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Abstract

The slag entrapment under different conditions of 80t blowing argon ladle
furnace was investigated by physical simulation. The water was used to simulate
liquid steel and liquid paraftin was for slag. The processing of slag entrapment under
different blowing structures was analyzed and the critical velocity and critical droplets
diameter of describing it was obtained. Based on the experiments, the relationship
between the interface flow velocity and the critical blowing rate (CBR) was deduced.
In the real process, it is suggested that the bottom blowing rate is from 40 L/min to
180L/min when the interface tension is 0.12~1.2 N/m during the soft argon blowing.

Introduction

Blowing argon of ladle is the effective way to improve the quality of steel, which
has been applied widely in steel making industry. It is pivotal to control the blowing
rate of argon, once it is above the critical value of slag entrapment, it will entrap slag
into steel rather than cleaning the steel. Therefore, only the proper blowing rate can
improve the reaction between slag and steel, uniform the composition and temperature,
remove the inclusions in steel[1-3].

So far, there are many studies on the behavior of slag entrapment and factors of
causing the steel exposed to the air. In order to avoid it and reduce the exposed area,
the critical blowing rate(CBR) of slag entrapment is an important operating
parameter{4-7]. However, there are different views about the results of CBR and few
studies about the rule of critical slag entrapment[8-9]. In this study, to provide
reference of blowing argon to the actual production, the CBR was obtained by
physical simulation.

Experimental Method

The 80t ladle was taken as prototype for the research and the model of the ladle
was constructed with a scale factor of 1:4. The N> was used to simulate argon and the
water was simulated steel. Table 1 shows the main parameters of model and prototype
of lade.

For the ladle refining system of blowing argon, the force causing the steel
flowing is the buoyancy of bubbles, so under the condition of geometric similarity, the
dynamic similarity can be obtained by equal modified Froude number of model and
prototype. Due to Frm'= Frp/, the relationship of gas flowrate between the model and
prototype was derived:
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Where, On and Qp are respectively the gas flow rate of prototype and model.
The flow of steel-slag interface is mainly influenced by the interface tension, so
the Weber number must be taken into consideration [10] .
According to the equal We, the relation of density between slag and the
simulated slag is derived:
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Where, pw,> pss» pms and pslag are respectively the density of water, steel, simulated
slag and slag, kg/m°.

It is calculated that the density of simulated slag (pms) is 842 kg/m?, which is
very close to the density of liquid paraffin (850 kg/m?). So the liquid paraffin dyed red
by Sudan Red is chosen to simulate the slag so as to be easier observed.

In the experiment, the liquid paraffin is put into ladle slowly and keeps afloat
above the water, of which the thickness meets the experimental requirement. To find
out the conditions of slag entrapment, the different situations of steel-slag interface
are recorded by camera under various blowing rate of nitrogen. The nitrogen injects
into the bath through the air brick and the liquid in bath is uplifted with the rising
bubbles, which forms the ridgy area above the steel-slag interface. The ridgy liquid
flows downward by gravity causing the fluctuation of water-paraffin interface which
becomes larger with the increasing of flowing rate. When the flow rate reaches a
value, the drops will be formed at the interface. At this time, the value of gas flowrate
is called the CBR of slag entrapment.

Table I Main parameters of prototype and model

Upper Bottom Bath Gas Liquid Surface
Parameter  diameter diameter height  density density tension
(mm) (mm) (mm) __ (m'h) (m*/h) (N/m)
Prototype 2650 2300 2600 1.79 7000 1.22
Model 662.5 575 650 1.25 1000 0.042

Results and Discussions
The qualitative description of slag entrapment

Fig.1 shows the variation of simulated slag entrapment with the incensement of
blowing rate when the gas injects through single air brick. The mild fluctuation occurs
at paraffin-water interface when the blowing rate is small, and the gas discharges
through the liquid paraffin (as shown in fig.1a); when the blowing rate become larger,
as shown in fig.1b, there is emerging a ridgy area at the paraffin-water interface and
there is no paraffin drops breakup; while the blowing rate is increasing as shown in
fig.1c and fig.1d, the distinct fluctuation appears at interface and the liquid paraffin
layer was blown a round area where the water exposed to air. There are few numbers
of scattered paraffin drops is involved in water but quickly ascents back to paraffin
layer; as the blowing rate is increasing continuously, as shown in fig.le and fig.1f,
there are more paraffin drops scattering deeply in the water and they are difficult to
rise back to the interface. The above phenomenon is consist with the description of
slag entrapment in Chen’s study [11].
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Fig. 1 Pictures of liquid paraffin-water interface at different gas flowrates with a
single air brick

Fig. 2 Pictures of liquid paraffin-water interface at different gas flowrates with double
air bricks

In fig.2, it gives the variation of simulated slag entrapment under different
bottom blowing rate through two air bricks. With the increase of blowing rate, the
phenomenon is similar with that blowing with single air brick. The blowing rate in
fig.2a, fig.2b, fig.2c and fig.2d is respectively matching that in fig.1c, fig.1d, fig.1e
and fig.1f. Compared with fig.1, under the same bottom blowing rate, the fluctuation
in fig.2 is smaller than that in fig.1; the diameter of scattered drops in fig.2 is larger
than that in fig.1 but the depth that the drops reach in fig.2 is smaller. That is the
scattered drops with blowing through two bricks are liable to come back to the
paraffin-water interface. And the blowing rate causing the paraffin drops through two
air bricks is greater than that through single air brick.

Slag drops entrapment of bottom blowing
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Fig. 3 Effect of gas flow rate on the depth of droplets into the water
Fig.3 shows the depth of slag drops in bath influenced by bottom blowing rate of
argon. When gas flow rate is below 1.8L/min, the depth of slag drops entrapped into
bath varies slightly with rising of gas rate. It is becuase the inertial force of drops is
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smaller than the buoyancy due to low speed of it. And Zheng’s study[12] shows that
the liquid drops can be float up to interface by its own buoyancy when the immersion
depth is below 15cm.And it quickly increases to 22cm at the gas flow rate of
1.8 /min,with ascent of bottom blowing rate the speed of liquid is become larger, the
circulation velocity of liquid aroud gas column enlarges and the drops velocity to
bottom is also increasing. The inertial force of drops is larger than the buoyancy, so
the drops is hard to come back to the paraffin-water interface. Therefore, the gas flow
rate should be less than 1.8 /min in oder to littel drops involved in water.

It is the similar results that the immersion depth of slag drops influenced by
bottom blowing rate both through two air bricks and single one. But under the same
blowing rate, the immersion depth of slag drops is smaller with blowing through two
air bricks, which is consistent with the situation in fig.1 and fig.2. It is because that
the injection area of two air bricks is larger than that of single air brick, the injection
speed through two air bricks is lower, so the circulation speed of liquid is lower and
the slag drops of inertia force under two air bricks is smaller, causing the smaller
immersion depth.

There are three forces exerted on a paraftin drop in the process of the paraftin
drop fall from the parafiin layer{11], respectively inertia forece F;coming from fluid
flow, interfacial tension Fs and the buoyancy Fy due to density difference. Assumed
that the angle between the entrapment direction of paraffin drops and vertical
direction is @, when Fi > Fy/coso + Fs the paraffin drops fall from paraffin layer and
surbmerges in the bath; when F; = Fy/cosa + Fs, the paraffin drops is in the critical
state of slag entrapment. Therefore, when a=0° , it is easiest to appear slag entrapment
because of the minimum intertia force needed under this condition; when a=90° the
directions of inertia force and interfical tension exerted on drops is horizontal and
opposite, so the paraffin drop can float up to the interface by buoyancy rather than
entrapment.

According to the condition of slag entrapment, literature [11] gives ciritical
velocity of slag entrapment and critical diameter of slag drops respectively shown in

Formula (3) and (4):
=2 \/«/60g(p5 ~ Pug) tan 3)

P, slag

dy=|—3 4
g(ps - ps]ag) tanx

It is assumed that the paraffin drop generates at the intersection of gas column and
paraffin-water interface and the direction of slag entrapment is along the tangent of
interface, so the a can be obtained by width of gas column under different blowing
rate. Table Il calculates the critical velocity and critical diameter of slag entrapment
according to formula (3) and (4).

Table Il The value of critical velocity and critical diameter of droplets

The width of air column o Critical velocity Critical diameter of
(m) (°) (m/s) droplets (mm)

81.2 0.482 2.48

80.5 0.473 2.57

. S 78.0 0.446 291

A single air brick 774 0441 508
76.0 0.428 3.15

74.8 0.419 3.28
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78.7 0.455 2.79

L 78.3 0.449 2.86

Double air bricks 781 0446 589
77.6 0.441 2.96

Actual measurement 47 0.307 6.10
30 0.264 8.30

From table 2, in this study, it is difficult to appear slag entrapment when the « is
near 90°; but the probability of it is increasing with decreasing of a and the low
critical velocity cause to large critical diameter of paraffin drops. So as to avoid slag
entrapment, the interface rate must be smaller than that in Table 2. However, in
practical production, the interface rate only can be controlled by bottom blowing rate.
So it is important to find out the relationship between argon blowing rate and interface
rate, which can give full play to clean steel by blowing argon.

The relationship between critical velocity and critical blowing rate

The kinetic energy of paraffin drops separating from slag is from the kinetic of
blowing gas by water (steel) transmitting. It is supposed that uwis water velocity and
us is velocity of paraffin layer. Due to little diameter of paraffin drops formed at
interface, it is considered that the velocity of interface is equal to the velocity of
paraffin layer. According to equivalent shear force of paraffin and water, Oersted [13]
deduced the formula of dimensionless number U=ui/uw:

U =0.1367(Loy -(”Ll)”} -(“—Wl)*”15 [A-U)(0.1108—-0.0693U)]*'" (5)
ms ms VW

Where, uyw and u; is respectively the interface velocity of water and interface, m/s;
vms and vy is the kinematic viscosity of paraffin and water, respectively 1.0x10°® m?/s
and 34.5x10"° m?/s; [ is the length of paraffin-slag interface exerting shear force on,
I=Hnslcosa, m; Hus is the thickness of simulated slag, namely thickness of paraffin
layer, in this study, the thickness is 0.03m.

Below the interface, the velocity of water uyis equal to the liquid velocity upin
gas column, above the interface it is accelerating by the gravity [15].

u, = Juf, +gH, (6)
1, = 1.17(%)0.3% @)
4

Where, uy is water velocity in the gas column, m/s; Q; is bottom blowing rate,
m’/h; Hy is the depth of bath, m; 4 is the gas-liquid area of cross-section, m?.

The interface rate of paraffin drops is calculated according to formula (5)~(7). In
the calculation, the fluctuation of interface, namely the thickness of paraffin layer,
affected by fluctuation is taken into consideration. The thickness paraffin layer is, the
easier to form paraffin drops at the thickest paraffin layer. In this study, the thickness
of simulated slag layer is 0.03m and its maximum thickness is 0.06m during the
bottom blowing. Compared the critical interface rate obtained by theoretical
calculation in table 2 with that deduced by experimental flowrate, it shows that they
matches each other in fig.4. It also concluded that the critical blowing rate instead of
critical interface rate can be used to estimate the slag entrapment, and there is a
relationship between them.

Combined with conditions of this study, the dimensionless number (U=0.55) is
calculated from formula (5)~(7), accordingly, u:=0.55uy,

0" =(241 -0.73gH,,)-(4,/ H,)""” ®)
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Fig. 4 Morphology of typical inclusions at the beginning of LF
Under the maximum interface rate of this study, the critical bottom blowing rate
are respectively 1.49 L/min and 1.70 L/min through single air brick and two air
bricks. A more narrow range of critical gas blowing rate is obtained by the above
conclusion.

Critical flowing rate in practical

For the slag-steel system of ladle, the Weber number is the definite number
describing the state of the system [16]. According to similar principle, the interface
rate of steel is derived:

U ;g
[0, g(p,— Py ©)

VI/e]iquidparal]ilﬂwalcr _I/I/eslag/slccl =
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In literature [17], the slag-steel interface tension of steady state is 1.2N/m and it
varies from 0.12N/m to 1.2 N/m when in interface reaction and in unstable state. The
flow velocity of steel at the interface is 0.458~0.814m/s by formula (10). Take the
results into formula (8), the blowing rate in practical production is 40~180L/min when
the interface is unsteady.

Due to the unfinished reconstructing of ladle, the industry test is to be carried out
in the coming.

(10)

Conclusion

(1) The slag entrapment in steel refining is influenced by the bottom argon
blowing rate definitively; when the blowing rate increased to 1.8L/min the depth of
paraffin falling into the bath largely increases. To avoid slag entrapment, the blowing
rate should be controlled below 1.8L/min. It is more suggestion that the bottom
blowing rate should be below respectively 1.49 L/min and 1.70L/min through single
air brick and two air bricks.

(2) The critical blowing rate instead of critical interface rate can be used to
estimate the slag entrapment when the thickness of paraffin changes due to fluctuation
of interface. The relationship between them is shown as: Q,>%’=(2.41u?
-0.73g Hins)(Ab | Hy)" %%,

(3) The critical blowing rate in practical is influenced by temperature and
instability of interface reaction and it is suggestion that the blowing rate of argon is
controlled from 40 L/min to 180 L/min during soft blowing.
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