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Abstract

Optimizing stirring methods is crucial for enhancing the efficiency of the Electric Arc
Furnace (EAF) production process. This study explores the mixing characteristics of a
150-ton Consteel EAF. The similarity ratio between the water model and the prototype is
1:8. The average mixing time (AMT) was employed as the criterion to evaluate various
stirring methods, including the horizontal deflection angle of side-blowing, non-uniform
bottom-blowing layouts, and their combinations. A new ice whose composition was a
35 wt% sugar solution was used to simulate the movement and bonding of scrap steel.
The melting and temperature difference were compared in this way. The conclusions are
as follows: (1) The side blowing lances with a certain angle of horizontal deflection are
more conducive to the mixing of the molten pool. The preferred side-blowing lances’
horizontal deflection angle is 10°. (2) The preferred bottom blowing layout is EKO. The
bottom blowing layout needs to pay attention to the offset between the bottom blowing
nozzles. Bottom blowing nozzles cannot be too far or too close. Rational non-uniform
layout of bottom blowing is better than uniform. (3) The preferred combined stirring
layout is the EKIN, combined with side blowing, with counterclockwise deflection of 10°
in the horizontal direction. Gas injection of side blowing and bottom blowing exhibits
complementary action zones, thereby achieving enhanced stirring uniformity in the molten
bath. But it is necessary to consider the bottom-blowing and side-blowing positions to
avoid the local kinetic energy loss caused by airflow offset. At the same time, the deflection
angle of the side-blowing lances should be consistent with the direction of the circulation
formed by the non-uniform bottom blowing. (4) Under the rational combined stirring
method, the scrap steel moved faster, and the bonding phenomenon was significantly
reduced. And the temperature difference decreased the fastest. In summary, the rational
combined stirring method is the most preferred method for mixing.

Keywords: EAF; water model experiment; average mixing time; flow field characteristics;
combined blowing method
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1. Introduction

As an important foundational industry, the “iron and steel industry” is also a major
source of global carbon emissions [1,2]. The production structure of the industry remains
characterized by the coexistence of the “long process” (blast furnace—basic oxygen furnace)
and the “short process” (Electric Arc Furnace, EAF). Compared with the “long process”,
“short process” has gradually attracted more attention [3-5]. It is due to less investment,
flexible production organization and less energy consumption and carbon emissions [4,6,7].
There are many kinds of EAFs. According to the feeding method, it can be divided into
open-top EAF and horizontal continuous feeding EAF. Consteel EAF is a typical horizontal
continuous feeding EAF capable of continuous preheating, continuous feeding and continu-
ous smelting. Under an oxygen consumption of 35 m3/t, the smelting power consumption
is below 330 kWh/t when charging cold scrap. With a 30% hot metal charge, this value
drops to below 240 kWh/t. Concurrently, CO, emissions per ton of crude steel range from
0.5 to 0.7 tons [8]. Although Consteel EAF has the advantage of low energy consumption,
it also faces the challenge of insufficient stirring kinetic energy within the furnace.

There are many dead zones in the molten pool, including the feeding zone and the
eccentric bottom tapping (EBT) zone. The presence of these dead zones leads to signifi-
cant inhomogeneity in temperature and chemical composition throughout the EAF molten
pool. The temperature difference between the top and bottom of the molten pool can
reach 21~50 °C/m [9]. Consequently, production efficiency is reduced, and final prod-
uct composition becomes inconsistent, ultimately hindering the efficient operation of the
Consteel EAF process.

Metallurgical workers have conducted a lot of research on the above problems [10].
At present, the methods for increasing the stirring intensity of the molten pool include side
blowing, bottom blowing, and combined stirring technology [11-13]. Ding [14] investigated
the equipment features of 100-ton EAFs from PRAXAIR, BSE, and various other companies.
A comparison of technical parameters and operational metrics revealed that employing a
furnace wall oxygen lance optimizes oxygen supply and improves production efficiency.
Zeng et al. [15] used computational fluid dynamics (CFD) to study how different deflection
angles of the oxygen lance impact the molten pool. The results show that the flow velocity
in the core area increases as the vertical angle of the oxygen lance decreases. Furthermore,
as the deflection angle of the oxygen lance along the normal line increases, the proportion
of the dead zones in the molten pool decreases. However, it is noteworthy that excessively
small or large horizontal deflection angles can lead to increased erosion of the furnace
lining. The layout of side-blowing lances under different EAF types is different. And
their stirring effect is highly dependent on specific molten pool characteristics. Therefore,
analysis must be tailored to the individual furnace design.

The benefits of bottom-blowing technology have been acknowledged in industrial
practice [16]. Consequently, its application in EAF has been increasing to enhance overall
process efficiency. For instance, by adding bottom-blowing layout, the consumption of met-
allurgy process in Xining Special Steel was reduced by 5.836 kg/t, with the decarburization
rate increasing by 0.011% [17]. Wang et al. [18] reported the effect of the bottom blowing
on a 90-ton EAF. The analysis indicates that the bottom-blowing system of the EAF can
enhance stirring energy and improve the steel-slag reaction interface. It results in a more
uniform composition and temperature of the molten steel, which creates optimal conditions
for smelting. In work by Zhang et al. [19], it is indicated that the closer the bottom-blowing
hole is to the EBT zone, the more effective the stirring effect becomes. Liu et al. [13] inves-
tigated the influence of varying bottom-blowing gas flow rates within the EBT zone on
EAF smelting performance. The results show that increasing the bottom-blowing stirring
intensity in the EBT zone is beneficial to the mixing of the molten pool. Additionally, some
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studies indicate that the non-uniform bottom-blowing layout can induce horizontal rotation
motion in the molten pool, which shortens the mixing time [20]. The research discussed
above primarily considers the impact of bottom-blowing layout and gas flow rate within
the EBT zone on the mixing process. However, scrap steel is consistently added at the
horizontal feeding area of the Consteel EAF. It has a dead zone that is absent in traditional
open-cover electric furnaces [21]. Therefore, when designing a bottom-blowing system for
the Consteel EAF, it is crucial to account for the melting behavior of scrap at this continuous
feeding point.

Combined stirring methods have also been investigated. The results demonstrate
that it can significantly enhance molten pool stirring and increase the decarburization rate.
Li et al. [22] utilized numerical simulation to examine the average mixing time (AMT)
and velocity distribution within the molten pool. Four configurations were compared:
single side blowing, single bottom blowing, bottom blowing combined with side blowing,
and bottom blowing combined with swirling side blowing. The flow velocities under the
four conditions mentioned above were 0.007 m/s, 0.012 m/s, 0.150 m/s, and 0.280 m/s,
respectively. It indicates that the average velocity of bottom blowing combined with swirl
side blowing is 133.3% higher than that of bottom blowing alone. The above studies
expound on the advantages of the combined stirring method in the mixing of molten pool.
However, the influence of the dead zones in the EBT zone and the horizontal feeding is
not considered. Furthermore, the interaction between the bottom blowing and the side
blowing still needs to be explored.

For the Consteel EAF, the melting and bonding behaviors of scrap steel significantly
influence the mixing dynamics within the molten pool. In water modeling studies, brine-
based ice has been widely employed to simulate scrap melting [23-25]. However, a sig-
nificant limitation of this approach is the absence of observable bonding between the ice
blocks during experimentation. It is difficult to simulate the bonding phenomenon during
the melting process of scrap steel. Therefore, developing an ice analog with a modified
composition is essential to improve the fidelity of such experiments.

Although the aforementioned studies offer valuable insights for optimizing molten
pool mixing, their conclusions are not directly applicable to the Consteel EAF. There are
a few discussions regarding the side blowing, non-uniform bottom-blowing layout, and
combined stirring mode of Consteel EAF, which require further investigation. This paper
aims to explore the mixing behavior and preferred mixing methods of the Consteel EAF
under different mixing techniques. With a 150-ton Consteel EAF as the prototype, a
water model was constructed based on a similarity ratio of 1:8. The model was used to
simulate both single and combined stirring processes. The average mixing time (AMT)
served as the criterion for evaluating composition uniformity during mixing. Based on
the simulations, the preferred methods were determined, including the optimal horizontal
deflection angle for side-blowing lances, an effective bottom-blowing layout, and the
most efficient combined stirring method for the prototype furnace. Subsequently, the
mixing behavior of the three layouts was verified from melting behavior of scrap steel and
temperature uniformity. This work provides a practical reference for optimizing Consteel
EAF operations, aiming to shorten the smelting cycle, reduce power consumption, and
improve molten steel uniformity.

2. Materials and Methods
2.1. Principles and Methods

Based on similarity theory, the fluid was assumed to be incompressible, and a wa-
ter modeling approach was adopted for this study [26]. The model size was calculated
according to the similarity ratio of 1:8. Figure 1 shows the model parameters.
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Figure 1. Model parameters.

The gas flow rate for the experiments was determined based on the similarity criteria.
When simulating gas-liquid two-phase flow in the EAF using a water model, the effects
of gravity, viscous force, and inertial force must be considered. There are two similar
criterion that can reflect the relationship between these forces. The Froude number (Fr)
represents the ratio of inertial force to gravitational force, while the Reynolds number (Re)
represents the ratio of inertial force to viscous force. Therefore, similarity of gas-liquid
two-phase flow between the water model and the prototype EAF requires that the Reynolds
and Froude numbers be equal, that is, Reyater = Regteer, Frwater = Frspeer- In this study, the
Reynolds numbers of the prototype and the model are both in the second self-modeling
area, so even if the Reynolds numbers are not equal, flow similarity can still be achieved.
Thus, it is only necessary to ensure that the Froude numbers are equal. Furthermore, for
gas-liquid two-phase flow, the density difference between phases must be accounted for. By
disregarding the time similarity ratio, the modified Froude(Fr') number is adopted, which
more accurately characterizes the motion of the gas phase. According to the aforementioned
theory, and disregarding the chemical reactions involved in the smelting process as well
as the effect of slag on the molten pool, the similarity ratio between the model and the
prototype was selected as 1:8. The gas volume parameters were calculated according to the
equal modified Froude number of the model and the prototype.

Fro, = Frg, (1)

Og,mits, _ Pgm“%
(oLm — Pgm)8dm — (pLp — Pgp)8dp

In the formula, ‘Fr’ represents the modified Froude number, ‘u’ represents the velocity,

()

‘0" represents the density, the subscript ‘m’ represents the model, and the subscript ‘p’
represents the prototype. In the case of ignoring the time similarity ratio,

. Pg,p(PLm - Pg,m)
Qgm = QgpA?® |5 (3)
& &P Pg,m (Pl,p - Pg,p)

‘Q’ represents the gas flow and ‘A’ represents the similarity ratio.

For the volume of side blowing, the oxygen consumption is approximately 25 Nm? /t
of steel according to research on the production of Consteel EAF. The prototype for this
experiment is a 150-ton Consteel EAF, which consumes 3750 m® of oxygen during the
smelting of the flat molten pool. Based on this, the side-blowing gas flow rate for the
prototype was set at 800 Nm? /h. This prototype rate translates to a single-lance flow rate
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of 30 L/min in the model. So, the flow rate of five side-blowing lances in the water model
experiment was 150 L/min.

For bottom blowing, a single-lance flow rate of 100 L/min was adopted for the
prototype. Based on the similarity criteria, the corresponding single-lance flow rate for the
water model was calculated to be 0.24 L/min. The correction process needs to consider
the local resistance coefficient and the diameter ratio of the outlet to the inlet. Due to
the localized loss resulting from the abrupt decrease in the diameter of the experimental
bottom-blowing device, the input gas volume must be adjusted by the local resistance
coefficient. According to fluid mechanics theory [27], the local resistance coefficient can be
calculated to be 0.43. For the bottom-blowing pipe used in water model experiment, the
ratio of the outlet diameter to the inlet diameter of the pipe is 1:7. The numerical value was
then substituted into the Bernoulli equation to adjust the gas volume. The experimental
bottom blowing input gas flow rate was calculated to be 15 L/min.

According to the experience of previous studies, this paper uses ice as a tracer to
simulate scrap steel. Shukla et al. [28] derived that the melting process of scrap steel is
equal to the phase variable (Ph) of ice in the water model by Buckingham Pi theorem. The
expression of Ph is as follows:

Ph = AH/(Cps-AT) (4)

AH is the latent heat of fusion (J/kg), Cps is the specific heat of solid [J/(kg-K)], and
AT is the degree of superheat (K). Ph represents the thermodynamic characteristics of
the phase transition process. The similarity of Ph indicates that the effect of fluid flow
on heat transfer is analogous during the phase change (melting or solidification) of both
scrap steel and ice. It provides theoretical support for using ice to simulate the melting
process of scrap steel. However, conventional brine-based ice fails to simulate the bonding
phenomenon that occurs between scrap pieces during melting. Therefore, a new composite
of ice is needed to optimize the experiment. It has been reported that ice prepared from a
sugar solution exhibits a pronounced bonding tendency during melting [29]. Based on this
finding, a 35 wt% sugar solution was prepared and frozen into spherical with a diameter of
30 mm for the experiments. For the speed of addition, When the prototype feeding speed is
5 t/min, the feeding speed of the model can be calculated to be 1.39 kg /min. It is important
to highlight that the mixing dynamics of the molten pool during a unit time of continuous
feeding exhibit similarities. In this study, a total ice mass of 1 kg was used. This mass was
fed into the model over a duration of 43 s. The number of blocks of ice added was about
150. In addition, the speed of ice movement was tracked by machine vision. After the
establishment of the plane rectangular coordinate system, the displacement of the feature
points in the continuous frame is tracked according to the characteristics of the ice. The
average velocity of the ice was calculated over specified time intervals.

2.2. Materials and Steps

In this study, AMT is used as a standard to judge the uniformity of components in
the mixing process. The experimental apparatus is illustrated in Figure 2. The primary
components of the experimental setup included an EAF model, a large non-lubrication air
compressor, a mixing time measurement system, a camera, a gas flowmeter, a side-blowing
lance, a bottom-blowing nozzle, and a conductivity meter, among others. The specific
equipment is shown in Table 1.

The experimental steps for measuring the mixing time were as follows: Firstly, water
was injected into the water model until it reached the appropriate liquid level. Once the
water injection was complete, the calibrated conductivity meter probe was secured. Then,
the positions of the side-blowing lances and the bottom-blowing layout were adjusted.
The blowing and stirring process was then activated. The locations of the model injection
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element, the conductivity meter, and the adding position of saturated salt water were
illustrated in Figure 3. Once the flow field in the water model reached a steady state,
50 mL of saturated saltwater was injected at the specified location shown in Figure 3. The
mixing time was then measured by monitoring the conductivity change with a conductivity
meter. Each experimental condition was repeated at least five times to ensure the standard
deviation of the measured mixing times was below 3 s. If the standard deviation from
five replicates exceeded this threshold, additional replicates were performed until the
criterion was met. For each condition, five mixing time measurements that satisfied the
standard deviation criterion were averaged to determine the AMT. Then, experiments were
carried out under the conditions of side blowing at different horizontal deflection angles,
non-uniform bottom-blowing layout and combined stirring combined with side blowing
and bottom blowing to obtain AMT. A longer AMT indicates poorer mixing efficiency,
whereas a shorter AMT signifies better mixing performance.

water model conductivity meter mixing time

m measurement system
‘8 N\

((g

|

S T flowmeter

air compressor

stirr M bI(S)ivc\]rieng ﬁ @

drain valve ‘ h
bottom [— P
‘ ; : blowing
magnetic stirrer iz water aspirator
flowmeter ( <
I
() Lh
Figure 2. Water model experiment apparatus system.
Table 1. Experimental equipment and drug list.
Experimental Equipment/Drugs Type Producer
et ot . : Nanjing compressor Co., Ltd.,
large non-lubrication air compressor 3LE-4.5/2.5 Nanjing, China
Beijing Boiler Factory Container
gasholder 05259 Manufacturing Branch,
Beijing, China
Zhejiang Leo Co., Ltd.,
vortex pump Nx090451439 Zhejiang, China
. . o o Tianjin Huasheng Chemical Reagent
conductivity standard solution conductivity = 1413 ps/cm (25 °C) Co., Ltd., Tianjin, China
beakers 250 mL BOMEYX, Beijing, China
. . Shenzhen Mobil electronics Co., Ltd.,
Meilen electronic balance MTS5000D (d =0.1 g) Shenzhen, China
Hangzhou Joint Measurement
conductivity meter SIN-TDS210 (K = 1.07) Automation Technology Co., Ltd.,
Hangzhou, China
high-precision red water —30-50 °C (d = 0.1) Lu Yueting, Sugian, China
thermometer
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Figure 3. Water model experiment layout diagram.

To evaluate the mixing dynamics and the simulated scrap melting behavior for the three
selected conditions, ice was added to the water model. The experimental steps were as follows:
Initially, following the layout of the experimental apparatus, water was introduced to the
designated liquid level, and the stirring gas was activated. Once the molten pool achieved
stability, the temperatures at four designated measurement points were recorded, and the
melting process was documented via video recording. Subsequently, ice was added to the
feeding area. The temperatures at the four measurement points were recorded at one-minute
intervals. The temperature differential within the molten pool was represented by the variations
in temperature across the four points, which were documented a total of four times. Finally,
the ice movement was tracked by machine vision to obtain the average speed of ice movement.

3. Results
3.1. Selection of Preferred Measuring Points

Prior to the formal experiments, the optimal position for the conductivity probe had to be
determined. To ensure representative measurements, potential detection points were required
to exhibit minimal signal fluctuation and to be as representative of the entire pool as possible.
The following five points in Figure 4 were alternative points for conductivity detection. Each
point was measured five times, and the AMT and standard deviation are shown in Table 2.

' Test point 3

the addition point of
saturated brine

Test point 1 ,

Figure 4. The schematic diagram of test point position.
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Table 2. AMT and standard deviation of 5 test points.
Test Point AMT(s) Standard Deviation(s)
1 34 3.39
2 44 3.53
3 48 3.24
4 47 1.64
5 20 43

According to the experimental results, test points 1 and 2 near the feeding point
reached the mixing in a short time, and test points 3 and 4 far away from the feeding
point needed a long time to mix. This demonstrates that when points 1 and 2 showed
stable conductivity readings, points 3 and 4 had not yet achieved homogeneity. Therefore,
points 1 and 2 are not suitable for representing the overall mixing status of the molten
pool. Because when the composition of 1 and 2 was stable, it was impossible to determine
whether the entire molten pool reached a mixed state, and it was impossible to determine
whether a product with uniform composition can be obtained. The AMT of test point 5 was
significantly shorter than that of the other four points with the largest standard deviation.
Consequently, this point was excluded from further consideration. The mixing time of the
remaining test points 3 and 4 was similar, but the standard deviation of the test point 3 was
larger, indicating that the test stability of the point is lower than that of the test point 4. In
summary, this study selects test point 4 as the conductivity meter probe placement point.

3.2. Preferred Layout Based on Component Uniformity
3.2.1. Preferred Side-Blowing Deflection Angle

In the experiment, the five side-blowing lances were fixed at a vertical inclination
angle of 45° and operated at a total gas flow rate of 150 L/min. The horizontal deflection
angle of the lances was varied. They were tested at both counterclockwise and clockwise
deflection angles of 0°, 5°, 10°, 15°, and 20°. The mixing time was subsequently measured
to determine AMT. The resulting AMT values for different counterclockwise and clockwise
deflection angles are presented in Figures 5 and 6.
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240 230.7
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Figure 5. The AMT of side blowing counterclockwise deflection at different angles.
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Figure 6. The AMT of side blowing clockwise deflection at different angles.

For both clockwise and counterclockwise deflection, the side-blowing angle of 10°
yielded the shortest AMT. Compared to the baseline 0° deflection, the 10° configuration
reduced the AMT by 29% for counterclockwise and 33% for clockwise deflection. Therefore,
a side-blowing deflection angle of 10° was identified as the preferred setting.

The gas jet from a side-blowing lance exerts both a downward force and a horizontal
force component parallel to the bath surface. At a 0° deflection angle, the horizontal
component of the jet is directed toward the center of the molten pool. The component in the
tangential direction of the wall is almost zero. Consequently, although significant stirring
energy is imparted in the direction of the jet, a global horizontal circulation flow within the
bath is not established. There is still a dead zone with weak stirring intensity between each
side-blowing lance. When the side-blowing lances deflect at a certain angle, the jet surface
becomes a fan-shaped area. It enhances the stirring of the center and causes the horizontal
circulation of the molten pool. With the increase in the deflection angle of the side-blowing
lances, the kinetic energy of the horizontal circulation increases. So, in the actual industrial
production, under the same gas volume, too small and too large side-blowing angles are not
conducive to the mixing of the molten pool. When the side-blowing lances are horizontally
deflected by 10°, it takes into account the stirring in the center and the driving force of the
horizontal circulation, which is the preferred side-blowing deflection angle.

However, under side blowing alone, the gas jets predominantly impact and stir only
the upper region of the molten pool, whereas the lower part is still the dead zone. The
overall mixing time of the experiment is long, and the improvement ability of the molten
pool mixing is limited.

3.2.2. Preferred Bottom-Blowing Layout

The EAF molten pool is not a symmetrical geometry, and the flow field formed by
uniform bottom blowing is not evenly distributed inside the molten pool. It results in the
formation of dead zones. In the Consteel EAF, two major dead zones are prevalent horizontally:
the feeding zone and the (EBT) zone. Directly applying a uniform bottom-blowing layout (a
typical ABC layout for open-top furnaces) to the Consteel EAF results in insufficient stirring
intensity at the feeding point. The low intensity hinders the melting of scrap steel and the
mixing of the molten pool. In contrast, a non-uniform bottom-blowing layout, with gas
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injection points concentrated near the feeding and EBT zones, can enhance the local stirring
intensity. Based on the above theory, in this experiment, three points, D/E/F, were set in the
EBT area as the bottom-blowing layout alternative points, which was the first experimental
factor. Similarly, two sets of points in the feeding area—G through L and M through R—
were defined as the second and third experimental factors, respectively. The full factorial
combination of these three factors resulted in 108 experimental configurations, as illustrated
in Figure 7. The experiment was conducted under a total gas flow rate of 45 L/min across
three bottom-blowing nozzles. These experimental groups were subsequently compared to a
uniform bottom-blowing configuration operating under the same gas flow conditions.

-

- S —
— —
= B -

= e

The experimental results showed that the AMT with ABC layout was 103.3 s. The AMT
with non-uniform bottom-blowing layout is shown in Figure 8. The AMT of 36 groups

./-..._ — lr—,
— = -
~ + n. —— —— -~

F
—
—F ;

B o

Figure 7. Grouping of experiments.

of experiments based on the D point was 65.3~98.3 s, which was shorter than that of the
ABC layout. AMT under the DGO layout was the shortest. Based on the 36 groups of
experiments on the basis of the E point, 31 groups were shorter than the ABC layout. The
AMT was 56.3~119.3 s, and the shortest was EKO. For the bottom-blowing experiments
based on the F point, there were 12 groups in which AMT was shorter than the ABC layout.
The AMT was 57.3~119.3 s, and the FGN layout had the shortest AMT. Figure 9 is the
preferred layout in each group. EKO is the preferred layout of 108 groups. Compared with
the uniform bottom blowing, the AMT of the preferred bottom-blowing layout EKO is
reduced by 45%. Comparing the trends of the three figures, AMT changes show a trend of
D < E < F while changing the position of a certain point. It means that the closer the area
where the bottom-blowing point is located, the greater the change of AMT caused by the

change of each point.

T 180.0

- 166.0

F152.0

F138.0

F121.0

F110.0

- 96.00

F82.00

- 68.00

F54.00

40,00

Figure 8. The AMT of bottom blowing. (a) AMT of bottom blowing based on D; (b) AMT of bottom
blowing based on E; (c) AMT of bottom blowing based on F.
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Figure 9. Preferred layout in each group. (a) Preferred bottom-blowing layout based on D;
(b) Preferred bottom-blowing layout based on E; (c) Preferred bottom-blowing layout based on F.

The bottom-blowing airflow contributes to the upward impact force, while the upward
air column is rolled back downwards. The effect on the molten pool includes the impact
force of the gas-liquid interface and the stirring force of the gas floating. For a single
bottom blowing, the farther away from the center of the airflow, the higher the degree
of kinetic energy attenuation. In the interaction of bottom blowing, the selection needs
to pay attention to the distance between each bottom-blowing nozzle. If the nozzles are
too close, the horizontal component offsets each other. Under the same gas volume, the
stirring kinetic energy pool becomes smaller. Conversely, if the nozzles are too far apart, the
attenuated horizontal momentum of each jet is insufficient for them to interact effectively.
So, it cannot promote each other to form a circulation in the molten pool. So, in the
actual industrial production, when arranging the bottom blowing, the position between
the nozzles should be considered. At a rational distance, the driving forces generated by
a non-uniform array of nozzles interact constructively to establish a directed circulation
pattern within the molten pool. It is beneficial to promote stirring in the horizontal and
vertical directions of the molten pool.

However, it still has a dead zone between the nozzles at the bottom of the molten pool.
At the same time, the kinetic energy of the bottom-blowing layout is mainly concentrated in
the lower part of the molten pool, and the stirring capacity of the upper part of the molten
pool is limited, and the effect of enhancing the uniformity of the molten pool is still limited.

3.2.3. Preferred Combined Stirring Method

Side blowing primarily agitates the upper region of the molten pool, whereas bottom
blowing is more effective in the lower region. Therefore, a combined mode integrating
side and bottom blowing is expected to leverage their complementary actions, thereby
enhancing overall stirring efficiency. Firstly, a key question is whether a consistently pre-
ferred side-blowing deflection angle exists when coupled with bottom blowing. To address
this, the average mixing time (AMT) was measured for side blowing at counterclockwise
deflection angles of 0°, 5°, 10°, 15°, and 20°, under both uniform and non-uniform bottom-
blowing layouts. The experimental results of AMT with different bottom-blowing layouts
and side-blowing angles are presented in Figure 10.

According to Figure 10, under different bottom-blowing layouts, a side-blowing
deflection angle of 10° resulted in the shortest AMT. Therefore, in subsequent experiments,
the side blow was chosen to be deflected by 10°. In the experiment aimed at optimizing the
combined stirring method of bottom blowing combined with side blowing, the total flow
rate of the five side-blowing lances was 150 L/min, while the total flow rate of the three
bottom-blowing nozzles was 45 L/min.
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Figure 10. The AMT of different bottom-blowing layouts combined with different side-
blowing angles.

The results of AMT combined with counterclockwise 10° side blowing and 108 kinds
of bottom-blowing layouts are shown in Figure 11. In the 36 groups of experiments based on
the D point, the AMT of the DJM layout + 10° side-blowing combination was the shortest,
of which the AMT was 65.3 s. Among the 36 experiment groups based on the E point, the
shortest AMT was the EKN layout combined with 10° side blowing with 54.3 s. For the
36 bottom-blowing experiments based on point F, the combination of the FHP layout with
10° side blowing produces the shortest AMT of 57.3 s. Figure 12 shows the preferred layout
in each group. In addition, the AMT with the ABC layout combined with 10° side blowing
was 111 s. AMT under the EKN bottom-blowing layout with counterclockwise 10° side
blowing was the shortest. Compared with the combined stirring method with uniform
bottom blowing, the AMT of EKN combined with counterclockwise 10° side blowing is
reduced by 51%.

— [TFs0.0
F166.0
F152.0
- 138.0
F121.0
F110.0
- 96.00
- 82.00
- 68.00

F54.00

L ta0.00

Figure 11. The AMT of combined blowing. (a) AMT of combined blowing based on D; (b) AMT of
combined blowing based on E; (c) AMT of combined blowing based on E.
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Figure 12. Preferred layout in each group. (a) Preferred combined-blowing layout based on D;
(b) Preferred combined-blowing layout based on E; (c) Preferred combined-blowing layout based on F.

Comparing the data under simple bottom blowing and combined stirring (Figure 13),
it can be found that not all the AMT of bottom blowing will be shortened after adding side
blowing. This is exemplified in the following analysis. In some groups, the mixing time
becomes shorter after increasing side blowing, while for other groups, it becomes longer.

BIOAY
W oBRISAY
= =
2 2

(syomty Burxw OF
(syomty BULX
2 B

Figure 13. The AMT of bottom blowing and combined blowing of E.

Bottom blowing combined with side blowing may promote stirring or hinder mixing.
Two primary mechanisms can account for this impairment. In the vertical plane, the
direction of side blowing and bottom blowing is opposite. Due to the improper selection
of the position, the airflow in the vertical direction of the side-blowing airflow and the
bottom-blowing airflow offset each other. In the horizontal plane, the direction of the
component force in the horizontal direction of the side blowing is opposite to the circulation
trend formed by the non-uniform bottom blowing. This opposition disrupts the intended
overall circulation direction within the bath. Therefore, in the actual industrial production,
attention should be paid to staggering a certain position or angle. This prevents local
cancelation of the gas streams and intensifies stirring in dead zones. Additionally, the
horizontal deflection of the side-blowing jet should be aligned with the circulation direction
induced by the non-uniform bottom blowing to avoid counteracting the flow. In the case
of avoiding the above two offsets, the AMT with non-uniform bottom blowing combined
with side blowing is the shortest.

Furthermore, based on the preceding analysis, a supplementary experiment was con-
ducted on combined stirring configurations combining bottom blowing with clockwise side
blowing. The aim was to verify whether the specific combined stirring method—combining
the EKN bottom-blowing layout with counterclockwise 10° side blowing—indeed represented
the optimal configuration for the prototype Consteel EAF. Experimental results confirmed
that no other configuration achieved a shorter AMT. Therefore, the combined stirring method
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integrating the EKIN bottom-blowing layout with counterclockwise 10° side blowing was
conclusively identified as the optimal method for the prototype Consteel EAFE.

3.3. Melting Behavior of Scrap Steel and Temperature Uniformity of Scrap Steel Under
Preferred Layout

The uniformity of EAF is mainly governed by two key aspects: composition uniformity
and temperature uniformity. At the same time, the melting behavior of scrap steel also
has an important influence on the mixing of molten pool. Section 3.2 explored the three
stirring methods from the perspective of composition uniformity. Then, ice composed of a
35 wt% sugar solution was used to explore the perspective of flow field behavior of the
scrap melting process and temperature uniformity. The experimental groups are as shown
in Table 3.

Table 3. Experiment groups.

Volume (L/min)

Group Layout Side Blowing Bottom Blowing
(@) Preferred side blowing 150 0
(b) Preferred bottom blowing 0 45
(c) Preferred combined blowing 150 45

Figure 14 shows the movement and melting of ice under different stirring modes.

Figure 14. Ice simulates the melting behavior of molten pool. (a) Melting behavior under condition
(a); (b) Melting behavior under condition (b); (c) Melting behavior under condition (c).

From the perspective of ice adhesion and motion trajectory in the figure, under con-
dition (a), ice melted slowly. And there was still a small amount of unmelted ice in the
molten pool at 3 min after feeding. During melting, the ice exhibited a circulatory motion
in the horizontal plane, consistent with the deflection direction of the side-blowing lances.
There was no obvious movement in the vertical direction. On the whole, the ice was more
concentrated and there was a clear bonding phenomenon.

Under condition (b), the melting rate was higher. Only a minimal amount of fine ice
remained in the bath two minutes after feeding. The ice exhibited a discernible circulatory
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motion in the vertical direction. In the horizontal plane, a gradual counterclockwise
circulation, induced by the non-uniform bottom blowing, was observed. Compared to the
side-blowing condition, the ice distribution was more dispersed. Furthermore, the strategic
placement of bottom-blowing point E resulted in significantly fewer ice pieces entering the
EBT zone. Additionally, under the EKN bottom-blowing layout, the trajectories of the ice
confirmed that the induced circulation was counterclockwise.

Under condition (c), ice melting was the most rapid, with almost complete melting
achieved approximately one minute after feeding. Compared with condition (a), the melt-
ing time is shortened by 62%, while it is shortened by 17% compared with condition (b).
During the melting process, the ice in the molten pool exhibited both a large horizontal
and a small vertical circulation. The bonded ice was less, and the ice was more dispersed.
Compared to the flow field behavior of under the three layouts, the side-blowing energy
was mainly concentrated in the upper part of the molten pool. The ice was easy to sink in
the center of the EAF to form a dead zone. The combined EKN bottom-blowing layout
with counterclockwise 10° side blowing promoted circulatory flows in both vertical and
horizontal directions. These flows acted collaboratively, particularly in enhancing horizon-
tal circulation, which effectively minimized dead zones and reduced ice adhesion within
the molten pool.

Figure 15 is melting time and velocity of ice.
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Figure 15. Melting time and velocity of ice.

According to the data in the diagram, under condition (c), the ice melting time is
shorter, and the movement speed is the fastest. It is consistent with the previous experi-
mental results.

The maximum temperature difference of the four points in the molten pool under the
three optimal conditions obtained by the experiment is shown in Figure 16. The initial
temperature of water was 16.1 °C.
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Figure 16. The temperature difference of molten pool under different stirring methods.

As shown in the figure, the temperature difference peaked within the first minute
following ice addition. At this time, the temperature difference was mainly caused by
the uneven heat exchange between the added ice and each part of the molten pool. After
adding ice for 1 min, the temperature difference decreased continuously. When the ice was
added for two minutes, the temperature difference between (a) and (b) decreased less than
that of (c). The temperature difference was 0.1 °C higher than that of (c). When the charging
time was 3 min, the temperature difference in the case of (a) remained unchanged, while
the cases of (b) and (c) continued to decrease. In the fourth minute, when ice was added
under a single stirring condition, the temperature difference was only reduced by 40%. The
effect on the uniformity of the molten pool temperature was limited. Under the condition
(c), the temperature difference reached 0.1 °C, and the maximum temperature difference
was reduced by 80%. The temperature difference decreased the fastest under the EKIN
bottom-blowing layout + counterclockwise 10° side-blowing layout, and the temperature
difference of the molten pool was the smallest. Therefore, the heat exchange efficiency in
the molten pool is higher under the combined stirring mode, which is more conducive to
the uniformity of the molten pool temperature.

In summary, the combined stirring method can increase the heat exchange area and
efficiency to speed up the melting of scrap steel. It is more conducive to the uniformity of
the molten pool for industrial production.

4. Discussion

In this paper, a water model was made with a similarity ratio of 1:8 based on a 150-ton
Consteel EAF. The physical simulation of side blowing at different angles, different bottom-
blowing layouts and the combination of side blowing and bottom blowing was carried out.
The experiments yielded key insights for optimizing molten pool stirring technology. From
the perspective of side blowing, compared with the side blowing without deflection, the
side blowing with a certain angle of deflection is beneficial to the formation of horizontal
swirl in the molten pool. It can reduce the dead zones and increase the heat exchange
efficiency under the same stirring intensity. The conclusion is applicable to different kinds
of EAFs. Regarding bottom blowing, configuring gas injection points near the EBT zone
and the feeding point effectively mitigates dead zones. It is of great significance to increase
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the dispersion of scrap melting in the Consteel EAF, and can be extended to other Consteel
EAFs of different sizes. In the combined stirring method, side blowing and bottom blowing
primarily agitate the upper and lower regions of the pool, respectively. Their rational
combination can effectively diminish cold zones within the molten pool. Furthermore, the
circulatory flows induced by side and bottom blowing must be aligned in direction. It can
promote local stirring to form a large-scale circulation inside the molten pool, which is
more conducive to homogenization. The specific optimal stirring layout for a given EAF
must be further determined based on its individual furnace characteristics.

Physical simulation with water models is a simple and effective method to study the
fluid behavior in the molten pool of EAFs. However, this method possesses certain inherent
limitations. First, the method does not provide a complete and intuitive visualization of
the local velocity and direction of fluid flow throughout the model. Therefore, even if
the conclusion is representative, more methods are still needed to explore the mechanism.
Second, the measurement systems employed inevitably introduce systematic errors. It
cannot be ignored that in addition to side blowing and bottom blowing in the EAFs, there
are other factors that affect the fluid behavior in the molten pool, such as arc, oxygen-
enriched burner, etc. Considering the interaction of these factors is of great significance to
the optimization of the molten pool of the EAFs [30].

5. Conclusions

In this paper, a 150-ton Consteel EAF was taken as the prototype, and the water model
was made according to the similarity ratio of 1:8 between the model and the prototype. The
mixing characteristics of side blowing, non-uniform bottom-blowing layout and bottom
blowing combined with side-blowing stirring method under different horizontal deflection
angles were explored. The conclusions are as follows:

(1) The optimal mixing performance was achieved at a side-blowing horizontal deflection
angle of 10°, irrespective of the clockwise or counterclockwise deflection direction.

(2) The EKO bottom-blowing layout was identified as the preferred configuration for the
prototype. The spacing between nozzles requires careful optimization, as both exces-
sive proximity and excessive distance are detrimental. Compared to a uniform layout,
a rationally non-uniform arrangement enhances mixing by effectively establishing a
horizontal circulation within the molten pool.

(3) Under the combined stirring mode of bottom blowing and side blowing, the preferred
layout is the EKN bottom-blowing layout combined with counterclockwise 10° side
blowing. When selecting combined stirring, it is necessary to consider the bottom-
blowing and side-blowing positions to avoid the local kinetic energy loss caused by
airflow offset. At the same time, the deflection angle of the side blowing should be
consistent with the direction of the circulation formed by the non-uniform bottom
blowing to avoid the offset in the direction of the overall circulation.

(4) Then, a new composition of ice made of 35 wt% sugar solution is used to simulate
the movement and bonding of scrap steel. The melting and temperature difference
are compared in this way. According to the experimental results, with the rational
combined stirring method, the scrap steel moves faster and the bonding phenomenon
is reduced. At the same time, the temperature difference decreases faster. It is the
most preferred method for mixing.
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