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ABSTRACT: During the smelting process of AOD furnace, the unbalanced reaction of
material will lead to the occurrence of splashing. It will not only damage the smelting
equipment, but also seriously injure the personnel. In this study, first, the information of liquid
level, audio information, and vibration information are detected by multiple sensors
respectively. Then, the fused information is used to forecast the splashing. Finally, the
multitasking fuzzy controller is used to suppress splashing. The results show that the method
of forecasting and suppressing splashing can accurately forecast and achieve rapid suppression.
Thus, the efficiency of smelting can be improved.
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1. Introduction
The Argon Oxygen Decarburization (AOD) process is mixed with argon inert
gases and injected through submerged tuyeres. At the gas-liquid interface, the oxygen
molecule reacts with the C atom in an oxidation reaction, and the resulting CO gas
escapes with the argon gas rising [1]. If the escaping gas is blocked by the excessively
foamed slag, the slag and melt overflow the furnace mouth. It's called splashing. When
splashing occurs, the lesser result is longer smelting time, increased gas supply and
additive consumption, and the more serious consequence is that a large amount of metal
splash or even damage the equipment. A severe splashing accident is shown in Figure
1. Therefore, forecasting and suppression splashing technology is one of the key
technologies involved in production safety and energy saving in AOD process.

Figure 1. Severe splashing accident
For a long time, many smelting plants and research institutes have done a lot of
research and practical work on prevention splashing based on the mechanism of
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splashing occurrence [2]. Common forecasting splashing methods include: sound
intensity forecasting method, vibration forecasting method, furnace mouth light
intensity forecasting method and furnace gas analysis forecasting method. It was found
that the accuracy of audio prediction could reach 89% and the accuracy of furnace
vibration frequency prediction could reach 81% [3], while the accuracy of image
prediction by environmental interference could reach only 85% [4-6]. Although
prediction splashing research has achieved some success, false predictions often occur
when splashing is predicted by a single characteristic signal under the influence of a
complex high-temperature smelting environment and multiple interference signals. In
order to improve the prediction accuracy, this work proposes a forecasting method
based on multi-information weighted fusion and a suppression splashing method based
on multi-object fuzzy control.
2. Detecting and fusing the splashing signals

Various phenomena such as the increase in liquid level, change in furnace vibration
frequency, and change in audio at the furnace mouth represent changes in the smelting
state [7,8]. Therefore, this study extracts multiple information characterizing splashing
by effective detection means and signal processing techniques. Multiple signals for
predicting splashing are fused into one signal. The accuracy of multiple information
fusion is higher than that of individual information in predicting the accuracy of
splashing.
2.1 Signal detection
1) Liquid level signal detection

Complex redox reactions occur during smelting [9]. When the slags contain too
much FeO and Cr,03;, the slags are more viscous and the venting property becomes
worse. A foam splashing accident occurs when the liquid level exceeds the furnace
opening height. When splashing occurs, the rise of the melt pool level is an observable
phenomenon, so it can be used as one of the information for forecasting splashing
accidents. The method of contact detection of melt pool level is difficult to achieve due
to the extremely harsh environment of high-temperature smelting. Therefore, non-
contact time-difference gas-mediated ultrasonic level sensors are used to detect the
level of the melt pool. The liquid level height is determined by the variation of the
distance between the emission point and the liquid level measured by the sensor [10],

as shown in Equation (1).
VXt

h=H-L=H- (D

Where, H is the distance from the ultrasonic probe to the bottom of the argon-oxygen
refining furnace, L is the distance from the ultrasonic probe to the liquid surface, v is
the propagation speed of ultrasonic waves in the flue gas medium, t is the time
consumed for ultrasonic waves to be sent and received, and h is the height of the liquid
surface.

The principle of liquid level measurement by ultrasonic sensors is shown in Figure
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Figure 2. Principle diagram of ultrasonic level measurement
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Figure 3. Schematic diagram of detecting liquid level

An ultrasonic distance measuring device is installed on the fume hood to detect
the liquid level in the melt pool in real time, and the liquid level information is
transmitted to the controller as one of the information for forecasting splashing. The
detection principle is shown in Figure 3.
2) Detection of audio signals

Vibrational energy propagates through the medium (solid, liquid or gas) in the
form of mechanical waves of pressure and displacement. Acoustic waves are generated
when the medium alternately expands and compresses at a certain frequency [11]. The
conduction velocity of acoustic waves is influenced by the density and pressure of the
medium. And the medium density is determined by the medium temperature, state of
motion and viscosity. During argon-oxygen refining of ferrochrome alloys, the gas is
mixed with the melt. The medium changes before the splashing occurs. The mixing of
different media affects the speed of sound and vibration frequency [12]. In addition, the
stress at volumetric strain of these bubbles is relieved, which reduces the bulk modulus.
However, the average density of the medium does not change significantly [13]. This
is the principle of using audio signals to predict splashing.

The propagation rate of an acoustic wave in the direction perpendicular to the unit
surface area is the audio intensity. For a one-dimensional plane wave, the audio
intensity I is calculated by equation (2).

2
1=% (2)
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Where F is the pressure in N, v is the velocity in m/s, and p is the density of the melt.
Integrating the intensity over the surface area of the sound source yields the sound
power per unit area [14], as shown in Equation (3).

P =, 1dS (3)

When the liquid is mixed with bubbles, the volume fluctuations of the bubbles
exert high acoustic pressure on the medium. Volume fluctuations cause the bubble wall
to vibrate [15]. Bubbles rising along an irregular path can produce continuous low-
frequency sound waves [16]. The size and number of bubbles increase with the smelting
process, and the amplitude of the sound waves gradually increases. A free-field type
super directional microphone is used to detect the audio signal from the melt pool and
is used to forecast splashing. The physical audio signal detection system is shown in
Figure 4.

Figure 4. Audio signal detection and processing system physical
3) Detection the vibration frequency of the furnace body

According to the vibration theory, the body of argon-oxygen refining furnace will
produce a certain vibration frequency under the action of periodic excitation force of
melt. The melt vibration frequency is shown in the following equation.

\/184-g 184-H) (5)

f=a=a [ (22F) (6)

2T 2T T

Where H is the melt height in m, g is the acceleration of gravity, r is the melt pool radius
in m, and t is the time in s.

The trunnion is tightly connected to the furnace body. The low-frequency vibration
signal detected by the vibration sensor on the trunnion characterizes the melt pool
fluctuations. It is used to forecast splashing [17]. The sensor is mounted as shown in
Figure 5.


https://doi.org/10.20944/preprints202206.0151.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 June 2022 do0i:10.20944/preprints202206.0151.v1
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Figure 5. Schematic diagram of vibration sensor installation
2.2 Characterization signal fusion
In this work, a weighted fusion algorithm of level information, audio information
and vibration information are proposed to forecast splashing accidents in argon-oxygen
refining of ferrochrome alloys. First, the information of different splashing
representations is normalized. Then, the signals for predicting splashing degree are
obtained by weighting the fusion based on the forecast accuracy of each information.
The structure of the weighted fusion algorithm is shown in Figure 6.

Vibration @
Signal
Audio @ 6 splashing
Signal degree
Level @
signal

Figure 6. Weighted fusion algorithm structure diagram

First, weights are calculated based on the forecast accuracy of each of the three
types of information. Then, the data processed vibration frequency signal, furnace audio
signal and liquid level signal are normalized and calculated to form a value between
(0,1). It characterizes the degree of splashing. In this study, the optimized variance is
used to fuse the signals. Let the optimized measurement variance of the three sensors
be o0y, 0,, and g3, the detection values at a certain moment be x;, x,, and x5, the
optimal weights be w;, w,, and wj3, and the fusion value be X¥. The adaptive
weighting algorithm is as follows.

?:1 w; =1
7
0% =YL, wilo;?
where 02 is the mean squared deviation.
The extreme value theorem for multivariate functions is calculated as follows.
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(8)

2 _yn 1

Omi = ),i—
min l_lUiz

Equation (8) is substituted into Equation (7) to obtain the weighted fusion signal

as follows.
=YL xw; (9
3. Suppression splashing system based on multi-object fuzzy control

The AOD furnace suppression splashing system is characterized by the coupling
of multiple controlled quantities and inaccurate models, so that accurate models cannot
be obtained. Fuzzy control is suitable for systems with multiple variables and imprecise
models. In this work, a multi-object fuzzy control algorithm for suppression splashing
was designed. The forecast signal is used as input to the fuzzy controller, and the output
quantities are the top gun height, top gun gas supply control, slag composition adjuster
input, bottom gun oxygen supply flow and bottom gun argon supply flow.

3.1 Fuzzy control rules

At the beginning of refining, the slags thickness is thin. As the redox reaction
process intensifies, the slags accumulate and expand, forming foam slags. The foam
slags can absorb noise and vibration. The relationship between noise frequency and
vibration frequency of AOD furnace smelting process and the degree of slag frothing is
as follows: the degree of slag frothing gradually, the slag layer thickens, the audio
coming from the furnace mouth decreases, and the degree of furnace vibration weakens.
The thicker the slag layer the weaker the venting properties. The possibility of frothy
splashing is increasing. From the above analysis, the values of the splashing
characterization signal are classified into different degrees of splashing. In the (0,1)
interval, the splashing degree was divided into four segments, namely (0,0.25],
(0.25,0.5], (0.5,0.75) and [0.75,1). The degree of splashing corresponds to the control
rule sets R, to R4, respectively. the form of the inference statement is as follows.
If P € (0,0.25] then Ry;

If P € (0.25,0.5] then R,;
If P € (0.5,0.75)then R3;
If P € [0.75,1)then R,.

Based on the principles of the smelting process and the experience of the
technicians, the control rules are set as follows.

When the signal strength belongs to (0,0.25], the splashing is suppressed according
to the R; rule. Specific operations are as follows: the height of the top gun is adjusted
higher from 1.4m to 1.5m, the oxygen supply to the top gun is reduced by 5%-10%,
and the oxygen supply and argon supply to the bottom gun are reduced by 5%-10%,
thus lowering the temperature of the melt pool and reducing the gas escaping from the
furnace. The feeding system puts 0-0.5t inhibitor into the molten pool to reduce the
content of FeO and Cr;0, in the slag, adjust the slag viscosity and increase the slag
venting capacity. Splashing is prevented by these operations.

When the signal strength belongs to (0.25,0.5], the splashing is suppressed
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according to the R, rule. Specific operation is as follows: the height of the top gun is
adjusted from 1.4m to 1.7m, the oxygen supply flow of the top gun is reduced by 10%-
20%, and the oxygen supply and argon supply flow of the bottom gun are reduced by
10%-20%. Feeding system put 0.5-1t inhibitor into the melt pool.

When the signal strength belongs to (0.5,0.75], the sputtering is suppressed
according to the R3 rule. Specific operation is as follows: Stop top gun blowing gas.
Feeding system puts 1.0-1.5t of foam slag inhibitor into the melt pool. Reduce the
oxygen supply and argon supply to the bottom gun by 10%-30%. Lower the melt pool
temperature and reduce the gas escaping from the furnace.

When the signal strength belongs to (0.75,1), the sputtering is suppressed
according to the R, rule. Specific operation is as follows: In order to cool down
quickly, the top gun height is reduced to 1.1m and switched to argon supply. The feed
system puts 1.5-2t of foam slag inhibitor into the melt pool. The bottom gun stops
oxygen supply and supplies argon at the minimum rate

Splashing is quickly suppressed by the above operation. The structure of the
suppression splashing system is shown in Figure 7.
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Figure 7. Multi-object fuzzy suppression splashing system structure diagram

3.2 Multi-object fuzzy controller
1) Affiliation function

The input linguistic variables for the multiobject fuzzy control designed in this
study are the splashing degree deviation e and its rate of change ec. The output
linguistic variables are the top gun height U, the oxygen supply flow @, the argon
supply flow Qg ,, and the splashing inhibitor input W.

Set the fuzzy domain of the output variables as {-2, -1,0,1,2}.

The deviation e; € (—0.25,0] when the splashing degree signal falls into the
(0,0.25] interval. e; is {e11,612.€13.€14} and ec is {N,Z, P}.

The deviation e, € (—0.5,—0.25] when the splashing degree signal falls into the
(0.25,0.5] interval. e, is {e,1,e22,623,624} and ec is {N,Z, P}.

The deviation e; € (—0.75,—0.5] when the splashing degree signal falls into the
(0.5,0.75] interval. ez is {e31,€32,€33,634} and ec is {N,Z, P}.

The deviation e, € (—1,—0.75] when the splashing degree signal falls into the
(0.75,1) interval. e, is {€41,€42,€43.644}and ec is {N,Z, P}.

The fuzzy set of U is { PUI,PU2,PU3,PU4 }.
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The fuzzy set of Qp is {NOI,NO2,NO3,NO4 }.

The fuzzy set of Qg is {PA1,PA2,PA3,PA4 }.

The fuzzy set of W is { PWI,PW2,PW3,PW4 }.

Fuzzy affiliation function selection triangle function [18,19]. The affiliation
functions of variables are shown in Table 1. i, j, m, n, k are the fuzzy partition
numbers, which are integer between 1 and 4

Table 1. The affiliation functions of variables

Affiliation functions

€ €, €3 €4 ec Qo U Qar w
pley)  wuley)  ples)  pley)  w(ec) w(0j)  pUm) u(An) up(Wk)

2) Fuzzy rule table

The following data are set based on expert experience and production tests. The
maximum oxygen supply flow rate during the smelting process is 0.25m%/s, the
maximum height of the top gun is 1.7m, the lowest argon supply flow rate is 0.011m?/s,
the maximum argon supply flow rate is 0.085m%/s, and the maximum splashing
inhibitor is 0.2t. The fuzzy control rules are Table 2 to Table 5.

Table 2. Oxygen supply flow control rules

e

Qo €11 €12 €13 €14

ec
P NO4 NO3 NO2 NO2
V4 NO3 NO3 NOI NOI
NO4 NO3 NO3 NOI

Table 3. Top gun height control rules

e

U €21 €22 €23 €24

ec
P PUI PUI PU2 PU2
VA PU2 PU2 PU3 PU3
PU3 PU2 PU3 PU4

Table 4. Argon supply flow control rules

e

Qar €31 €32 €33 €34
ec

PAI PAI PA2 PA2

PA2 PA2 PA3 PA3

A PA3 PA2 PA3 PA4

Table 5. splashing inhibitor input control rules table
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w €41 €42 €43 €44
ec

P PWI PWI PW2 PW2

V4 PW2 PW2 PW3 PW3

N PW3 PW2 PW3 PW4

3) Fuzzy reasoning and clarity
The fuzzy rules are multi-conditional and the fuzzy relations in matrix form are as

follows.
Ry = (e;1 Xec X NO1) U (e;, X ec X NO2) U (e43 X ec X NO3)
U (e14 X ec X NO4)
(10>
R, = (e1 X ec X PU1) U (ey, X ec X PU2) U (e,3 X ec X PU3)
U (ez4 X ec X PU4) Qi)
R3; = (e31 X ec X PA1) U (e3, X ec X PA2) U (e33 X ec X PA3)
U (e34 X ec X PA4) (12)
R, = (e4 X ec X PW1) U (e4, X ec X PW2) U (e43 X ec X PW3)
U (e44 X ec X PW4) (13)

According to the splash degree corresponding to the fuzzy rules, the output
discrete fuzzy set control quantity is as follows.

0] = Tli oRl (14)
Un =Ty °R; (15)
Ap =Tz °R;3 (16)
Wk:T4ioR4 (17)

Where ¢ is the fuzzy decision.
The process of turning a fuzzy quantity into an accurate one is called clarification.
In this study, the clarification operation is performed using the weighted average
method.
The exact value of the oxygen supply flow rate is shown in the following equation.
_ 2j=105m(0))

Qo = ¥ 1(0)) (18)
Where ,u(Oj) is the affiliation function of the oxygen supply flow rate.
The exact value of the top gun height is shown in the following equation.
U = Zz UmbUm) (19

Z;Ln:1 u(Um)
Where p(U,,) is the affiliation function of the top gun height.
The exact value of the argon supply flow is shown in the following equation.

_ Zn=14nH(4n)
QAr - 2?1:1#(1411) (20)
Where p(A,,) is the affiliation function of the argon supply flow.
The exact value of the splashing inhibitor input is shown in the following equation.
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W = Zﬁ? Win(Wi) D
k=1 W)
Where p(W,) is the affiliation function of the splashing inhibitor.

The above equations are used to calculate the control amount to produce a
suppression effect on splashing.
4. Simulation experiment analysis

The control effect is simulated using MATLAB platform. Setting different levels
of initial signals, the simulation is analyzed as follows.

The initial signal is set to 0.2. The R; rule is adopted to suppress splashing. The
simulation curve is shown in Figure 8. As seen from the simulation results, the signal
returns to the normal range after 80s. The control system rise time is about 60s, and the
steady-state error is 0.
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Figure 8. Simulation curve of 0.2 intensity suppression splashing

The initial signal is set to 0.4. The R, rule is adopted to suppress splashing. The
simulation curve is shown in Figure 9. As seen from the simulation results, the signal
returns to the normal range after 100s. The control system rise time is about 80s, and
the steady-state error is O.
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Figure 9. Simulation curve of 0.4 intensity suppression splashing
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The initial signal is set to 0.6. The R5 rule is adopted to suppress splashing. The
simulation curve is shown in Figure 10. As seen from the simulation results, the signal
returns to the normal range after 130s. The control system rise time is about 110s, and
the steady-state error is 0.
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Figure 10. Simulation curve of 0.6 intensity suppression splashing

The initial signal is set to 0.8. The R, rule is adopted to suppress splashing. The
simulation curve is shown in Figure 11. As seen from the simulation results, the signal
returns to the normal range after 180s. The control system rise time is about 150s, and
the steady-state error is 0.
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Figure 11. Simulation curve of 0.8 intensity suppression splashing
The above simulation results show that splashing can be quickly suppressed by

fuzzy control. The stronger the splashing, the longer the suppression time required.


https://doi.org/10.20944/preprints202206.0151.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 June 2022 d0i:10.20944/preprints202206.0151.v1

5. Production trials

Twenty production trials were conducted to verify prediction and suppression
splashing effects. The weight, temperature, and melt composition of the initial melt are
recorded in Table 6. The C content was between 7.48 to 8.57 wt%, the S; content was
between 1.79 to 2.03 wt%, the Cr content was between 58.70 to 63.36 wt%, and the
initial temperature was between 1335 to 1424°C. The data shows that the smelting raw
materials used in this work became very stable. It has analytical significance.

Table 6. Initial data of melt

Initial content (wt%) Initi Initial End point
No. 1}1t1a1 temperatu  temperatu

C Cr S; weight (t) re () re (C)
1# 8.45 62.87 1.80 5.13 1335 1758
2# 8.40 61.58 1.82 5.24 1375 1759
3# 8.31 60.72 1.79 4.75 1343 1749
4# 8.56 62.52 1.89 5.00 1424 1763
S# 8.35 61.97 1.85 4.55 1363 1762
6# 8.57 62.03 1.96 5.28 1368 1765
T# 7.98 61.88 1.81 3.54 1374 1756
8# 8.04 61.48 1.99 5.30 1358 1761
o# 7.81 63.36 1.85 3.18 1378 1756
10# 8.14 60.59 2.01 4.98 1366 1764
11# 8.34 61.33 1.86 5.04 1368 1760
12# 8.20 61.50 2.03 5.34 1347 1764
13# 8.06 62.05 1.88 4.63 1361 1767
14# 7.86 60.84 1.94 4.13 1369 1765
15# 8.42 61.10 2.01 3.89 1378 1767
16# 7.48 58.70 1.79 5.21 1384 1763
17# 8.11 61.87 1.82 4.37 1360 1755
18# 8.20 61.59 1.89 4.62 1371 1764
19# 8.33 60.93 1.85 4.81 1362 1765
20# 7.88 61.47 1.96 4.46 1377 1756

In the Table 7, 6 out of 20 production trials were forecast. The average smelting
time with splashing is 180s longer than the average smelting time without splashing.
The data shows that the occurrence of splashing and suppression prolonged the smelting
time, but after a relatively short period of time it returned to the normal smelting state,
and the rate of the severe splashing accidents was 0%.
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Table 7. Smelting endpoint data

No. End point content (wt%) Smelting Splashing  Suppression

C (Wt%) Cr (wt%) S; (wt%) time(s) moment (s) rule

1# 0.45 58.61 0.08 3702 167 R;

2# 0.48 60.18 0.16 3727 722 R4

3# 0.45 58.03 0.18 3444 No

4# 0.43 60.09 0.11 3600 No

5# 0.51 60.62 0.12 3540 No

6# 0.48 59.71 0.12 3505 No

7# 0.49 60.26 0.15 3320 No

8# 0.47 57.87 0.14 3683 528 R3

o# 0.51 60.90 0.15 3425 No

10# 0.49 58.43 0.11 3580 No

11# 0.52 58.86 0.10 3543 No

12# 0.55 57.81 0.17 3653 456 R3

13# 0.51 59.53 0.14 3498 No

14# 0.47 56.90 0.10 3454 No

15# 0.52 57.04 0.16 3624 124 R2

16# 0.46 56.63 0.11 3546 No

17# 0.49 58.77 0.13 3581 No

18# 0.51 59.25 0.18 3527 No

19# 0.48 57.52 0.09 3360 No

20# 0.47 57.81 0.14 3658 589 R4

6. Conclusion

Based on the principle of splashing generation, a prediction splashing method
based on multi-information weighted fusion is designed, and a multi-object fuzzy
control system is established to suppress splashing. The simulation results indicated
that splashing of different degrees can be effectively suppressed within 200 s, and the
steady-state error of the system response is 0. This indicates that the control system has
a fast response and high steady-state accuracy. The production data analysis indicated
that the multi-object fuzzy controller has a good effect of suppressing the system
splashing.
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