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Abstract: In the production process of electrical steel, with respect to the industrial RH
(Ruhrstahl-Heraeus), the steel producers must balance the high-circulation flow rate (op-
erating efficiency) and the frequent cleaning of cold steel in the vacuum chamber due
to the splashing of liquid steel (high maintenance costs). Excessive lifting gas flow can
induce splashing, causing cold steel to adhere to the inner walls of the vacuum chamber.
To address this issue, this study utilized an 80-ton RH vacuum refining unit from a specific
plant as the research prototype and established a 1:2.6 scale water model for physical model
simulation. Two innovative blowing methods were implemented by adding gas injection
nozzles to the sidewalls and to the bottom of the vacuum chamber, respectively. The study
investigated the effects of altering the blowing method on liquid surface fluctuations, flow
patterns, the circulation flow rate, and the mixing time without changing the total gas
flow rate. For the macroscopic flow in the RH unit, implementing side-blowing on the
sidewalls of the vacuum chamber can accelerate the diffusion rate of the ink tracer, whereas
implementing bottom-blowing in the vacuum chamber has little effect on the diffusion rate.
The results show that modifying the blowing method can effectively reduce liquid surface
fluctuations and suppress the splashing behavior within the vacuum chamber. Firstly,
implementing side-blowing causes the ink tracer flow pattern within the vacuum chamber
to become triangular, to increase the circulation flow rate, to shorten the residence time
of the ink tracer within the chamber, and simultaneously to promote mixing in the ladle,
which reduces the mixing time. Secondly, implementing bottom-blowing results in the
formation of a gas column at the center of the vacuum chamber, which suppresses fluid
flow within the chamber. Compared with side-blowing, it reduces the circulation flow rate
and increases the mixing time in the ladle. Combined gas blowing through the up-snorkel
and sidewalls is effective in solving splashing issues and reducing the mixing time in RH
vacuum refining, and this method is a good candidate for industrial applications.

Keywords: RH vacuum refining; splashing phenomenon; physical model; gas injection
methods; side-blowing; bottom-blowing
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1. Introduction

In recent years, the market for sustainable new energy Electrical Vehicles (EVs) has
been progressively expanding. Notably, high-quality electrical steel materials have been
extensively utilized in the EV industries [1-4], with escalating demands for electrical steel
grades and improved quality [5-7]. For the production of electrical steel, the Basic Oxygen
Furnace (BOF)-Ruhrstahl-Heraeus (RH) vacuum refining—continuous casting has become
a normal production route in many steelmaking plants [8-12].

The RH vacuum refining integrates multiple functions, including decarburization [13-17],
degassing [18], powder injection [19-23], desulfurization [24-26], temperature compen-
sation, homogenization of the composition [27-29], and inclusion removal [30-34]. This
technology offers a range of advantages, such as short processing cycles, excellent refining
performance, and the capacity to handle large volumes of molten steel. Consequently, RH
vacuum refining has become the most critical secondary refining technology for producing
high-quality steel. The refining effectiveness within an RH unit is closely related to the
flow and mixing of the molten steel. The circulation flow rate and homogenization time are
pivotal indicators for evaluating the operational efficiency of RH vacuum refining units
and have consistently garnered significant attention from researchers [35-40].

In the industrial refining process, under a large gas flow rate operation condition,
the liquid steel on the up-snorkel side of the vacuum chamber will be driven to a high
position by bubbles, and a serious splashing of the steel will be formed. As a result, a large
portion of liquid steel is adhered to the wall of the vacuum chamber. In the subsequent
production processes, it is highly likely to cause problems such as a re-carbonization of
the decarburized liquid steel and a blockage of the oxygen lance and alloy chute in the
chamber [41]. After a production cycle, the cold steel in the wall of the vacuum chamber
needs to be cleaned regularly by burning by an oxygen lance [42]. The frequent cleaning of
cold steel will firstly shorten the usage cycle of the RH vacuum chamber and in addition
increases the operation and maintenance costs seriously. How to alleviate the splashing
phenomenon of liquid steel in the vacuum chamber and effectively improve the operating
efficiency of RH vacuum refining equipment is an important issue in production.

Since the inception of RH (Ruhrstahl-Heraeus) refining technology in the 1960s, nu-
merous researchers have employed methods such as water model experiments [43-51],
numerical simulations [52-57], and industrial measurements [58] to study the flow behavior
of molten steel inside the RH. Researchers can apply these methods to identify the factors
affecting the refining efficiency, and then to improve the RH process to enhance its efficiency.
The studied factors primarily encompass system geometry and operating conditions. Geo-
metric considerations include the diameter and number of snorkels, the diameter of the
vacuum chamber, and the positioning of nozzles. Operating conditions involve argon gas
flow rate, vacuum chamber pressure, and the immersion depth of the snorkels.

There are some innovations regarding the new structures change in RH systems, such
as changing the shape of the snorkel, adding weirs at the bottom of the vacuum chamber,
and changing or implementing gas blowing in the RH system to improve the operating
efficiency. It is noted that a large number of researches are focused on the reshape of the
two snorkels in RH to a single snorkel, and gas stirring is performed at the bottom of
the ladle. This Single Snorkel Refining Furnace technology [59] is not discussed in this
paper. Researchers designed an elliptical shape of a snorkel [60,61], and it can increase the
circulation flow rate in the RH degasser by 45~218%, and the mixing time is reduced. As a
result, the impact and erosion on the bottom and sidewalls of the ladle are weakened. In
a recent study, He et al. [62] designed a weir at the bottom of the vacuum chamber. The
application of a weir is inspired from the idea of tundish designs [63-65].
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The changing or implementing of gas blowing in the RH system consists of (1) a
combination of gas blowing at the bottom of ladle [66-69] (corresponding to the location of
the up-snorkel); (2) a combination of an argon injection through the down-snorkel [70,71];
(3) implementing gas blowing at the sidewall of vacuum chamber [72,73]; (4) implementing
gas blowing at the bottom of vacuum chamber [74]; and (5) changing the layout of the
nozzles [75,76] and inclination angles of the nozzles [77,78] in the up-snorkel.

The implementation of gas blowing in the vacuum chamber seems to be a good way
to alleviate the splashing phenomenon of liquid steel in the vacuum chamber. In possibly
the earliest study, Inoue et al. [72] argued that increasing the inner diameter of a snorkel
is not commonly adopted in industry. They installed 1, 8, or 16 nozzles at the lowest
part of the vacuum chamber sidewall to study the impact of increasing side-blowing on
the decarburization rate. Their research found that increasing side-blowing enlarges the
interfacial area, thereby enhancing the decarburization rate. Industrial trials confirmed that
the decarburization rate for ultra-low carbon steel increased most significantly, without
affecting the circulation flow rate and the slag accumulation within the vacuum chamber.
Zheng et al. [73] proposed implementing nozzles to the sidewall in order to improve the
utilization of the powder and reduce splashing from the top lance. They aimed to identify
the optimal blowing positions for the maximum circulation flow rate and shortest mixing
time, and so they implemented five blowing holes on the sidewall of the vacuum chamber.
They concluded that the optimal blowing positions vary under different gas injection
rates and different lifting gas flow rates. Neves et al. [74] arranged 12 nozzles around the
up-snorkel at the bottom of the vacuum chamber and discovered that increasing bottom-
blowing can improve decarburization efficiency. However, because the gas is injected
around the entire perimeter of the up-snorkel, it restricts the flow within the vacuum
chamber, resulting in a decrease in the circulation flow rate.

While extensive research has been conducted on the factors affecting the refining
efficiency of traditional RH units, only a few researchers have proposed implementing
gas blowing at the sidewalls or bottom of the vacuum chamber [72-74]. However, studies
on side-blowing have employed gas flow rates significantly higher than those used for
up-snorkel blowing [73]. Additionally, research on bottom-blowing has primarily focused
on its advantages in decarburization rates. Comprehensive investigations into the effects of
gas injection in the sidewalls or bottom of the vacuum chamber on circulation efficiency
and splashing issues are the main motivation of this study.

This research establishes a physical model based on the 80-ton RH unit prototype. The
study investigates the impact of injecting gas into the sidewalls and bottom of the vacuum
chamber on the circulation flow rate, mixing time, and liquid splashing within the vacuum
chamber. The objective is to provide a theoretical foundation for optimizing the operation
of actual RH refining equipment, thereby improving efficiency and reducing the splashing
related maintenance costs.

2. Experimental Principle and Scheme
2.1. Experimental Principle

In previous studies, the maximum geometric similarity ratio of the RH water model
was 1:3 [49], and the minimum similarity ratio was 1:20 [79]. It is believed that the larger
the geometric similarity ratio, the more accurate the physical simulation results will be.
This experiment utilized an 80-ton RH (Ruhrstahl-Heraeus) vacuum refining unit from a
steel plant as the prototype to establish a physical model with a geometric similarity ratio
of 1:2.6. The parameters of both the prototype and the model are presented in Table 1. As
shown in Figure 1, the water model apparatus is primarily constructed from acrylic glass,
while other equipment includes a supporting frame made by steels, a vacuum pump, gas
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compressor, rubber hoses, and U-tube manometers. Water at 20 °C was used to simulate
molten steel, and compressed air was employed to simulate argon gas in the physical
simulation experiments [45]. Both the water and air are iso-thermal.

Table 1. Model and prototype size parameters.

Name of Parameter Prototype (mm) Model (mm)
Ladle height 2759.6 1061.4
Upper ladle diameter 2470.6 950.2
Lower ladle diameter 2130.6 819.5
Vacuum chamber diameter 1350 519.2
Snorkel length 1040 400
Up-snorkel/down-snorkel inner diameter 350 134.6

Tracers inlet

Vacuum
_—~—"| chamber
Vacuum Down-snorkel
pump P | ' """"""""""
- PR .
High-speed ] - l’ . Ultrasonic
camera f flowmeter
Up-snorkel
-
Flowmeter Conductivity _‘| c;;:-
' meter o~
sowTinG
O O vLade
Air compressor Computer
(a) (b)

Figure 1. Water model experimental installation; (a) schematic diagram; and (b) real picture.

In physical simulations, it is essential not only to ensure geometric similarity between
the experiment and the prototype but also to ensure that the Reynolds number (Re) and
Froude number (Fr) of both the model and the prototype are equal. Since the Reynolds
numbers in the down-snorkel of both the model and the prototype all exceed 10%, placing
them in the turbulent flow region, it is sufficient to ensure an equal amount of the Froude
numbers to achieve dynamic similarity [39].

2 2
PgpUp PgmUm

Fr = =
8Dy (Pl,p - 98/P> 8D (o1 = pgm)

M

The relationship between Qm and Q) are derived by ensuring that Fr numbers are
equal, as follows:

Qu _ | Pap (Pim — pgm) (%)5 @

™\ o (1) P

where D is the geometric characteristic parameter, m; g is the gravitational acceleration,
m?/s; u is the nozzle velocity, m/s; pg is the gas density, kg/m?; and p; is the liquid density,
kg/m?3. Subscripts m and p represent the water model and prototype, respectively. The
physical properties are presented in Table 2.
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Table 2. Physical property parameters.
Workin Lifting Gas
: 3 ) g 8
Materials p/(ikg:m ™) pl(Pa-s) Temperature/K Pressure/MPa

Air 1.184 1.86 x 107> 298 0.6

Argon Gas 1.782 2.22 x 1073 298 25

Molten Steel 7000 6.1 x 1073 1873 -

Water 1000 0.89 x 103 298 -

It is also important to ensure that the pressure differences of the model and prototype

are identical [39].
APy, _ Py — Py _ PmgHm

AP,  Py—P,  ppgH,

)

Here, AP is the vacuum degree. H is the height difference between the liquid level in
the vacuum chamber and the liquid level in the ladle, m.

2.2. Experimental Scheme

Figure 2 provides a schematic diagram of the locations of the gas injection nozzles.
The nozzles are installed at a height of 37 mm on the sidewall of the vacuum chamber and
at the center of the bottom. Zheng et al. [73] found that the circulation flow rate is higher
when the side-blowing position is at a 45-degree angle. Thus, in this study, the nozzle on
the sidewall is arranged horizontally, with the lines connecting the nozzle to the center of
the vacuum chamber forming a 45° angle relative to the lines connecting the up-snorkel to
the center of the vacuum chamber. At the bottom, vertical porous plugs are used, and the
diameters of the gas injection holes are consistent with those of the holes in the up-snorkel.

(b)
Figure 2. Schematic diagram of the vacuum chamber nozzle location. (a) Sidewall and (b) bottom.

In this experiment, the following four operating conditions were designed as follows:
(1) a gas flow rate at the up-snorkel at 25 L/min; (2) a gas flow rate at the up-snorkel at
45 L/min; (3) a gas flow rate at the up-snorkel at 25 L/min + gas flow rate at the sidewall of
the vacuum chamber at 20 L/min (the nozzle position is close to the up-snorkel, positioned
at a 45-degree angle relative to it, and 37 mm from the bottom of the vacuum chamber); and
(4) a gas flow rate at the up-snorkel at 25 L/min + gas flow rate at the central of the vacuum
chamber bottom at 20 L/min. The detailed cases are summarized in Table 3. According to
Equation (2), the flow rate in water models 25, 20, and 45 L/min correspond to the 625, 500,
and 1125 L/min in industrial operations.

Table 3. The studied cases.

Cases Gas Blowing Method and Flow Rate

Case 1 Up-snorkel only 25 L/min

Case 2 Up-snorkel only 45 L/min

Case 3 Up-snorkel 25 L/min + sidewall at the vacuum chamber 20 L/min

Case 4 Up-snorkel 25 L/min + bottom wall at the vacuum chamber 20 L/min
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2.3. Experimental Methods

The evaluation metrics for assessing the flow conditions within the apparatus include
liquid level fluctuation, the tracer mixing process, circulation flow rate, and the tracer
mixing time within the ladle. The following experiments were conducted on the physical
model. All experiments need to be measured after the flow has stabilized.

2.3.1. Ladle and Vacuum Chamber Flow Visualization

During the experiment, the vacuum pump was first activated. Once a sufficient
volume of liquid had risen into the vacuum chamber, the gas valve was opened to initiate
gas blowing. After the overall liquid flow within the experimental setup stabilized and the
height difference in the manometer pressure gauge reached equilibrium, the ink tracer was
rapidly introduced through the tracer inlet at the top of the vacuum chamber, as shown in
Figure 1a. A camera was used to record the movement trajectory of the tracer within the
apparatus, facilitating the observation and analysis of the flow state within the ladle and
vacuum chamber.

For the visualization of the gas injection in the vacuum chamber, followed by the
method of Li et al. [80], a 5 mL ink tracer was injected from a syringe at the nozzles in the
vacuum chamber. Due to the difference of the flow patterns of side and bottom-blowing,
both the injection of the ink at the sidewall nozzle and bottom nozzle was performed. The
injection position is shown in Figure 3.

- Injection ink
Injection ink Camera Camera

(@) (b)
Figure 3. Schematic diagram of the vacuum chamber injection location. (a) Sidewall and (b) bottom.

2.3.2. Circulation Flow Rate Measurement

The circulation flow rate within the apparatus was determined by measuring the volu-
metric flow rate of the liquid in the down-snorkel. A TDS-100H handheld ultrasonic flow
meter (Xiangjin Flow Meter Factory, Taizhou, China) was employed, with two ultrasonic
sensors installed in the down-snorkel. As ultrasonic beams propagate through the liquid,
the flow induces slight variations in the propagation time, which are proportional to the
liquid velocity. Once the flow within the apparatus stabilized, the flow meter was activated
to record the volumetric flow rate in the down-snorkel. Due to the potential presence of
minor air bubbles causing significant fluctuations in flow velocity, measurements were
taken every second. Ten data points were averaged to determine the mean circulation flow
rate for each experimental period.

2.3.3. Liquid Surface Fluctuations in the Vacuum Chamber

After achieving a stable operating condition, a FuHuang AgileDevice Revealer
5KF20SM 3000 fps high-speed camera (HF Agile Device Co., Ltd., Hefei, China) was utilized
to record the flow state of the liquid within the vacuum chamber. The recorded footage
was subsequently processed to determine the fluctuation height of the liquid surface.
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2.3.4. Mixing Time Measurement

The mixing time was measured using the stimulus-response method. Once the flow
state within the RH physical model apparatus stabilized, 200 mL of saturated NaCl solution
was injected rapidly at the top center of the vacuum chamber. Electrode probes were
placed at designated measurement points as shown in Figure 4, and a computer recorded
the changes in electrical conductivity at these points. The recorded data were then non-
dimensionalized to determine the mixing time at each measurement point. To ensure the
accuracy of the experimental data, each set of experiments was repeated ten times, and the
average value was taken as the final result.

Up-snorkel Down-snorkel

P4 ¥ ,:F P6
Pp
—’ d ——— .
P7 P8 P9P10 P11 P12
Ladle
Point 1 X Point 3
Point 2

Figure 4. Schematic diagram of monitoring points.

3. Results

3.1. Flow Visualization Experiment
3.1.1. Flow in RH Unit

A computational fluid dynamics (CFD) model result on the streamline in the RH
(case 2) is shown in Figure 5. The modeling strategy, mesh test, simulation software STAR
CCM+ (17.02.007-R8), and validation is similar to our previous work [39]. Thus, since those
CEFD results are not the main focus in this study, the simulation details are not presented
here. It can be seen that a small part of liquid flows upward through the anticlockwise
circulation on the right side of the descending stream, and a major portion of the liquid
flows upward through the clockwise circulation on the left side of the descending stream.
Finally, the fluid flows back to the vacuum chamber through the up-snorkel. This flow
pattern has been reported by many researchers.

Velocity of H20: Magnitude (m/s)
0.305

0.261
0.218
0.174
0.131

0.087
-
0

Figure 5. Prediction results of the streamline in the RH water model.
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Figure 6 presents the water model visualization results of the ink diffusion within
the RH device under four different operating conditions. As clearly shown in Figure 6a,
the flow from the down-snorkel reaches the bottom of the ladle and primarily diffuses in
two directions thereafter. A large portion of the ink flows leftward along the bottom of
the ladle, continuously moving upward throughout the entire ladle. A smaller portion
adheres to the right wall of the ladle, steadily ascending and diffusing. Overall, the flow
within the RH ladle spreads from the bottom on the down-snorkel side to the upper part
on the opposite side. Among the four conditions, the lifting gas flow rate of 45 L/min
(case 2) resulted in the fastest ink diffusion, with the ink nearly filling the entire ladle
within 20 s. The next fastest condition was the lifting gas flow rate of 25 L/min combined
with a side-blowing rate of 20 L /min (case 3). In this scheme, some gas is injected from
the vacuum chamber sidewall, and the action of bubbles accelerates the diffusion speed.
The ink had completely filled the entire bottom of the ladle within 8 s and reached the
up-snorkel position by 20 s. Compared to the condition with the life gas flow rate of
25 L/min alone (case 1), increasing the side-blowing in the vacuum chamber sidewall will
enhance the rate of ink diffusion, whereas increasing the bottom-blowing at the vacuum
chamber has little effect. Therefore, under the condition of a 25 L/min lifting gas flow rate,
increasing the side-blowing in the vacuum chamber effectively promotes the mixing of the
liquid within the ladle.

3 Time(s) Time(s)
4 4
8 8
12 12
16 16
20 20
(a) (b)
— Time(s) Time(s)
4 4
8 8
12 12
16 16
20 20
() (d)

(c) side-blowing, and (d) bottom-blowing.

Figure 6. Ink visualization results under four working conditions:

(a) 25 L/min, (b) 45 L/min,
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3.1.2. Flow Visualization After Injection of the Ink from the Nozzle at the Sidewall of the
Vacuum Chamber

Due to the complex flow field of ink in the vacuum chamber and the rapid diffusion of
the ink, as described in Section 2.3.1, the injection of the ink into the side blow nozzle and
the bottom blow nozzle with a syringe is performed, respectively. After adding the ink, a
photo was taken at every 0.4 s, and a total of six photos were taken to visualize the flow of
ink within 2 s after entering the vacuum chamber. The photos of different schemes under
the tracer injection at the sidewall nozzle conditions are shown in Figure 7. It is important
to note that the ink is injected at a 45-degree angle on the sidewall of the vacuum chamber.

It diffuses from the up-snorkel to the down-snorkel.

Figure 7. Photos of the sidewall injection of ink at (a) 25 L/min, (b) 25 + side-blowing 20 L/min, and
(c) 45 L/min.

A further schematic diagram is plotted in Figure 8. For the results in Figure 8a, the ink
continues to spread outward and ultimately exits the vacuum chamber through the down-
snorkel. As shown in Figure 8b, following the ink injection, side-blowing significantly
enhances the upward dispersion of the ink while suppressing its downward movement.
This interaction results in a triangular-shaped flow pattern, as the gas introduced from the
sidewall induces a diagonally upward motion of the ink. Consequently, the ink migrates
toward the down-snorkel and exits the vacuum chamber into the ladle. Figure 8c demon-
strates that injecting ink at a 45-degree angle on the chamber’s side with an increased gas
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flow rate (case 2) leads to a rise in fluid velocity and a marked acceleration of ink diffusion.
Compared to a gas flow rate of 25 L/min, the ink moves more rapidly from the sidewall
to the down-snorkel, and the diffusion area is reduced. This reduction indicates a shorter
residence time of the ink within the vacuum chamber.

S e O e S 1
04 04 04

12 12 12
16 16 16
2.0 2.0 20

B A s | —
— — W = e — — - 0 —=
(@) (b) (c)

Figure 8. Visualizations of the ink diffusion in the vacuum chamber after side-blowing, as follows:
(a) 25 L/min, (b) 25 + side-blowing 20 L/min, and (c) 45 L/min.

3.1.3. Flow Visualization After the Injection of Ink from the Nozzle at the Bottom of the
Vacuum Chamber

The photos of different schemes under the tracer injection at the bottom wall nozzle of

the vacuum chamber conditions are shown in Figure 9.

Figure 9. Photos of the bottom wall injection of ink: (a) 25 L/min, (b) 25 + bottom-blowing 20 L/min,
and (c) 45 L/min.

A further schematic diagram is plotted in Figure 10. Figure 10a illustrates the injection
of ink from the bottom of the vacuum chamber. Due to the continuous rise of bubbles in
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the up-snorkel, a pressure differential is created within the vacuum chamber. Upon entry
into the vacuum chamber, the ink first flows toward the up-snorkel side and then moves
simultaneously upward and toward the down-snorkel side, forming a crescent-shaped
flow field structure. Subsequently, the ink continues to diffuse with the flow field and flows
into the ladle through the down-snorkel. As shown in Figure 10b, after implementing the
bottom-blowing at the vacuum chamber and injecting ink simultaneously, it is observed
that the crescent-shaped flow field structure is less pronounced compared to when gas is
blown solely through the up-snorkel. With the introduction of gas from the bottom, the
ink first diffuses upward to the liquid surface and then spreads toward the down-snorkel
direction along the flow field. Finally, the ink exits the vacuum chamber and enters the ladle
through the down-snorkel. Figure 10c demonstrates that an increase in the lifting gas flow
rate accelerates the fluid velocity within the vacuum chamber, resulting in a more complex
flow field structure. When the ink is injected from the bottom of the vacuum chamber, the
diffusion speed of the ink significantly increases, exhibiting an irregular diffusion pattern
within the vacuum chamber.

Time(s)

Time(s)

S —
4 04

(@) (b) (c)

Figure 10. Visualizations of the ink diffusion in the vacuum chamber after bottom-blowing, as follows:
(a) 25 L/min, (b) 25 + bottom-blowing 20 L/min, (c) 45 L/min.

3.2. Circulation Flow Rate

An ultrasonic flowmeter was utilized to measure the circulation flow rate. After the
RH system stabilized, measurements were taken at one-second intervals. Following ten
recordings, the data were averaged. Figure 11 reveals that a lifting gas flow rate of 45 L/min
(case 2) results in the highest circulation flow rate, whereas a flow rate of 25 L /min (case 1)
presents the lowest. Implementing either side-blowing or bottom-blowing in the vacuum
chamber can increase the circulation flow rate, with side-blowing proving more effective
than bottom-blowing. Additionally, a comparison of circulation flow rates shows that
implementing bottom-blowing does not significantly increase this parameter. This result
aligns with the visualization experiment findings.

18

f=2)
T

15.1

=
T

%)
T

11.2

<
T

Circulation flow rate (L/min)

up-leg(25)  up-leg(45) Side Bottom

Injection location

Figure 11. Circulation flow rate.
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3.3. Liquid Level Fluctuation

Figure 12 illustrates the fluctuations within the vacuum chamber under four different
operating conditions, captured by a high-speed camera. When the lifting gas flow rate is
25 L/min (case 1), the liquid level fluctuation of the vacuum chamber is minimal. When
the lifting gas flow rate is 45 L/min (case 2), due to the increase in bubbles, spatter and
fluctuation are increased. It can be seen in Figure 12b that a liquid level fluctuation
always exists from the up-snorkel side to the down-snorkel side, and there is a large
fluctuation at the center of the vacuum chamber. Under this working condition, there will
be a great erosion on the wall of the vacuum chamber. As can be seen from Figure 12c,
after side-blowing is implemented, the lifting gas bubble will deviate from the original
movement path, which will reduce the fluctuation of the liquid level above the up-snorkel
but strengthen the fluctuation of the liquid level in the middle of the vacuum chamber.
Because the direction of side-blowing is the same as the direction of fluid movement,
the fluid velocity and circulation flow rate increase after the side-blowing is increased.
After implementing the bottom-blowing, as shown in Figure 12d, a gas column will be
formed at the bottom center of the vacuum chamber, resulting in a large fluctuation and
accompanied by splashing. However, since the fluctuation generated by this gas column
will spread around, the liquid level fluctuation and fluid flow on the side of the up-snorkel
will be suppressed.

(c)

Figure 12. Liquid level fluctuation in the vacuum chamber: (a) 25 L/min, (b) 45 L/min, (c) side-

blowing, and (d) bottom-blowing.

3.4. Mixing Curves

Figure 13 presents the mixing curves at monitoring points located at the bottom of
the ladle under various operating conditions. As depicted in Figure 13, the conductivity
curves at the ladle bottom exhibit similar trends with all four schemes. Specifically, each
curve initially rises rapidly to reach a peak, then declines, undergoes a secondary response,
and finally stabilizes. For all three monitoring points, the sequence of response times under
the four conditions consistently follows the order that follows: 45 L/min (case 2), bottom-
blowing (case 4), side-blowing (case 3), and 25 L/min (case 1). When either side-blowing
or bottom-blowing are applied, their response times fall between those of 25 L/min and
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45 L/min. Furthermore, the mixing curves for these combined blowing conditions are
closely aligned and have similar variations.

3.0 55
Monitoring point 1 Monitoring point 2
. . 25 L/min = 30 25 L/min
2 a5k —-=--45 L/min = 45 & —-=--45 L/min
E iA - --- Side injection g ol B - --- Side injection
§ sol i «sseeee Bottom injection § : i Bottom injection
el in ORI |
O HY IR &) :
2 15k 5 3 ] 30 |,§'|
N 43 S a5t f
2 iy 2 a0l f1
g (WO S, I O U R g '
o\ -
£ 1 R g 19
A psf i S 1of
! 05} !
00 'I 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

L 0.0
10 20 30 40 50 60 70 80 90 100 110 120 0 10 20 30 40 50 60 70 80 90 100 110 120
Time(s) Time(s)

(a) (b)

Monitoring point 3

25 L/min
=+=-=45 L/min

- - -~ Side injection
--------- Bottom injection

Dimensionless Concentration

0
0 10 20 30 40 50 60 70 80 90 100 110 120
Time(s)

()

Figure 13. Mixing time curves of the monitoring points at the bottom of the ladle. (a) Monitoring
point 1, (b) monitoring point 2, and (¢) monitoring point 3.

Figure 14 presents the mixing curves at monitoring points located at the top of the
ladle under four different operating schemes. For monitoring point 4, the curves under
all four conditions exhibit a trend of gradually increasing from the initial response until
reaching a steady mixing state (parabolic style as described in [38,81]). Although some
conditions show the presence of peaks, these peaks are relatively low and decrease rapidly.
This behavior can be attributed to the greater distance of this monitoring point from the
down-snorkel flow stream, resulting in a weaker diffusion and mixing process. This
inactive or dead zone has been reported by many research papers. As shown in Figure 14b,
when the lifting gas flow rate is set to 45 L/min, the curve of monitoring point 5 responds
with the fastest time. Conversely, at a gas flow rate of 25 L/min, the curve of monitoring
point 5 exhibits the slowest response time. This is due to the increased circulation flow
rate of case 2. However, the implementation of side-blowing and bottom-blowing does
not significantly affect the mixing curves at monitoring point 5. For monitoring point 6,
the mixing curves under all four schemes initially rise to higher peaks before declining
to reach a steady mixing state (sinusoidal style as described in [38,81]). Since monitoring
point 6 is located closer to the down-snorkel, the response time is earlier than that of point 4,
indicating a more robust diffusion and mixing process of the tracer at this location.
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Figure 14. Mixing time curves of the monitoring points at the top of the ladle. (a) Monitoring point 4,
(b) monitoring point 5, and (c) monitoring point 6.

Monitoring points 4, 5, and 6 are all located at the top of the ladle, situated within
the dead zone of the mixing process. The effects of different operating conditions on the
mixing curve of three points are distinguishable but not particularly significant.

Figure 15 presents the mixing curves at monitoring points located at the up-snorkel
under four different operating schemes. As shown in the figure, the overall trend among
all four schemes is similar. Specifically, each mixing curve initially rises to a peak, then
declines, undergoes several fluctuations, and finally reaches a steady mixing state. When
the gas flow rate is set to 45 L/min (case 2), the response time at all the three monitoring
points is the earliest. The mixing curves for the other three conditions are closely aligned,
exhibiting no significant differences.

Figure 16 presents the mixing curves at monitoring points located at the down-snorkel
under four different operating conditions. As illustrated in the figure, the response times
of all four schemes are very similar, and the overall trends exhibit minimal variation.
Specifically, under the gas flow rate of 25 L/min (case 1), the peak values at all three
monitoring points are higher than those observed under the other three conditions. This
indicates that, under this condition, a greater volume of the tracer is entrained when the
fluid flows from the down-snorkel into the ladle, resulting in a relatively weaker mixing
process within the vacuum chamber.
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Figure 15. Mixing time curves of the monitoring points at the up-snorkel. (a) Monitoring point 7,
(b) monitoring point 8, and (c) monitoring point 9.

Figure 17 displays the mixing times at various monitoring points under four different
operating conditions. The figure indicates that the mixing times are generally lower for
the conditions involving 45 L/min (case 2) and side-blowing (case 3), while the case 2
scheme exhibits the fastest circulation flow rate. As the operating conditions vary, the
mixing times at the top and bottom of the ladle are more significantly affected, whereas
those located around the up-snorkel and down-snorkel are less influenced. Increasing
the lifting gas flow rate from 25 to 45 L/min can effectively reduce the mixing time at
the bottom of the ladle, while the implementation of side-blowing efficiently decreases
the mixing time at the down-snorkel. Additionally, the mixing time within the ladle is
dependent on the position of the monitoring points. The implementation of side-blowing
and bottom-blowing can shorten the mixing time to a certain extent, with the effect of
implementing side-blowing being more pronounced than that of implementing bottom-
blowing. However, the effectiveness of side-blowing and bottom-blowing is inferior to
that of a gas flow rate of 45 L/min (case 2). Qi et al. [82] have demonstrated that the area
near the down-snorkel was a dead zone. Monitoring points 10, 11, and 12 are located at the
dead zone. Therefore, under the four working conditions, the mixing times of these points
are similar and minimally affected by changes in the gas flow rate.
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Figure 16. Mixing time curves of the monitoring points at the down-snorkel. (a) Monitoring point 10,

(b) monitoring point 11, and (c) monitoring point 12.
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4. Conclusions

Based on the investigation of the combined blowing process involving gas blowing
at the side or bottom of the vacuum chamber with up-snorkel nozzles, the following
conclusions can be drawn as follows:
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For the flow and tracer dispersion in the normal RH unit, after the ink tracer flows out
from the down-snorkel, it primarily diffuses in two directions. Most of the ink flows
leftward along the bottom of the ladle and continuously moves upward throughout
the entire ladle, while a smaller portion adheres to the right wall of the ladle, this
portion of tracer slowly ascending and diffusing. Implementing side-blowing on
the sidewalls of the vacuum chamber can accelerate the diffusion rate of the ink,
whereas implementing bottom-blowing in the vacuum chamber has little effect on the
diffusion rate.

After implementing side-blowing in the RH vacuum chamber, the ink tracer is in-
fluenced by the side-blowing airflow, forming a triangular flow pattern inside the
vacuum chamber. This flow pattern allows the ink tracer to spread over a greater
distance within the chamber, enhancing its diffusion. After implementing bottom-
blowing in the RH vacuum chamber, the crescent-shaped flow pattern of the ink tracer
is weakened, and the ink tracer rises with the gas column to the liquid surface, then
diffuses outward in all directions.

The novel blowing method enhances the operational efficiency of the RH device,
significantly increasing the circulation flow rate by implementing side-blowing and
bottom-blowing in the vacuum chamber. Compared with the condition of only up-
snorkel blowing at 25 L/min, the implementing of side-blowing and bottom-blowing
with a gas flow rate of 20 L/min resulted in circulation flow rates increasing from
10.3 m3/h to 12.1 m3/h and 11.2 m3/h, respectively.

When the lifting gas flow rate is 45 L/min, splashing and fluctuations are more
severe. After implementing the side-blowing, the lifting gas bubbles deviate from
their original trajectories, resulting in reduced liquid level fluctuations above the
up-snorkel but enhanced liquid level fluctuations in the middle region of the vacuum
chamber. Overall, the fluctuations are reduced after implementing the side-blowing.
After implementing the bottom-blowing, a gas column forms at the center region
of the vacuum chamber bottom, resulting in splashing. However, the fluctuations
generated by this gas column suppress the fluctuations at the up-snorkel region.
Increasing the lifting gas flow rate and implementing side-blowing can significantly
reduce the mixing time at the top and bottom of the ladle. At monitoring points near
the down-snorkel, it was observed that when the lifting gas flow rate is 25 L/min,
the homogenization within the vacuum chamber is the worst, with the highest tracer
concentration coming from the down-snorkel. Monitoring points at the down-snorkel
outlet are obstructed by the snorkels, and the mixing times at these points vary mini-
mally with operating conditions. After implementing bottom-blowing, the mixing
times at monitoring points 3 and 5 significantly decreased, while the mixing times
at the remaining monitoring points showed little difference compared to the con-
dition with a 25 L/min lifting gas flow rate. Overall, the improvement effect of
bottom-blowing on the mixing time is not obvious.

Based on this study, implementing side-blowing to the RH vacuum chamber has more
advantages than implementing bottom-blowing. Adding side-blowing can not only
alleviate splashing but also increase the mixing rate, which shows great industrial
prospects. Further studies are required to optimize the position, height, and number
of nozzles as well as the gas flow rate of the side-blowing, with the aid of water
models, CFD simulations, and industrial experiments.
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