with attached
inclusions 1%,

Plant observations have found that many serious quality
problems, including inclusion entrapment, are directly
associated with the flow pattern in the mold. " Thus

design and control of the fluid flow pattern in the
continuous casting mold to remove inclusions is of crucial
importance to the steel industry. The flow pattern in the
mold can be controlled by many variables, including the
nozzle and mold geometry, submergence depth, steel flow
rate, argon injection rate, electromagnetic stirring, and flux
layer properties. Nozzle technology is an easy and
inexpensive way to optimize the fluid flow in the mold.
New techniques involving the Submergence Entry Nozzle
(SEN) to improve the fluid flow pattern and inclusion
. . . 12-15)
removal includes swirl nozzle technique , step nozzle
techniquelf"zo), multiports nozzle 21), and oval offset bore
throttle platezz’ %3 The fluid flow in the continuous casting
mold can be investigated by mathematical modeling24'29),
physical modeling30'39), or industrial trials***?.
Mathematical modeling is an effective, inexpensive tool to
get information that cannot be directly measured in the
steel.

In the current study, industrial measurement of inclusions
and total oxygen in a Low Carbon Al-killed steel are
measured. The steady flow in the SEN and the strand of
the continuous caster is simulated with a 3-D finite-
difference computational model using the standard k-g
turbulence model in Fluent *¥. Inclusion trajectories are
calculated by integrating each local velocity, considering
its drag and buoyancy forces. A “random walk” model is
used to incorporate the effect of turbulent fluctuations on
the particle motion.
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MATHEMATICAL MODEL OF FLUID FLOW AND
INCLUSION MOTION

Mathematical Models- Modulation The continuity
equation and Navier-Stokes equations for the steady fluid
flow of incompressible Newtonian fluids are
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where  p, liquid density (kg/m®); u;, velocity component
in x; direction (m/s); P, pressure field (N/m?); s, laminar
viscosity (kg/m-s); 14, turbulence viscosity (kg/m-s); g,
magnitude of gravity in j direction (m/s?); Fj, other body
forces (eg. from eletromagnetic forces); i, j, coordinate
direction indices, which when repeated in a term, implies
the summation of all three possible terms. With the k-&
Model 44), the turbulent viscosity is given by
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where C,, ,empirical constant = 0.09; k, turbulent kinetic
energy field, mZ/SQ; &= turbulent dissipation field, m?/s’.
The two additional partial differential equations for the
transport of turbulent kinetic energy and its dissipation rate
are given by:
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where  0/0x;, differentiation with respect to coordinate
direction x,y, or z (m); ok, 0, empirical constants (1.0,
1.3); C;, C,, empirical constants (1.44, 1.92). The k-¢
Model needs special “wall functions” as boundary
conditions, in order to achieve reasonable accuracy on a
coarse grid. )

The trajectory of each particle can then be calculated
incrementally by integrating its local velocity. The local
velocity of inclusions is represented by Eq.(6) considering
the force balance between drag force and the gravitational
force.
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where pp and p, the particle and liquid densities, kg/m3;
Up,i, the particle velocity, m/s; Cp, the drag coefficient as a

function of particle Reynolds number, given as below

Co = (1+0.186Re" ) )
Re,

A “random walk” model is used to incorporate the effect
of turbulent fluctuations on the particle motion. In this
model, particle velocity fluctuations are based on a
Gaussian-distributed random number, chosen according to
the local turbulent kinetic energy. The random number is
changed, thus producing a new instantaneous velocity
fluctuation, at a frequency equal to the characteristic

lifetime of the eddy. The instantaneous fluid velocity can
be represented by

u=u+u’, (®)

U = EJu? = EJ2K/3 ©)

where u : the instantaneous fluid velocity, m/s; U :
the mean fluid phase velocity, m/s; U’ : random velocity
fluctuation, m/s; & the random number.

As boundary conditions for the particle motion, particles
escape at the top surface and the open bottom, are
reflected at symmetry plane, and are entrapped when they
touch wide faces and narrow faces which represent the
dendritic solidification front. . This trapping boundary
condition is valid for particles smaller than the primary
dendrite arm spacing and has been employed by several
45-47) . .

researchers . However, particles touching the
solidifying front are not always engulfed. The entrapment
phenomenon is very complex and is receiving well-
deserved attention in recent work.**>" The parameters of
the SEN and the caster are shown in Table 1.

SEN
Parameters Value
SEN bore diameter, length(80, 1292
(mm)
SEN submergence depth (mm) [300
Port width x port height|{65 x80

(mmxmm)

Port thickness (mm) 30

Bottom well depth (mm) 10
Mold

Parameters Value

Nozzle port angle Down 159, up 159, zero

Submergence depth (m) 0.05, 0.10, 0.15, 0.20, 0.25,
0.3

Domain height/width/thickness|2.55/1.3/0.25

(m)

Casting speed (m/min) 2.0,1.6,1.2,0.8

Particle diameter (um) 300, 200, 50, spherical

Fluid density (kg/m3) 7020
Fluid kinetic viscosity (m2/s)  |0.954x10-6
Particle density (kg/m3) 3500
Argon bubble density ( kg/m3) |1.6228
Argon bubble size (mm) 1-10

Inclusion motion model Random walk, 200 tries,

10000 inclusions

Table 1.. Parameters of the SEN and continuous caster

INTERACTION BETWEEN BUBBLE AND
INCLUSION IN THE MOLTEN STEEL

The attachment process of an inclusion to a gas bubble in
the molten steel proceeds through the following steps: The
inclusion approaches the gas bubble. If the liquid thin film
between the particle and the bubble decreases to less than
a critical thickness during the contact time between the
bubble and the inclusion, i.e., the sliding time of the
inclusion on the surface of the bubble, it will suddenly
rupture causing the inclusion to attach permanently to the
surface of the bubble. Otherwise, the inclusion will move
away from the bubble. The critical film thickness and film
rupture time are calculated elsewhere. D

In order to calculate the interaction time and the
attachment probability of inclusions to the bubble surface,



a computational simulation of turbulent flow around an
individual bubble and a simulation of inclusion transport
through the flow field are required. First, the steady
turbulent fluid flow of the molten steel around an argon
bubble is calculated, assuming axi-symmetry. Possible
deformation of the bubble shape by the flow and inclusion
motion is ignored. The far-field velocity condition is set to
be of the bubble terminal velocity, assuming a suitable
turbulent energy and dissipation rate, and a far field
pressure outlet. Then the inclusion trajectories around the
bubble are calculated. Several thousand inclusions are
uniformly injected into the domain in the column with
diameter far larger than dg+d, from the place of the 15-20
times of the bubble diameter far from the bubble center.
As boundary conditions, inclusions reflect if they touch
the surface of the bubble. If the normal distance of the
inclusion center to the surface of the bubble is first less
than the inclusion radius, the collision between the
inclusion and the bubble takes place. And if this distance
keeps less than the inclusion radius for some time, then it
is the sliding time. Inclusions will be attached to the
surface of the bubble according to the criterion discussed
before. Then the attached probability, as shown in Figure
2, can be expressed by
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where N, is the number of inclusions attaching to the
bubble by satisfying that their contact time is larger than
the film rupture time. Ag;p is the section area of the
column with diameter of dg+dp. Nr; is the total number of
inclusions injected through the area A;, and i is the
sequence number of the annular position at which the
inclusions are injected.

Figure 2. Schematic of the attachment probability of
inclusions to the bubble surface under stochastic turbulent
effect

A removal model of inclusions by bubble flotation is
developed for the molten steel-alumina inclusions-argon
bubbles system. The following assumptions are used:

- Bubbles all have the same size;

- Inclusions have a size distribution and are uniformly
distributed in the molten steel, and they are too small
to affect bubble motion or the flow pattern;

- The bubble size and the gas flow rate are chosen
independently;

- Once stable attachment occurs between a bubble and
an inclusion, there is no detachment and the inclusion
is considered to be removed from the molten steel,
owing to the high removal fraction of most bubbles.

Assuming that all inclusions are Al,Os, the total oxygen
(in ppm) removed by bubble flotation can be expressed by
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where dg is the bubble diameter (m), Lg is the path length
of the bubble (m), tg is the bubble residence time (s), Pa is
the attachment probability of the inclusion to the bubble
(%), and nf is the number density of that inclusion size
(number/m” steel), V¢ is casting speed (m/min), S is the
area of the slab section (=0.25x1.3m?), pp and py are
densities of inclusions and the molten steel. ng is the
number of bubbles in the domain during time tg, Qg is the
gas flow (Nl/min), Ty is the steel temperature (1823K).

N_ .| is the number density of inclusion with diameter

PIj
dp;i when bubble j is injected, used to update the inclusion
number density distribution after the calculation of each
individual bubble in order to account for the significant
change in inclusion concentration caused by the
simultaneous inclusion removal of many bubbles.

FLUID FLOW AND INCLUSION MOTION IN SEN
REGION

The simulation domain is shown in Figure 3. In the
current simulation, the SEN and the mold is combined
together. The effect of annular steps on the fluid flow and
inclusion motion in the SEN and caster strand are
investigated. Two annular steps in a SEN (Step SEN) is
calculated. Due to the sharp decreasing of the bore
diameter at the steps, the fluid flow is accelerated at these
locations in the Step SEN. This acceleration helps to
diminish the non-uniform velocities generated by the slide
gate. Near the slide gate, inclusions may have slight
recirculation, as shown in Figure 3.

Without steps, the uneven flow passing the slide gate
finally generates a swirl at the bottom of the nozzle,
therefore the molten steel enters mold with swirl, as shown
in Figure 3 and Figure 4. This swirl at the bottom and
outports are diminished in the Step SEN. Jet
characteristics for nozzles with outports angle of 15°
down, 0° horizontal, 15° up, and Steps are compared in
Table 2. The 15° down nozzle with two steps has the
smallest turbulent energy and dissipation rate, which
means the jet entering the mold has the weakest
turbulence. The jet angle is only 18° for the Step SEN
(Down 15°), compared with 29° without steps (Down15°),



and 18° for Zero degree angle nozzle without Steps. The
large jet angle corresponds to a large impingement depth,
therefore worsens the inclusion removal to the top surface.
One problem of the Step SEN is its large back flow zone
fraction, 30%, compared with all three conventional
nozzles in Table 2. Larger back-flow zone will bring more
inclusions back to the outport region of SEN, possibly
inducing clogging there. The step nozzle may have more
inclusion removal to the top surface of the mold perhaps
by eliminating swirls at SEN outports and in the mold, and
by deceasing the impingement depth of the jet in the mold.
For the down 15° angle nozzle, only 17% of the 50um
inclusions are removed to the top surface, but this number
increases to 31% with two annular steps, as shown in
figure 5. Zero angle nozzle and up 15° nozzle have a slight
larger inclusion removal fraction to the top, ~20-22%.
Because the inclusion removal rates are so small for all
nozzles, it is more important to choose nozzle designs that
produce optimal conditions at the meniscus to avoid slag
entrainment, level fluctuations, and other problems.

Figure 3. Simulation domain (left), swirl pathline at the
outport of SEN (middle), and inclusion trajectories near
the slide gate

SEN Outport angle Downl5|Down 15 |Zero  |Up 15

With steps or not No 2 Steps |[No No

Weight mean x velocity (m/s)|0.80  [0.96 0.87 0.86

Weight average y velocity -0.0351{0.012 0.0018 |-0.007
(m/s)

Weight average z velocity 045 (0.32 0.14 0.28
(m/s)

Weight average turbulent 0.27 (0.20 0.32 0.31
energy (m*/s?)

Weight average turbulent 6.41 5.27 10.47 |8.88
energy dissipation rate

(m?/s’)

Vertical jet angle (°) 29.29 |18.23 9.10 17.76
Horizontal jet angle (°) -2.5210.72 0.12 -0.47
Jet speed (m/s) 0.92 1.01 0.89 0.90
Back-flow zone fraction (%) [15.31 [29.38 26.15 ]20.73
Swirl or not at Outports With  |[No With  |With

Table 2 Jet characteristics of SEN with different outports
angle and steps in nozzle (V.=1.2m/min, Submergence
depth=300mm)

i T
Figure 5. Flow pattern at outports of down 15° angle
without steps (left) and with steps (right) (V.=1.2m/min,
Submergence depth=300mm)

-15 -15step 0 15

Inclusion removal fraction to top (%)

SEN outport angle (°)

Figure 5. 50um inclusion removal to the top of the mold
with  different port angle SEN (V~=1.2m/min,
Submergence depth=300mm)

FLUID FLOW AND INCLUSION MOTION IN MOLD
REGION

The velocity vector distribution on the center face of the
half strand is shown in Figure 6, indicating a double roll
flow pattern. The upper loop reaches the meniscus of the
narrow face, and the second loop takes steel downwards
into the liquid core and eventually flows back towards the
meniscus in the strand center. The calculated weighted
average turbulent energy and its dissipation rate in the CC
strand are 1.65x10 = m?%s’ and 4.22x10 ~ * m?¥s’
respectively.

(a) (b)

Figure 6. Fluid flow in continuous casting strands with
half depth, a: velocity near the SEN outport; b: velocity on
the center face (300mm submergence depth, 1.2 m/min
casting speed, and no gas injection)

The calculated typical random trajectories of bubbles and
inclusions are show in Figure 7. Smaller particles
penetrate and circulate more deeply than the larger ones.



Bubbles larger than 1mm mainly move in the upper roll.
0.2mm bubbles can move with paths as long as 6.65m and
71.5s before they escape from the top or become entrapped
through the bottom, while 0.5mm bubbles move 3.34m
and 21.62s, Imm bubbles move 1.67m and 9.2s, and 5mm
bubbles move 0.59m 0.59s.
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Figure 7. Fluid flow in continuous casting strands
(300mm submergence depth, 1.2 m/min casting speed, and
no gas injection) (a: pathline, b: trajectories of 50pum
inclusions, c: trajectories of 300um inclusions, d:
trajectories of 0.2mm bubbles, e: Imm bubbles, f: fluid
flow speed (m/s), g: turbulent energy (m%/s%), h: turbulent
energy dissipation rate (m?/s’)

Computed locations of inclusions attached to the SEN
walls and entrapped at the wide faces of the slab are
shown in Figure 8. The calculation suggests that around
4% inclusions leaving the tundish stick to the SEN walls,
i.e., removal by clogging. Fig.8 suggests roughly uniform
buildup on the nozzle walls, with increased tendency
towards buildup on the SEN bottom due to impact from
the flowing jet. This is consistent with observations of
nozzle clogging where local reoxidation or chemical
interaction were not the cause.

The majority of inclusions leaving the tundish (more than
50%) are captured within 30mm of the surface, which
represents the top 2.55m of the caster. Fig. 8 also shows
that inclusion accumulation peaks are at 12-14mm below
the surface of the slab. A disproportionately large fraction
of these (15-16%) are captured in the narrow face, despite
its smaller surface area, owing to the jet impingement
against its inner solidification front. 25-28% inclusions
exiting the domain are entrapped somewhere deeper in the
interior than 30mm shell thickness. A larger fraction of
inclusions bigger than 50 pm are removed. For example,
10% 225 pum inclusions leaving the tundish are removed to
the top of the mold by fluid flow transport. The calculated
inclusion removal from tundish to slab by fluid flow
transport, summing up to SEN walls and the top surface of
the mold, is 10-14%. Large inclusions (300um) more tend
to remove to the top, and small inclusions (50um)
recirculate more and most of them are flow out from the
bottom.
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Figure 8. Inclusion locations sticking to SEN walls (left)
and to wide faces of the slab (right)

Inclusion removal fraction to the top as function of casting
speed, inclusion size and submergence depth is shown in
Figure 9. The removal fraction of <50um inclusions is
independent of casting speed. Large inclusions are
removed more with decreasing casting speed, and large
inclusions are more easily removed. It should be noticed
that inclusions as large as 200um can only removed less
than 75% due to the strong turbulence in the mold region
and small residence time of the molten steel in the molde
region. The calculated inclusion removal fraction as
function of submergence depth is a little surprising
because it indicates that larger submergence depth
removes a little more inclusions. This needs further
investigation to explain.
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Figure 9. Inclusion removal fraction as function of
casting speed, inclusion size, and submergence depth

INTERACTION BETWEEN INCLUSION AND
BUBBLE IN MOLTEN STEEL

Figure 10 shows the fluid flow pattern and trajectories of
100um inclusions around a Smm bubble in molten steel.
Inclusions tend to touch the bubble after the top point.
Stochastic fluctuation of the turbulence makes the
inclusions very dispersed, so attachment may occur at a
range of positions. Calculation indicates that the average
turbulent energy in the domain has little effect on the final
turbulent energy distribution around the bubble.

Figure 10. Trajectories of 100um inclusions around a
Smm bubble in the molten steel (up: non-stochastic model,
lower: stochastic model)

The attachment probability of inclusions (dp=5, 10, 20, 35,
50, 70,100um) to bubbles (1, 2, 4, 6, 10mm) are calculated
by the trajectory calculation of inclusions, which indicates
that smaller bubbles and larger inclusions have larger
attachment probabilities. 1mm bubbles can have inclusion
attachment probability as high as 30%, while the inclusion
attachment probability to >5mm bubbles is less than 1%.
To enable the computation of attachment rates for a
continuous size distribution of inclusions and bubbles,
regression is performed on these calculated attachment
probability of inclusions (dp=5, 10, 20, 35, 50, 70,100pm)
to bubbles (1, 2, 4, 6, 10mm), obtaining the following
equation:

P,=Ad; (14)

where A and B depend on inclusion size. In Eq.(11), P4 is
calculated by this equation.

The corresponding inclusion removal fractions by bubble
flotation in the continuous casting strand are shown in
Figure 11. Smaller bubbles appear to cause more inclusion
removal with the same gas flow rate. Specifically, Imm
bubbles remove almost all of the inclusions larger than
30um. However, it is unlikely that all of these small
bubbles could escape from the top surface. Those that are
entrapped in the solidifying shell would generate serious
defects in the steel product. Increasing bubble size above
~7mm produces no change in removal rate, likely due to
the change in bubble shape offsetting the smaller number
of bubbles. Thus, there should be an optimum bubble size,
which gives not only high inclusion removal efficiencies,
but also low entrapment rates. The present results suggest
an optimal range of perhaps 2-4mm. As shown in Fig.11,
increasing gas flow rate causes more inclusion removal by
bubble flotation. The effect of turbulent Stochastic motion
slightly increases the inclusion removal by bubble
flotation. For the current CC conditions, including a gas
flow rate of 15 Nl/min, the bubble size is likely to be
around 5mm, assuming that there are a large number of



active sites on the porous refractory that cause a gas flow
rate of <0.5 ml/pore. 5D As shown in Fig. 11, about 10%
total oxygen is removed by bubble flotation. This
corresponds to a 3ppm decrease in total oxygen. It has
been predicted that 6-10% inclusions are removed to the
top surface due to flow transport in the CC mold region.
Thus, the total predicted inclusion removal by flow
transport and by bubble flotation is around 16-20%.
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Figure 11. Calculated inclusion removal by bubble
flotation (15 Nl/min gas in left figure)

INDUSTRIAL TRIALS OF INCLUSION
MEASUREMENTS

The total oxygen in a Low Carbon Al-killed steel are
measured, as shown in Table 3. Steady casting period has
a better cleanliness than unsteady casting period (cast start,
cast end and ladle change). And outer surface of the slab
has large total oxygen than its inside. Inclusions extracted
by Slimes test at the casting condition of 1.2m/min speed
and 150mm SEN submergence depth were suspended in
water and their size distributions measured with a Coulter
counter to get a 3-dimentional inclusion size distribution.
This obtained the 3-dimensional size distribution up to
62pum. The curves were extrapolated to around 120pm as
given in Figure 12 by matching to the measured amount
of extracted inclusions larger than 50um. The inclusions
mass fraction is 66.8ppm in the tundish, 57.7ppm in the
20mm thickness nearest the slab surface, and averaging
51.9ppm in the slab. This suggests that inclusions in the
interior of the slab (i.e., except outer 20mm thickness of
the slab) is 50.6ppm. The fraction of inclusions removed
from tundish to slab is around 22%.

The numerical prediction and the measurement agree
remarkably well, considering that 4% inclusions are
entrapped to the SEN walls to cause clogging.

First cast sequence
1 2 3 4
Inner surface [0.004 |0.0017(0.0015/0.0018
V4 thickness  [0.0046 /0.0014]0.0026]0.0029
Center 0.0034/0.0015(0.0018]0.0023
% thickness  {0.00310.0013(0.0024(0.0023
Outer surface (0.004 |0.0021|0.0014/0.0018
mean 0.00380.0016|0.0019]0.0022

Second cast sequence

1 2 3 4
Inner surface [0.0033(0.002 [0.0018]0.0016
V4 thickness  [0.0028 0.0028|0.0021]0.0019
Center 0.00330.0026(0.002 |0.0021
¥, thickness  [0.002910.002 |0.0016/0.0018
Outer surface |0.0045]0.0022|0.0016(0.002
mean 0.0034 (0.0023(0.0018/0.0019

1: First slab of first heat; 2: Second slab of second heat; 3: Slab
between 2 and 3 heats; 4: End of third heat

Table 3. Slab total oxygen measurement (%)
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Figure 12. Inclusion size distribution evolution by
Coulter Counter measurement of the Slime extracted
inclusions

The measured inclusion distribution compared with the
prediction is shown in Figure 12b. The initial size
distribution of inclusions in the simulation is the size
distribution in the tundish. The predicted is the size
distribution of inclusions after removed only by bubble
flotation. If considering the inclusion removal by flow
transport, the matching between the calculation and the
measurement will be much better.
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This work presents a fundamental model of inclusion
removal by fluid flow transport and by bubble
flotation in the molten steel of a continuous casting
strand.

Smaller bubbles and larger inclusions have larger
attachment probabilities. Bubbles smaller than 1mm
diameter have inclusion attachment probabilities as
high as 30%, while the inclusion attachment
probability for bubbles larger than Smm is less than
1%. The stochastic effect of turbulence (modeled by
the random walk method) slightly increases the
attachment rate.

In the CC strand, smaller bubbles penetrate and
circulate more deeply than larger ones. Bubbles larger
than 1mm mainly move in the upper roll. 0.2mm
bubbles can move as far as 6.65m and take 71.5s
before they either escape from the top or are
entrapped through the bottom, while 0.5mm bubbles
move 3.34m and take 21.62s, Imm bubbles move
1.67m and take 9.2s, and 5Smm bubbles move 0.59m
and take 0.59s.

In the CC mold, if bubbles are ~ 5Smm in diameter,
~10% of the inclusions are predicted to be removed
by bubble flotation, corresponding to around 3ppm
decrease in total oxygen. Combined with ~ 8%
inclusion removal by flow transport and 4% by
entrapment to SEN walls as clogging, the total
roughly agrees well with the measured inclusion
removal rate by the CC mold of ~22%.

Smaller bubbles are more efficient at inclusion
removal by bubble flotation, so long as they are not
entrapped in the solidifying shell. Larger gas flow
rate favors inclusion removal by bubble flotation. The
optimum bubble size should be 2-4mm.
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