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Abstract: A three-dimensional mathematical model was developed to investigate the effect of gas blowing nozzle angles on multiphase flow,
circulation flow rate, and mixing time during Ruhrstahl-Heraeus (RH) refining process. Also, a water model with a geometric scale of 1:4 from
an industrial RH furnace of 260 t was built up, and measurements were carried out to validate the mathematical model. The results show that,
with a conventional gas blowing nozzle and the total gas flow rate of 40 L-min™', the mixing time predicted by the mathematical model agrees
well with the measured values. The deviations between the model predictions and the measured values are in the range of about 1.3%—7.3% at
the selected three monitoring locations, where the mixing time was defined as the required time when the dimensionless concentration is with-
in 3% deviation from the bath averaged value. In addition, the circulation flow rate was 9 kg-s™. When the gas blowing nozzle was horizont-
ally rotated by either 30° or 45°, the circulation flow rate was found to be increased by about 15% compared to a conventional nozzle, due to
the rotational flow formed in the up-snorkel. Furthermore, the mixing time at the monitoring point 1, 2, and 3 was shortened by around 21.3%,
28.2%, and 12.3%, respectively. With the nozzle angle of 30° and 45°, the averaged residence time of 128 bubbles in liquid was increased by

around 33.3%.

Keywords: Ruhrstahl-Heraeus refining; gas blowing nozzle angle; circulation flow rate; mixing time; multiphase flow

1. Introduction

Ruhrstahl-Heraeus, namely RH furnace, is one of the most
important refining equipment in steel production, mainly
used for some high-quality steel production such as ultra-low
carbon steel, electrical steel, bearing steel, pipeline steel, and
so on. The structure of a RH furnace is shown in Fig. 1. At
present, RH furnace has been developed into multifunctional
refining equipment with decarburization, degassing, desul-
furization, the removal of inclusions, and the adjustment of
steel temperature and compositions.

Mixing time and circulation flow rate are the key charac-
teristics to evaluate the refining efficiency of RH furnace,
which are significantly influenced by steel flow behaviors.
Due to the limitation of the high steel temperature, a direct in-
vestigation on multiphase flow behaviors during a RH refin-
ing process is very difficult. Therefore, numerical simula-
tions have been widely used. Initially, the flow phenomena
during a RH refining were simulated to be simplified into a
single-phase flow [1-6]. Therefore, it cannot properly de-
scribe the multi-phase flow phenomena which happen in a
real RH reactor. Then, the Eulerian-Lagrangian [7] and Eu-
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lerian-Eulerian [8-9] approach were used to simulate the RH
refining process. These two methods can generally depict the
flow phenomena, which is validated by water model experi-
ments. In above studies, the vacuum chamber and the top
surface of the ladle were assumed to be flat, ignoring the ex-
istence of top gas or top slag phase. In order to track the inter-
face behavior, a combined discrete phase model (DPM)—
volume of fluid (VOF) approach was used to simulate the RH
refining process [10—11]. Recently, a new model called the
particle-free surface coupled model was used to investigate
the argon-steel-slag flow in the vacuum chamber [12], where
the size change of gas bubbles was considered. Chen et al.
[13] and Shao et al. [14] established a coupled model of com-
putational fluid dynamics model and population balance
model to simulate the multiphase flow during RH refining
process. Numerical simulations are usually validated either
by water model experiments or by industrial measurements
to show its reliability [6,10].

The circulation flow rate and mixing time of a RH refin-
ing process depend on many variables. Gas blowing nozzle
number is an important factor that affects the circulation flow
rate. Generally, an increased number of gas plumes in the up-
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Fig. 1.

snorkel leads to an increased steel volume influenced by the
injected gas, and an improved decarburization efficiency
[15-17]. However, the circulation flow rate can be decreased
when too many nozzles are used [10]. This is due to that each
nozzle plume coalesces into a large plume. Gas blowing flow
rate is another important factor that affect the circulation flow
rate, which has been extensively studied [10,15,18-20]. It
was found that the circulation flow rate can be improved by
an increased gas flow rate until a ‘saturated level’ was
reached. In addition, a lower vacuum chamber pressure can
obtain a larger circulation flow rate [21-24]. However, the
increase in the gas blowing flow rate is supposed to be more
efficient than a low vacuum degree [25]. The multi-leg
design and an oval or arched shape of the snorkel cross sec-
tion was found to be effective to enhance the circulation flow
rate [26-30]. Also, a ladle bottom gas injection can shorten
the mixing time and improve the refining efficiency [31-34].
However, an excessive gas flow rate can lead to the forma-
tion of a slag eye in the ladle and the accelerate erosion on the
up-snorkel [35-36].

The circulation flow in a RH system was driven by the gas
injection, resulting from the effect of gravity and buoyancy
force. The velocities of both liquid and gas in the up-snorkel
are mainly in the vertical direction. An additional horizontal
velocity may help to improve the mixing of the liquid during
passing by the up-snorkel. Li ef al. [37] investigated the rota-
tional flow phenomena generated by using a mechanical stir-
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method was used to produce a rotational flow in the up-
snorkel [38—39]. The results showed that a large circulation
flow rate can be obtained with the effect of swirling flow. Qi
et al. [40] found that the generation of a rotational flow can
increase the residence time of bubbles. In addition, Wang
et al. [41] applied a forward-reverse rotational electromag-
netic field to suppress the central vortex formation and to en-
hance the bubble refinement.

In this work, a new method to produce a rotational flow in
the up-snorkel was investigated and it could realize by simply
changing the gas blowing nozzle direction. Both water mod-
el experiments and numerical simulations were carried out to
investigate the multiphase flow behavior in the new design.
The effect of the gas blowing nozzle angle on the multiphase
flow, mixing time, and circulation flow rate were investig-
ated.

2. Water model experiment

A water model with a geometric scale of 1:4 from a 260 t
industrial RH furnace was built up. The dimensions of the
water model are given in Table 1. Both the water model and
the prototype have 16 nozzles, where 8 nozzles are uni-
formly distributed on the circumference of an up-snorkel
cross section. The specific layout of the nozzles is shown in
Fig. 2. The snorkels are immersed 110 mm beneath the free
surface in ladle. The similarity of the two systems was guar-
anteed by the same value of Froude number in Egs. (1) and
(2). The gas flow rate in the water model can be obtained by
using Eq. (3) [43], with the value of 40 L-min™". The pressure
in the vacuum chamber is around 97.7 kPa.

The tracer addition position and the monitoring points in
the water model are shown in Fig. 3. The stimulus-response
approach was used to measure the mixing time in the bath.
When the flow in the whole system is fully developed (about
270 s after the start of the gas blowing), 200 mL NaCl satur-
ated solution was poured into the vacuum chamber as the
tracer. Then, the changes of the electrical conductivity with
time at different locations were measured to determine the
bath mixing time.

ring impeller inside the up-snorkel. Water model experi- 2
. . . i . PgVs
ments showed that this technique can increase the circulation Fr= 7 ()
flow rate by about 25%. In addition, electromagnetic stirring 8 ('0 =P g)
Table 1. Parameters of water model geometry and fluid physical properties
Height Diameter Diameter Liquid Diameter Length Distance
ofladle/  ofladle top / of ladle level of of snorkel / of snorkel / between
mm mm bottom / mm ladle / mm mm mm snorkel / mm
1035 978 929 800 180 412.5 394.5
Diameter Number Diameter Lower layer nozzle  Distance between . Viscosity
of vacuum of of nozzles / height from the bottom two rows of Dens(11t(y prflgv)ater / of water /
chamber /mm  nozzles mm of snorkel / mm nozzles / mm g (107 Pa's)
574.5 16 2 50 50 1000 1.003
Density of Viscosity Density of the Molar concentration  Interfacial tension
air / (kg'm®) of air / saturated NaCl solution/  of the saturated NaCl of water and
(107 Pa-s) (kg'm™) [42] solution / (mol-L™") [42] air / (N-m™)
1.225 1.79 1197.2 5.326 0.07197
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Fig. 2. Top view of nozzle arrangements (a) conventional
nozzle and (b) rotated nozzle.
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Fig. 3. Locations of monitor points, tracer addition, and dif-
ferent cross sections.
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where Fr is the Froude number; p, is gas density, kg~m’3; o118
liquid density, kg-m; g is the gravitational acceleration rate,
m-s?; L is a feature length, m; v, i gas velocity, m-s'; Ais
the geometric similarity ratio; Q is gas flow rate, m*s™; P is
gas pressure, Pa; T is temperature, K; the subscript m and p
represents the water model and prototype, respectively.

3. Mathematical model description
3.1. Model assumptions

The mathematical model was built up based on the fol-
lowing assumptions: (1) Water and air are incompressible
Newtonian fluids. (2) The heat and mass transfer between the
gas and liquid phases were not considered, and the two-phase
flow was assumed to be an isothermal flow. (3) Both the top
slag in the ladle and the gas phase in the vacuum chamber
were not considered. The liquid surface at the top of both the
ladle and the vacuum chamber were assumed to be flat. (4)
The gas bubble shape was assumed to be spherical, and their
expansion, coalescence and breaking up were not considered.
(5) A two-way coupling between water and air bubbles was
used.

Int. J. Miner. Metall. Mater., Vol. 30, No. 5, May 2023

3.2. Governing equations

The liquid flow field was obtained by solving the continu-
ity equation, momentum equation, and turbulence model
equations, as follows [44]:

Continuity equation

92049 (puy =0 @)
ot

Momentum equation
0 (’89;”) +V - () = ~VP+V [ (Ve + (V) )|+ F+pig

(%)
where u is liquid velocity, m-s™; u.y is effective viscosity,
Pa-s, which is the sum of laminar viscosity (y;) and turbu-
lence viscosity (u); F is the momentum transfer term exer-
ted by the discrete phase, N-m™; g is the gravitational accel-
eration rate, m-s ~.

Turbulent properties of the flow field were solved by us-
ing standard k—e turbulence model. The turbulence viscosity
is related to the turbulent kinetic energy k (m*s™) and the
dissipation rate & (m?-s™) as follows [44]:

k2

w=pCy . (6)
where & and & can be obtained by solving the following equa-
tions [44]:

0k Hi
p1—+p1u~Vk=V~ M+ — Vk +Pk—p18 (7)

ot Ok

de 7 £ g
Plaﬂ’lwvs:v' m+—|Ve +Cslsz_C52p17 (®

where C,, C,, Cy, 0%, and o, are the constants in the turbu-
lence model, with the value of 0.09, 1.44, 1.92, 1.0, and 1.3,
respectively [44—45]. The production rate of turbulence kin-
etic energy P; is expressed as follows [44]:

Py = | Va: (Vu + (V) )| )

3.3. Discrete phase model

Air gas is injected into the liquid through the nozzles. The
movement of air bubbles can be obtained by solving the fol-
lowing equation [46]:

de
dr
where x,, is the bubble position and v, is the bubble velocity.
The velocity of air bubbles can be computed by the follow-
ing equation:

:Vb (10)

% 27:)]) +?L "r?\/M "r?]) +7:>G +?B (11)
where my, is the mass of bubbles, 77)[) is the drag force, ?L is
the lift force, ?VM is the virtual mass force, F)p is the pressure
gradient force, Fg and 77)3 are the gravity and buoyancy
force, respectively. These forces are usually considered to in-
vestigate the circulation flow rate and mixing time in a RH
refining process [10,47].
3.3.1. Drag force

The drag force plays a decisive role in the momentum
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transfer between the gas and liquid phase. It can be ex-

pressed by the following equation [46]:

7y = my, (U —vy) (12)
Tb

where 7, is the particle relaxation time, which can be calcu-

lated by the following equation [46]:

2
= b (13)
3/11CDR€b
where d, is bubble diameter, Re, is the Reynolds number of
air bubbles, Cp is the drag coefficient, where Schiller and
Naumann’s [48] drag law was used to calculate this value as
follows:

24 0.687
CF{ R—eb(lJro.lsReb ) Re, <1000 (14)
0.44 Rey > 1000
u—vy|d
Rebzpll ol dy (15)
H

The bubble diameter was calculated through the empirical
formula derived by Sano et al. [49] as follows:

0.5
) v (16)

where o, is the surface tension between air and water, N-m';
vy 18 the initial bubble velocity at the entrance which can be
calculated by the following equation:

Tyl
d, = 0.091(—
P

= 17
Yoo Anozzle ( )

where A4, is the total area of all the blowing nozzles, m®.
3.3.2. Lift force

The Saffman lift force can be expressed by the following
equation [46]:

Fl = 6.4672L, 4 /,Lqpl |”|;v|"| (18)

where r, is the radius of the bubble, m; L, is relative velocity
gradient, which is computed by the following equation [46]:
Ly = @—vp)X[VX(u=-wy)] (19)
3.3.3. Virtual mass force

The virtual mass force is proportional to the relative accel-
eration of the discrete phase, which can be calculated by the
following equation [46]:

- dipyd(u—vy)
MT
3.3.4. Pressure gradient force
The pressure gradient force can be expressed by the fol-
lowing equation [46]:
T 802
6 ot
3.3.5. Gravity and buoyancy force
The gravity and buoyancy forces are given by the follow-
ing equation [46]:

(Pg —,01>

Py

(20)

+u~Vu) 2D

- =
FG+FB:mbg

(22)

3.4. Turbulent dispersion model

In order to consider the effect of turbulent fluctuations on
bubble motion, the DRW (Discrete random walk) model was
used. The instantaneous velocity can be expressed by the fol-
lowing equation:
u=u+u (23)
where # is the averaged velocity of the continuous phase, i is
velocity fluctuation component, which is expressed as fol-
lows:

i = 4\@ (24)

where  is a zero mean, which has a unit variance and nor-
mally distributed random number.

3.5. Tracer transport

Tracer transport was solved by using the following equa-
tion [44]:

% +VXC)=VX[DiVC] (25)

where C is tracer concentration; Dy is effective diffusion
coefficient, m*s™!, which is the sum of molecule diffusion
coefficient (D,) and turbulent diffusion coefficient (D,). D,
value is 0.551 x 10 m?>'s™' for NaCl solution at 25°C [50].
D, can be expressed as the following equation:

Mt

D= 26
= oS (26)

where Sc, is the turbulent Schmidt number, which is equal to
1 in this study.

3.6. Boundary condition and initial condition

A constant velocity was used as the inlet condition for gas
blowing. The vacuum chamber pressure is fixed at 97.7 kPa.
A non-slip wall boundary condition was used. A reflect
boundary condition was used for bubbles once they touch a
wall, and they escaped from the calculation domain after they
pass by the liquid surface in the vacuum chamber. It was con-
sidered to be a fully developed flow at 270 s after gas blow-
ing, which can be seen from the velocity changes at monitor-
ing positions in Fig. 4. Then, 200 mL tracer was released at
the same location as that in water model experiment to in-
vestigate its transport and the bath mixing behavior.

3.7. Numerical procedure

The numerical model was solved by the commercial soft-
ware COMSOL Multiphysics 5.6. The mesh with 550,000
grid number was used, as shown in Fig. 5. A fine grid with
the size of 1 mm was used at the gas blowing inlet area. The
separated constant (Newton) nonlinear method in COMSOL
Multiphysics was used to treat non-linear equations. The
backward difference formula was firstly used to deal with the
convection term. Then, the generalized-alpha method was
further used to obtain the final solution. These two methods
are all second order scheme. The initial time step was set to
0.0001 s, and the maximum step size was 0.02 s. The conver-
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Fig. 4. Predicted velocity changes at monitoring points for different nozzle angles: (a) 0°; (b) 30°; (c) 45°.

Fig.5. Grid configuration of the RH model.

gence criteria were as follows: the residuals of all dependent
variables were smaller than 1 x 107

4. Results and discussion
4.1. Model validation

Experimental measurements and numerical simulation
were carried out to investigate the mixing time in the RH wa-
ter model with a conventional nozzle. The mixing time meas-
urements were repeated 10 times to obtain the mean value.
Fig. 6 shows the comparison between the model predictions
and the measured values. It can be seen from that the devi-
ations at point 1, 2, and 3 were 7.3%, 1.3%, and 7.3%, re-
spectively. Here, the mixing time was defined as the time
when a dimensionless concentration was within 3% devi-
ation from the averaged value. With a 5% deviation standard,
the mixing time deviations at point 1, 2, and 3 were 15.3%,
4.0%, and 3.1%, respectively. Therefore, the model can gen-
erally catch the mixing behavior inside the bath. In the fol-
lowing, the 3% deviation criterion was used to evaluate the
bath mixing time.

4.2. Effect of rotated gas blowing nozzle on RH mul-
tiphase flow

4.2.1. Mixing time and circulation flow rate

Fig. 7 shows the mixing times at point 1, 2, and 3 under
different nozzle blowing angles. It can be seen from that the
mixing time at each monitoring point was decreased after
either 30° or 45° rotated nozzle. Specifically, when the
nozzle rotated from a conventional 0° to 30°, the mixing time
at monitoring point 1, 2, and 3 was shortened by 16.2, 24.7,
and 9.3 s, respectively, which corresponds to a decrease of
21.3%, 28.2%, and 12.3%. Therefore, a rotated nozzle can
effectively reduce the mixing time. With the nozzle angle

changed from 30° to 45°, the mixing time change is very
small, as shown in Fig. 7(d).

In order to have a good observation on the mass transfer
behavior induced by different nozzle angles, tracer was ad-
ded at the lower part of the up-snorkel (Z = 690 mm cross
section as shown in Fig. 3). Fig. 8 shows the variation of
tracer concentration with time in the snorkels and the vacu-
um chamber under different nozzle angles. Compared to a
conventional nozzle angle with 0°, the high tracer concentra-
tion region seems to move faster towards the down-snorkel
when both 30° and 40° rotated nozzles were used. Further-
more, the tracer concentration is more uniform on the cross
section of the up-snorkel.

The mixing time and the refining efficiency are related to
the circulation flow rate, which can be calculated by using the
following equation:

R= P11 X IA I/tidAi (27)

where R is the circulation flow rate, kg-s™'; u; is the velocity
perpendicular to the snorkel cross section, m's™; 4, is each
grid area on the cross section, m* A4, is the cross-section
area, m’.

The cross-section of the down-snorkel, located at 700 mm
above the bottom of the ladle as shown in Fig. 3, was selec-
ted to calculate the circulation flow rate. Fig. 9 shows the cal-
culated values of the circulation flow rate under different
nozzle angles. It can be seen that the circulation flow rate in-
creases from 9 to 10.3 kg-s ™' when the nozzle angle increases
from 0° to 30°. With a further increase to 45°, the circulation
flow rate increases by only 0.1 kg-s™'. Therefore, the rotated
nozzle injection can increase the circulation flow rate during
RH refining. This also explains the faster movement of the
high tracer concentration region in the vacuum chamber as
shown in Fig. 8.

4.2.2. Flow phenomena in RH furnace

In order to better understand the reason for a high circula-
tion flow rate and a low mixing time, flow phenomena under
different nozzle conditions were studied. Fig. 10 shows the
streamline of the liquid flow under different nozzle angles. It
can be seen that the vertical movement of liquid was ob-
served when a conventional nozzle was used, while a rota-
tional movement was found for both 30° and 45°. This means
that the gas momentum provides the force to produce a rota-
tional liquid flow in the up-snorkel. Due to the symmetrical
setup of the conventional nozzles, such phenomena were not
produced. Fig. 11 shows the velocity distribution on the ver-
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time at different points and nozzle angles.

tical middle plane of the whole system. As can be seen, the li-
quid flow velocity in the up-snorkel significantly increased
and the velocity distribution became more uniform when 30°
and 45° rotated nozzle were used. With a conventional 0°, the
gas moves upwards along the wall of the up-snorkel. There-
fore, its influence region on liquid is relatively smaller. In ad-
dition, with both 30° and 45° rotated nozzle, the liquid velo-
city in the down-snorkel was also increased. This can also ex-
plain the obtained high circulation flow rate in Fig. 9.

To describe the bubble behavior in the RH system intuit-
ively, Fig. 12 shows the trajectories and residence time of the
bubbles under different nozzle angles. When the nozzle is not
rotated, air bubbles move vertically into the vacuum cham-
ber; when the nozzle was rotated, gas bubbles obtain a rota-
tional movement and move upwards under the action of
buoyancy effect. This can be clearly seen from Fig. 12(b) and
(c). Under the effect of the considered force in Eq. (11), the
spirally rising bubbles lead to the molten steel generating a
rotational flow as shown in Fig. 10. In addition, the rotation-
al flow makes bubbles moving towards the up-snorkel center.
The average residence time of bubbles can be calculated us-
ing the following equation:

i=ny
E I,
i=1

Iy = — (28)

ny

where £,; is the residence time of a bubble, £, is the average
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residence time of bubbles, and n, is the number of bubbles
(with the value of 128 in this work). The average residence
time is about 0.6 s in the conventional case. When the nozzle
rotates 30° and 45°, the average residence time can reach
around 0.8 s. In addition, the bubble trajectory length in-
creases in the rotated nozzle cases. These should be benefi-
cial for the refining process that happens at the bubble/steel
interface.

In order to clearly understand the flow characteristics in
the up-snorkel, Fig. 13 shows the velocity distribution on dif-
ferent cross sections of the up-snorkel under different nozzle
angles. For the conventional nozzle case (Fig. 13(a)), the high
velocity region was located at the near wall region, and the
velocity is very small with the value of about 0.1 m-s™ in the
center region. After the nozzle is horizontally rotated, the flu-
id in the up-snorkel has formed a good rotational flow. The
tangential velocity distribution and its magnitude under dif-
ferent nozzle angles are similar. At the near wall region, the
tangential velocity can reach 0.5 m-s™ as shown in Fig. 13
(d)(f). For the vertical velocity, it can be seen from Fig.
13(g)—(i) that a low velocity region was located at the snorkel
center when a conventional nozzle was used. The velocity
characteristics on the cross section at a top location can be
found from Fig. 13(j)—~(r). Generally, it can be seen that a
high velocity region is still located at the near wall region for
the conventional nozzle case, while it moves towards the
snorkel center for rotated nozzle cases. The tangential velo-
city in Fig. 13(n)~(0) becomes more uniform compared to
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that of Fig. 13(e)—(f). For the vertical velocity, the near wall
region shows a low value in Fig. 13(p)—(r) compared to that
of Fig. 13(g)—(1). This is attributed to the gas plume moving
towards the center region during it passing through the up-
snorkel. Therefore, the rotated nozzle design significantly
changed the flow behavior in the up-snorkel.

Fig. 14 shows the distributions of the velocity and turbu-
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Movement of the high tracer concentration region in the snorkels and vacuum chamber for different nozzle angles and

lent kinetic energy on the cross section of the vacuum cham-
ber. It can be seen from Fig. 14(a)—(c) that a symmetrical dis-
tribution along the Line 1 was observed for the conventional
nozzle case. However, the velocity did not show a symmet-
rical distribution for the rotated nozzle cases. This is due to
the rotational direction of the flow in the up-snorkel. Fig. 14
(d)—(f) shows the turbulent kinetic energy distribution on the
cross section. Among the three cases, the highest turbulent
kinetic energy was obtained when a conventional nozzle was
used. With a rotated nozzle angle, a general uniform total tur-
bulent kinetic energy distribution can be obtained, and the
high turbulent kinetic energy region enlarged as shown in
Fig. 14(d)—(f).

Fig. 15 shows the velocity distribution on different cross
sections of the ladle under different nozzle angles. With a
conventional nozzle, the velocity distribution on the ladle
cross section shows a symmetrical distribution along the ho-
rizontal central line as shown in Fig. 15. However, the distri-
bution is no longer symmetrical in the rotated nozzle cases.
Due to the rotational flow in the up-snorkel, the velocity in
the vacuum chamber was changed, as shown Fig. 14(a)—(c).
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This directly affects the flow behavior inside the down-
snorkel and ladle. In addition, the velocity inside the ladle
was large when a rotated nozzle angle was used. This is espe-
cially true for the near-wall region, and the velocity can reach
0.24 m's™ on the cross section of Z = 200 mm, with an in-
crease of 20%.

Fig. 16 shows the predicted turbulent kinetic energy distri-
bution on the Z =400 mm plane of the ladle under different
nozzle angles. With the rotated nozzles, a larger turbulent
kinetic energy was found in the ladle, the maximum mag-
nitude increased from 0.008 (conventional case) to 0.011
m*s? (rotated case) compared to the conventional nozzle
case, resulting in a more efficient mixing inside the ladle as
well as a reduced mixing time as predicted previously.

5. Conclusions
Water model experiment and numerical simulation were

carried out to investigate the effect of gas blowing nozzle
angle on the mixing time, circulation flow rate, and fluid flow

during RH refining process. The following conclusions were
obtained:

(1) The numerical model predictions generally agree well
with the measured values, which illustrates its reliability to
describe the multiphase flow process in RH refining.

(2) With a rotated nozzle angle of 30° and 45°, the circula-
tion flow rate increased by 14.4% and 15.6%, respectively,
compared to a conventional nozzle. Furthermore, the mixing
time at monitoring point 1, 2, and 3 were shortened by
21.3%, 28.2%, and 12.3%, respectively.

(3) When 30° and 45° rotated nozzles were used, a rota-
tional movement of liquid was obtained. The liquid flow ve-
locity in the snorkel was significantly increased and the velo-
city distribution is more uniform in the up-snorkel. The velo-
city inside the ladle increased especially at the near-wall re-
gion.

(4) The residence time of bubbles was increased by a ro-
tated gas blowing nozzle, which was extended by around
33.3% for the nozzle angle of both 30° and 45° of 128
bubbles.
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