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Abstract: A new process with argon injected into the ladle around the tapping hole for controlling slag
carry-over in a teeming ladle was presented. Physical modeling was used to study the mechanism of
controlling slag carry-over, and the feasibility of the new process was also investigated by industrial
trials. The results show that vortex forms firstly, and then converts to drain sink. With argon injected
into the ladle around the tapping hole, an argon ring was formed, and the rotating angular velocity of
the melt close to the tapping hole reduced dramatically, and even vanished when the melt passed the
argon ring. Therefore, the new controlling slag carry-over process can eliminate the slag carry-over
caused by vortex. The velocity of the melt toward the tapping hole was reduced due to the bubble
buoyancy as the melt passed the argon ring. So, the new process can decrease the critical height of
slag carry-over caused by drain sink. The application feasibility of the new controlling slag carry-over
process is verified by the plant trials. Compared to the traditional teeming ladle process, the new
controlling slag carry-over process shows much better efficiency on decreasing the steel residual in
the poured ladle.

Keywords: continuous casting; teeming ladle; argon injected into ladle around the tapping hole; new
controlling slag carry-over process

1. Introduction

During the continuous casting process, molten steel covered by a slag layer is poured from the
ladle to the tundish through a nozzle located in an eccentric position in the ladle floor. During the
ladle teeming process, slag carry-over from ladle to tundish not only decreases the heats of continuous
casting due to the slag accumulation in the tundish, but also worsens the steel cleanness [1-3].
Moreover, to maximize metallic yield and reduce costs, the steel residual is highly desirable to be
as small as possible. Therefore, for the sake of cleaner steel, improved yield, and higher production,
the onset of slag carry-over should be stalled as long as possible during ladle teeming. According to
the literature [1-5], two different mechanisms can lead to slag carry-over in teeming ladle: vortex or
drain sink. Vortex is characterized by high tangential velocities in the neighborhood of the tapping
hole, and can develop even with a high bath height of steel in the teeming ladle. Although simple in
principle, the formation of vortex in the teeming ladle is not as easy to understand as is the vortex
formed in a bath tube draining water. Hammerschmid et al. [1] and Andrzejewski et al. [6] reported
that the vortex formation depends strongly on the state of initial rotation. However, Morales et al. [7]
and Dubke et al. [8] reported that the initial rotation had little or null influence on the vortex formation.
The vortex formation is also affected by the eccentricity of the draining nozzle [1,4,9,10], the steel
throughput [5,11], the slag thickness [12,13], the ratios of viscosity as well as density between steel
and slag [14], the diameter ratio of the outlet nozzle and the ladle [2,15], and so on. On the other hand,
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a drain sink is characterized by the radial flow and develops in the last stage of the teeming process,
when less liquid steel is left in the ladle. A drain sink is always present at the end of the process and
takes place when the bath height of the steel is approximately equal to the nozzle diameter [4,6,16].
Several researchers claim that there was no vortex formation and slag carry-over was caused by drain
sink in the teeming ladle [4,8], while more researchers reported that vortex was formed prior to the
drain sink formation [1-3,7,17].

Once a slag flow is detected by magnetic fields [18,19], vibration signals [20,21], or ultrasonic
sensors [22], slag carry-over can be controlled by closing the gate. However, all of those slag control
systems can only detect rather than suppress the slag carry-over caused by vortex and drain sink.
With the help of slag control systems, the slag carry-over can be stopped as long as possible, but the
amount of residual steel will be still considerably high, decreasing the metallic yield. Thus, how to
minimize the slag carry-over during ladle teeming economically is still one of the problems during the
production of clean steel.

Gas injection is commonly practiced in the secondary metallurgy processes and continuous casting
for the homogenization of composition and temperature, inclusion removal, and the prevention of
nozzle clogging. In the present work, a new controlling slag carry-over process with argon injected
into the ladle around the tapping hole during ladle teeming is presented, as shown in Figure 1. This is
to say, argon is injected into the ladle via an annular porous plug located around the tapping hole in
the ladle floor in the teeming ladle. Then, an argon ring is formed, so the rotating melt flow close to
the tapping hole may be restrained, resulting in the suppression of the vortex. Moreover, the radial
melt flow toward the tapping hole may be also weakened, which restrains the drain sink. Therefore,
the new process, which is well controlled, may be helpful to diminish the slag carry-over caused by
the vortex and drain sink. A physical model was established to study the mechanism of controlling
the slag carry-over of the new process, and the effects of the operation parameters on controlling
slag carry-over under the new process were also investigated. Furthermore, the feasibility of the new
process was also investigated by industrial trials.

Annular porous plug

Tapping hole

(b)

Figure 1. Schematic of the new controlling slag carry-over process with argon injected into the ladle
around the tapping hole: (a) front view; and (b) top view.

2. Experimental

Based on the principle of geometrical similarity, a 1:5 downscale physical model that simulated
the ladle with argon injected around the tapping hole was made. Water and air were chosen to simulate
the molten steel and argon gas in an actual system, respectively. According to the similarity rule, in the
system of a ladle with gas blowing, a physical model should have the same modified Froude number
as the prototype [23]. Therefore, the relations between model and prototype for gas flow rates can be
expressed as follows:

Qm =A% Qp @
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where A is the model geometrical scale factor, and Qm and Q) are the gas flowrates of the model and
the prototype, respectively. The main parameters for the model and the prototype are listed in Table 1.
To model the metal/slag behavior, a mixture of kerosene and vacuum pump oil was used as the model
slag, and the proportion of them satisfied the principle that the kinematic viscosity ratio of the mixture
oil to water equals that of slag to liquid steel [24].

Table 1. Main parameters for model and prototype.

Parameters Prototype Model
Ladle top diameter (mm) 3160 632
Ladle bottom diameter (mm) 2820 564
Ladle depth (mm) 3850 770
Tapping hole diameter (mm) 90 18
Inner diameter of annular porous plug (mm) 380 76
Width of annular porous plug (mm) 150 30
Slag thickness (mm) 50-120 10-24
Gas flow rate (NL/min) 0-653.69 0-7.82
Gas density ! (kg/m?) 1.784(Ar) 1.205(Air)

1T=273K,p=1x 10° Pa.

The schematic diagram of the experimental setup is shown in Figure 2, and Figure 3 shows the
annular porous plug that was used in the physical model. The model was made of Perspex, and the
ball valve 9, which was installed at the end of the model ladle nozzle, had an inner diameter of 20 mm
(larger than the inner diameter of 18 mm of the model ladle nozzle) to avoid any effect of the ball valve
on the flow in the model ladle nozzle. The experimental apparatus consisted of a water supply system,
a gas supply system, and a video system. All of the important experimental phenomena were recorded
by a digital camera. The detailed procedures for the experiments are as follows:

Figure 2. Schematic of the experimental setup: 1. air compressor; 2. pressure gauge; 3. air tank;
4. spring safety valve; 5. gas pressure regulator; 6. gas flow controller; 7. annular porous plug; 8. beaker;
9. ball valve; 10. model ladle; 11. fluid flowmeter; and 12. digital camera.

First, during the continuous casting ladle teeming process, both the mechanism of slag carry-over
without gas blowing and the mechanism of controlling slag carry-over of the new process with argon
bubbling were investigated by observation, and the processes of slag carry-over and controlling slag
carry-over were all recorded using a digital video camera. Commercial software was used so that the
video could be played frame by frame. The frames showing slag carry-over as well as control of slag
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carry-over were found, saved in pictures by the player software, and the time interval between the
adjacent frames was recorded and determined.

Figure 3. Annular porous plug used in the physical model.

Then, the metal/slag interface behavior under the new process was studied. The metal/slag
interface phenomenon that occurred in the model was observed by the naked eye and recorded by the
digital camera under different operation parameters. In this way, the critical operation parameters
of the metal/slag interface behavior can be determined and recorded. Each process was normally
repeated three times.

Finally, the effects of operation parameters on controlling the slag carry-over under the new
process were investigated. As shown in Figure 2, during the model ladle teeming process, when the
bath with typical slag thickness fell from the working ladle depth to a certain height, air was blown
into the model ladle. Once the slag carry-over occurred (or just several seconds after occurrence of
slag carry-over), the teeming process would be stopped by closing the ball valve 9. The mixture of
model slag and water solution was then collected under a certain bath height (gained by measuring the
leaving bath height in the model ladle). Dealing with the collected mixture, the pure model slag can be
separated. The slag carry-over rate at a certain bath height can be given by the following equations:

VW
M= Vo )

where 7, is the slag carry-over rate at the bath height of 1, and Vj and V), are the initial model slag
volume in the model ladle and the carry-over slag volume at the bath height of , respectively.The slag
carry-over rate can reflect the degree of slag carry-over under different bath heights. According to the
quantitative analysis of slag carry-over rate, the effect of gas flow rate on controlling slag carry-over
under typical slag thickness was investigated.

3. Results and Discussion

3.1. Behavior of Slag Carry-over during the Ladle Teeming Process

Figure 4 shows the behavior of slag carry-over caused by vortex and drain sink during the
continuous casting ladle teeming process from a physical model. It can be seen that vortex forms
firstly and then converts to drain sink. That is to say, during the formation of vortex, a dimple formed
at the beginning (photograph 0.0 s); then, a vortex with a short vibrating tail formed (photograph
0.4 s), and the vortex extended its tail toward the nozzle quickly (photographs 0.4-0.468 s). Once the
vibrating tail comes to the nozzle at the model ladle floor, it becomes a steadily and fully developed
vortex with a non-vibrating tail formed (photograph 0.535 s). As teeming continues, the stable vortex
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causes slag carry-over continuously (photographs 0.535-1.001 s). When the bath height comes to a
certain height, the stable vortex begins converting to drain sink (photograph 1.269 s), and is replaced
by a drain sink gradually (photographs 1.269-1.468 s). At last, a fully developed drain sink forms
(photograph 1.602 s) and becomes stronger and stronger (photographs 1.602-2.470 s).

10 mm 1.001s

|

10 mm l 669 s 10 mm

Figure 4. Behavior of slag carry-overcaused by vortex and drain sink from a physical model.

It can also be seen from Figure 4 that the critical bath height for fully developed vortex formation
is 26.0 mm (photograph 0.535 s), while it is 23.5 mm for drain sink formation (photograph 1.602 s).

3.2. Behavior of Controlling Slag Carry-over of the New Process

The behavior of controlling slag carry-over of the new process with argon injected into the ladle
around the tapping hole is shown in Figure 5. It can be seen that there is no vortex formation,
which means that the slag carry-over caused by vortex can be eliminated by the new process.
Furthermore, the critical bath height for drain sink formation is 20.5 mm under the new process
(Figure 5d), while it is 23.5 mm before argon blowing. Although the slag carry-over caused by a drain
sink cannot be eliminated by the new process, it can be suppressed obviously.
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Figure 5. Behavior of controlling slag carry-over of the new process with argon injected into the ladle
around the tapping hole at bath heights: (a) 26 mm, (b) 23 mm, (c) 21.5 mm, and (d) 20.5 mm.

After argon was injected into the ladle around the tapping hole, the flow behavior during the
ladle teeming process changed, resulting in the behavior variations of vortex and drain sink. That is to
say, the rotating angular velocity of the melt in the ladle close to the tapping hole is responsible for the
formation of a vortex. With argon injected into ladle around the tapping hole, an argon ring is formed,
and the rotating angular velocity of the melt close to the tapping hole can be reduced dramatically,
and even vanished, when the melt is passing through the argon ring. Therefore, the vortex is eliminated
and the slag carry-over caused by vortex is also avoided. When the flow volume toward the draining
nozzle is smaller than the outflow capacity of the nozzle, the drain sink is formed. With argon blowing,
the velocity of the radial melt flow toward the tapping hole is reduced due to the bubble buoyancy as
the melt is passing through the argon ring, decreasing the outflow capacity of the nozzle. So, the critical
bath height for drain sink formation is lowered, restraining the slag carry-over caused by drain sink.

3.3. Metal/Slag Interface Behavior under the New Process

By direct observation with the naked eye in a water model, the slag thickness has a big effect on
the metal/slag interface behavior during the ladle teeming process. This is to say, as the slag thickness
is smaller than 20 mm, the bubbles can pass through the slag layer under smaller gas flowrates, and slag
eyes are formed over the nozzle under bigger gas flowrates. With those slag thicknesses larger than
20 mm, unreasonable argon blowing can cause foam slag beneath the slag layer, as shown in Figure 6.
Under the thick slag, some bubbles reaching the metal/slag interface cannot pass through the slag layer,
and some of them are surrounded by a little slag due to the bubbles’ attack to the interface. More and
more bubbles with/without slag gather (including the growth of some bubbles) beneath the slag layer
and form the foam slag. From the water model, once foam slag beneath the slag layer forms, the slag
carry-over easily occurs in the high bath height. Therefore, it is necessary to control the operation
parameters in the new process to avoid the formation of the foam slag. For the present study, under the
slag thickness of 24 mm, those gas flowrates smaller than 0.75 NL/min can avoid the foam slag.

Figure 6. Behavior of foam slag beneath the slag layer under the slag thickness of 24 mm.
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3.4. Effects of Operation Parameters on Controlling the Slag Carry-over under the New Process

The variation of slag carry-over rate with bath height under various gas flow rates at typical
slag thicknesses is shown in Figure 7. As mentioned above, under the slag thickness of 24 mm,
the maximum gas flow rate for avoiding foam slag is 0.75 NL/min, so those gas flow rates smaller than
that were investigated as shown in Figure 7b. It can be seen that under the thin slag, the quantity of slag
carry-over during the ladle teeming process decreases with the increase of gas flowrate, and large gas
flowrates show good efficiency on controlling the slag carry-over. Meanwhile, the gas flow rates that
are smaller than the maximum one for avoiding foam slag have a small effect on the slag carry-over
under the thick slag. On the whole, the new process with reasonable operation parameters can
obviously decrease the slag carry-over during the ladle teeming process.
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Figure 7. The variation of slag carry-over rate with bath height under various gas flow rates at the slag
thickness of (a) 10 mm and (b) 24 mm.

4. Trial Application

To evaluate the effect of the controlling slag carry-over of the new process, plant trials were carried
out in the 110 ton LF (Ladle Furnace) of the CSP (Compact Strip Production) thin slab continuous
casting line in an Iron & Steel Company in China. It is quite difficult to produce an annular porous
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plug with an inner diameter more than 400 mm that is located around the tapping hole of the ladle
in a steel plant. The installation, cost, and lifetime were also taken into account. So, the porous plug
used in the new process was integrated with the ladle nozzle well block, and four porous plugs were
mounted on the conventional ladle nozzle well block, as shown in Figure 8a. Figure 8b shows the

8 of 10

installation of the porous plug of the new process in the ladle of the steel plant.

Circular porous plug
/ |

(a)é/”’!‘\
5

400

Figure 8. The porous plug of the new process integrated with the ladle nozzle well block: (a) the
configuration; and (b) the installation in the ladle of a steel plant.

Then, 55 heats was investigated in the plant trials, and the comparison of the steel residual during
the ladle teeming process between the original and new controlling slag carry-over process is shown
in Table 2. Figure 9 shows the typical steel residual of one heat in the ladle that just finished the casting
under the two processes. It can be seen that, compared with the original process, the steel residual
reduces by 40% with the new controlling slag carry-over process. Therefore, the new controlling slag

carry-over process shows good efficiency in decreasing the steel residual in the poured ladle.

Table 2. Comparison of the steel residual during the ladle teeming process between the original and

new controlling slag carry-over process.

Process Steel Grade Heat Number Steel Residual (Kg/heat)
The original process SPHC (Steel Plate Hot Commercial) 33 535
The new controlling slag SPHC 2 303

carry-over process

Figure 9. The typical steel residual of one heat in the ladle just finished the casting: (a) the original

process; and (b) the new controlling slag carry-over process.
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5. Conclusions

A physical model was established to study a new controlling slag carry-over process with argon
injected into the ladle around the tapping hole during ladle teeming. The feasibility of the new process
was also investigated by industrial trials. The main conclusions could be summarized as follows:

(1) During a continuous casting ladle teeming process, vortex is derived from the dimple at the
water/oil interface and quickly develops from the one with a short vibrating tail to a fully
developed vortex with a non-vibrating tail. As teeming continues to a certain bath height,
the stable vortex begins converting to drain sink gradually. Finally, a fully developed drain sink
forms and becomes stronger and stronger. The critical bath heights for the formation of a fully
developed vortex and drain sink in a water model are 26.0 mm and 23.5 mm, respectively.

(2) By the new process with argon injected into the ladle around the tapping hole, an argon ring is
formed, and the rotating angular velocity of the melt close to the tapping hole can be reduced
dramatically, and even vanished, when the melt is passing through the argon ring. Therefore,
the slag carry-over caused by vortex can be eliminated. With argon blowing, the velocity of the
radial melt flow toward the tapping hole is reduced due to the bubble buoyancy as the melt is
passing through the argon ring, decreasing the outflow capacity of the nozzle. Then, the critical
bath height for drain sink formation is lowered. So, the slag carry-over caused by drain sink can
be suppressed, obviously.

(3) As the model slag thickness is smaller than 20 mm, the bubbles can pass through the slag layer
under smaller gas flow rates, and slag eyes are formed over the nozzle under bigger gas flow
rates. Under those model slags with thicknesses larger than 20 mm, unreasonable argon blowing
can cause foam slag beneath the slag layer, resulting in the slag carry-over in the high bath height.

(4) Under the thin slag, the quantity of slag carry-over during the ladle teeming process decreases
with the increase of gas flow rate, and large gas flow rates show good efficiency on controlling
the slag carry-over. When the gas flow rates are smaller than the maximum one for avoiding
foam slag, they have a small effect on the slag carry-over under the thick slag.

(5) By the plant trials, compared with the original process, the steel residual reduces by 40% with the
new controlling slag carry-over process. Therefore, the new controlling slag carry-over process
show good efficiency on decreasing the steel residual in the poured ladle.
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