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Due to the ever-increasing importance of the top-submerged lance (TSL)
process in metal recycling and slag valorization, considerable effort have been
devoted to studying TSL flow characteristics. In this work, the bubble for-
mation and surface sloshing in a TSL flow with a viscous liquid are numeri-
cally investigated by the volume-of-fluid model coupled with large eddy
simulation approach. First, the numerical model is validated by high-resolu-
tion particle imaging velocimetry (HR-PIV) experiments in both qualitative
and quantitative manners. After that, the numerical model is adopted to
determine the bubbling frequencies at various operational conditions. The
results show that the bubbling frequency decreases with increasing gas flow
rate, and it slightly depends on the lance submergence depth. Besides, a
dimensionless correlation is proposed considering inertial force, viscous force
and surface tension. Similar correlations are achieved for the present work
and the experimental work from the literature. The agreement highlights the
ability of the proposed correlation to evaluate bubbling frequency obtained at
diverse conditions. In addition, the influences of gas flow rate and lance sub-
mergence depth on surface sloshing behavior are clarified. This fundamental
work gives insights into the TSL flow physics, the understanding of which can
aid in TSL process control and optimization.

INTRODUCTION

Top-submerged gas injection technology is gain-
ing great popularity in processing different kinds of
secondary resources, e.g., recycling precious metals
from waste electric and electronic equipment
(WEEE),1,2 extracting nonferrous metals from
waste metallurgical slags or residues,3–6 and val-
orizing metallurgical slags towards high-added
value construct products.7–10 Due to the high flex-
ibility and high recovery rate of top-submerged
lance (TSL) technology such as Ausmelt and Isas-
melt technology, it has been categorized as one of
the best available techniques (BAT).11 The increas-
ing importance of TSL technology in practice
attracts considerable efforts from both the

industrial and academic communities to investigate
the flow characteristics in a reactor bath, e.g., the
bubble behavior and surface sloshing, which have
crucial influences on process control and optimiza-
tion. However, due to the difficulties of high-tem-
perature experiments (e.g., opacity of a TSL reactor,
hazardous operating environment, lack of measur-
ing techniques at high temperature), two
approaches, i.e., low temperature physical model-
ing12,13 and numerical simulation,14–16 are usually
adopted to study the gas–liquid two-phase flow
physics in the TSL bath.

Considering the correlation between bubble for-
mation and pressure fluctuation in lance, Gosset
et al.12 experimentally investigated the effects of
gas flow rate and lance submergence depth on the
bubbling frequency by monitoring pressure signals
at the top of the lance in a helium/air–water system.
It was found that the bubbling frequency remains(Received June 3, 2022; accepted September 19, 2022;
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almost constant with the helium gas flow rate< 1.5
L/s, increases to a local maximum at 3.5 L/s, and
then decreases as the helium gas flow rate continues
increasing. The obtained bubbling frequency ranged
between 6 to 12 Hz, which was consistent with the
findings by Neven.17 It was also noticed that the
bubbly frequency slightly increases with decreasing
lance submergence depth. This was explained by
the interaction between bath surface motion and
gas bubble, which resulted in a premature detach-
ment of gas bubbles and thus a higher bubbling
frequency. Moreover, to quantify the bubbling fre-
quency at various operational conditions, Gosset
et al. proposed a dimensionless correlation between
the Strouhal number (St) and the ratio of the Weber
number to the Bond number (We/Bo), as seen in
St = 0.00126(We/Bo)�0.61. Akashi et al.13 experi-
mentally studied the bubble formation by using x-
ray radiography and high-speed imaging in a argon-
liquid metal system. They found that the bubbling
frequency slightly decreases with increasing gas
flow rate at the middle and top lance position, while
the bubbling frequency exhibits small variation
with gas flow rate at the bottom lance position. As
the lance submergence depth increases, the bub-
bling frequency linearly increases. This is inconsis-
tent with the finding by Gosset et al. as described
above. In addition, a similar dimensionless correla-
tion was obtained by Akashi et al. with deviation in
the pre-exponential factor and exponent. The devi-
ation is considered to be caused by the differences in
material properties, especially the surface tension.
Besides, the confinement effect generated by the
quasi-2D vessel can also have a large impact on the
bubble formation. Recently, Kandalam et al.18 per-
formed acoustic and lance motion measurements to
study bubbly dynamics in an air–water system. By
processing the acoustic signals and the data
obtained by a motion sensor, the bubble collapse
frequency and bubble detachment frequency were
determined respectively. These techniques are
expected to be successfully applied into industrial
case. The aforementioned work focuses on the
bubble formation in a less viscous liquid such as
water and liquid metal. It may be misleading to
apply the results to optimizing the industrial pro-
cesses with viscous liquids such as the metal-
containing metallurgical slags or residues. To over-
come this issue, studies were performed on gas-
viscous liquid systems, e.g., air-paraffin oil sys-
tem,14 air-glycerol system,19 and air-molten slag
system.20,21 However, the bubbling frequency in
these studies was reported at a given operating
condition, and no detailed parametric study was
included to evaluate the influences of operational
parameters (e.g., gas flow rate, lance submergence
depth) on the bubble formation. Bubble frequency
ranging from 2.5 Hz to 20 Hz was measured by
processing the pressure signals or the gas volume
fraction. With limited data of bubble frequency and
large differences in material properties (e.g.,

density, viscosity, surface tension) from the few
studies, it is difficult to understand the bubble
formation behavior in viscous liquids.

Regarding to the bath sloshing behavior in TSL
flows, only few studies have been performed.15,16,20–

22 Liow et al.22 experimentally investigated the
sloshing behavior of a TSL flow in an air–water
system. It was observed that the amplitude of the
sloshing wave initially increases with the lance
submergence depth and then decreases after reach-
ing a maximum. The amplitude of the sloshing wave
monotonically increased with increasing gas flow
rate to a maximum and then drops to an almost
constant value. In addition, the sloshing wave sud-
denly disappeared at a flow rate of 1.5 L/s. The
disappearance of sloshing wave was also noted in a
water modeling of the Pierce-Smith converter.23

Wang et al.20 numerically investigated the surface
sloshing in a gas-molten slag system. By tracking and
processing the volume fraction of gas/liquid phase, it
was found that the amplitude of the sloshing wave
increases with increasing lance submergence depth,
whereas the wave frequency remains constant.
Applying the same numerical method into a gas–
liquid metal system, Obiso et al.15 found an oscilla-
tory sloshing wave with a frequency of 2 Hz present
at the top lance position and no sloshing wave at the
bottom lance position. This finding indicated that the
presence of a sloshing wave depends on the lance
submerged depth. Subsequently, Obiso et al.16 stud-
ied the sloshing behavior of this gas–liquid metal
system in a 3D cylindrical vessel. It was revealed the
rotational sloshing is maintained by the synchronism
between gas bubbles and bath surface. Through
specific post-processing of the simulation results,
this synchronism phenomenon can be vividly
observed. Moreover, they also investigated the slosh-
ing behavior of a slag bath in a pilot-scale TSL
furnace.21 The wave frequencies were 1.217 Hz and
1.199 Hz for a non-swirling configuration and a
swirling configuration, which were approximately
equal to half of the bubbling frequencies. The
obtained results agreed with the experimental data
measured by Player for an industrial Isasmelt pro-
cess.24 The mentioned studies by Obiso et al. help to
understand TSL flow phenomena in detail, which can
aid in the overall optimization of TSL flow. In
addition, Huda et al.25 studied zinc fuming behavior
by CFD modeling. It was found that the fuming rate
increases when the lance submergence depth
increases. It was explained that increasing lance
submergence depth leads to a noteworthy increment
in sloshing and splash generation. However, no
quantitative description was shown on surface slosh-
ing. The effect of surface sloshing behavior on
chemical reactions in practical case needs to be
investigated in future work.

Even though a number of studies have been
performed on bubble formation and surface sloshing
in TSL flows, two aspects still need to be addressed:
(1) To better represent the flow characteristics of
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industrial TSL process, more studies on bubble
formation and sloshing behavior in viscous liquids
are necessary, especially a study focusing on the
effects of different operating conditions. (2) A com-
parison study is necessary to clarify the effects of
viscosity and surface tension. In this work, a
numerical approach, i.e., volume-of-fluid (VOF)
model coupled with large eddy simulation (LES), is
adopted to study the key features, namely, bubble
formation and surface sloshing behavior in a viscous
liquid. Compared to the less viscous liquids such as
water and liquid metal frequently used in previous
studies, a detailed study on the viscous liquid can
provide a better understanding of the practical TSL
flows involving viscous slags and residues.

EXPERIMENTAL AND NUMERICAL
METHODOLOGY

Experimental Setup

To validate the numerical model used in this
work, high-resolution particle imaging velocimetry
(HR-PIV) experiments are conducted in an air-
paraffin oil two-phase system. Air and paraffin oil
are used to simulate the gas and viscous slag phase
in the slag valorization and metal recycling process.
The HR-PIV experimental setup is given in Fig. 1.
The vessel has dimensions of 0.135 m 9 0.135 m 9
0.195 m. The outer and inner diameters of the

lance are 0.008 m and 0.005 m. The geometrical
information and materials properties are listed in
Table S1 (see Supplementary Material). Consider-
ing the maximal pixel displacement, the relative
error of the instantaneous velocity measured by the
PIV experiment is < 2%. The sampling error on the
mean velocity is estimated to be< 2% based on the
sampling size of 1024. Therefore, the total relative
error is< 5%. The detailed experimental procedures
can be found in the work of Wang et al.14 and
Vanierschot et al.;26 therefore, it will not be
repeated here. It is worth mentioning that a square
vessel was used in the PIV experiments for the
convenience of data collection. This is different with
practical cases where circular vessels are usually
used as reactors. The difference associated with

vessel shape is likely to cause deviation of flow
pattern from industrial cases. In addition, the effect
of the vessel shape on bubbling frequency and
surface sloshing wave has not been clarified. This
needs to be further studied in future. For the
measured zone in Fig. 1b, it was chosen to avoid
the interference from rising gas bubbles, which can
severely deteriorate the fidelity of the experimental
data.

Numerical Approach

The numerical simulations are performed with
the commercial software package ANSYS FLUENT
2021R1. The VOF model is used to simulate the two-
phase flow, given that the advanced interface-
tracking algorithm, i.e., geometric reconstruction
scheme developed by Youngs,27 is incorporated in
this model, which makes it perfectly suitable to
resolve the bubble formation and wave propagation
behavior. In the VOF model variables are shared
with all phases. Therefore, only one set of the mass
and momentum conservation equations is solved in
Eqs. 1 and 2. The surface tension force, as a source
term in the momentum conservation equation, is
simulated based on the continuum surface force
(CSF) model developed by Brackbill et al.28 The LES
model is used to resolve the turbulence in the TSL
flow. Among various sub-grid scale (SGS) models in
LES, the Dynamic Smagorinsky-Lilly (DSL) model
is adopted to compute the eddy viscosity, during
which the model constant can be dynamically
determined instead of a priori constant value.29,30

With this merit the DSL model is expected to be
more accurate in predicting the turbulent quanti-
ties. The operational parameters for all simulations
are displayed in Table I. The dimensionless num-
bers, i.e., the modified Froude number, Frm, the
Reynolds number, Re, the Bond number, Bo, and
the Weber number, We, are calculated to describe
the TSL flow, as seen in Eqs. 3–6.

@

@t
qað Þ þ r � qa~uð Þ ¼ 0 ð1Þ

@

@t
q~uð Þ þ r � q~u~uð Þ ¼ �rpþr �~sþ q~gþ ~Fcsf ð2Þ

where q is density, kg/m3; a is phase volume
fraction; u is velocity, m/s; p is pressure, Pa; s is
stress tensor, N/m2; g is the gravitational acceler-
ation, m/s2; Fcsf is surface tension force, N/m2.

Frm ¼
qgu

2
g

ql � qg

� �
gdin

ð3Þ

Re ¼
qgugdin

lg

ð4Þ
Fig. 1. (a) HR-PIV setup and (b) PIV measured zone
0.058 m 9 0.058 m: A (� 0.065, 0, 0.164); B (� 0.007, 0, 0.164);
C (� 0.007, 0, 0.106); D (� 0.065, 0, 0.106).
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Bo ¼
ql � qg

� �
gd2

in

r
ð5Þ

We ¼
qgdinu

2
g

r
ð6Þ

where din is the inner diameter of lance, m; l is
viscosity, kg/(m s); r is surface tension, N/m;
subscripts, i.e., g and l, indicate the gas and liquid
phase.

Numerical Setup

Structured meshes are generated by using ICEM
software. Based on the grid independence study in
our previous work,14 grid number of approximately
350,000 is sufficient for the simulation, resulting in
a range of 0.3–4.0 mm for the grid size. The velocity
inlet and pressure outlet are used as the boundary
condition in the simulations. The Semi-Implicit
Method for Pressure-Linked Equations-Consistent
(SIMPLEC) scheme31 is adopted to solve the veloc-
ity–pressure coupling equation. The PREssure
STaggering Option (PRESTO!) and bounded central
differencing schemes are used to discretize the
pressure and momentum equations. In the simula-
tions, the convergence criterion is set as 1 9 10–6,
and the residual of the continuity equation drops at
least three orders of magnitude before meeting the
convergence criterion. For all simulations, the max-
imum Courant number is kept below 1.0, leading to
the time step in the order of magnitude of 10–5 s.

RESULTS AND DISCUSSION

Model Validation

To obtain high-fidelity data from the simulations,
the numerical model is validated by the HR-PIV
experimental data. As noted in Table I, two cases,
i.e., L44FLR350 and L88FLR350, are used for the
validation. Figure 2 shows the flow patterns
obtained from the PIV experiments and simula-
tions. It can be found that numerical results

qualitatively agree with the experimental data, as
the main recirculation and the velocity gradient
from the near lance region to the near wall region
are captured in both cases. As two main flow
features in this TSL flow, the recirculation and the
velocity gradient are caused by the rising gas
bubbles, which drive the viscous liquid to move in
this pattern. Figure 3 presents the experimental
and numerical velocity fields, where a large velocity
region near the submerged lance is predicted by the
simulation. The numerical velocity is dissipated
from the bubbly zone to the near wall region,
generating a large velocity gradient, which is con-
sistent with the experimental observation. How-
ever, a large discrepancy in the maximum velocity
magnitude is also noticed. Approximately 0.67 m/s
of the velocity magnitude is obtained in the simu-
lation of L44FLR350 case (see Fig. 3b), while
around 0.27 m/s is measured in PIV experiment
(see Fig. 3a). For the L88FLR350 case, approxi-
mately 0.52 m/s of the velocity magnitude is
obtained (see Fig. 3e), while around 0.33 m/s in
experiment (see Fig. 3d). The discrepancy is mainly
due to the numerical procedure in VOF model,
where the velocity is phase averaged. Since the gas
velocity is much larger than the liquid velocity, this
results in an over-predicting phase-averaged veloc-
ity compared to the pure liquid velocity in PIV
experiment. Another factor for the discrepancy is
the experimental error caused by the refraction of
gas bubbles. To solve this deviation, a filtering
method proposed by Obiso et al.32 is used to reduce
the negative influence of the presence of gas phase
on the prediction of velocity magnitude. As shown in
Fig. 3c and f, the maximum velocity magnitudes for
L44FLR350 and L88FLR350 cases are decreased to
around 0.38 m/s and 0.34 m/s, which become closer
to the maximum values in experiments.

To have a quantitative validation between exper-
iment and simulation, the data along the recircula-
tion center are extracted and compared, during
which the aforementioned filtering method is used.
Figure 4 shows that good agreement is achieved in
most of the regions; however, deviations exist in the

Table I. Operational parameters used in all simulations

Case Gas flow rate, L/s Lance submergence depth, m Frm Re Bo We

L44FLR350* 0.097 0.044 0.70 1700 8.28 5.78
L44FLR500 0.139 0.044 1.42 2420 8.28 11.80
L44FLR800 0.222 0.044 3.63 3870 8.28 30.10
L44FLR1240 0.344 0.044 8.76 6010 8.28 72.56
L44FLR1600 0.444 0.044 14.59 7750 8.28 120.86
L44FLR2400 0.667 0.044 32.89 11,600 8.28 272.33
L88FLR350* 0.097 0.088 0.70 1700 8.28 5.78
L110FLR350 0.097 0.110 0.70 1700 8.28 5.78

‘‘*’’Indicates the cases for validation.
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near lance region and the near wall region. In
general, consistency is obtained between the exper-
iment and simulation for both cases. Figure 5 shows
the comparison of the velocity fluctuations which
are obtained by calculating the root-mean-square
(RMS) values of the instantaneous velocities.
Clearly, a large overestimation by the simulation
is observed in the near lance region (approximately
r/R< 0.25). Since gas bubbles are concentrated in
the near lance region, this may cause the failure of
the DSL model. It indicates that the disturbance of
the gas phase on flow turbulence needs to be taken
into account in the DSL model, which is a single-
phase turbulence model. In the rest region, the
velocity fluctuations are captured by the DSL model
for both cases. Based on the above comparisons, the
numerical model, i.e., VOF-LES-DSL has been
corroborated.

Bubble Formation

After the numerical model being validated, it is
used to study the bubble formation in the viscous
liquid. The pressure signals are tracked in two

positions with the coordinates of (0 m, 0 m, 0.16 m)
and (0 m, 0 m, 0.145 m) in the lance. By averaging
the pressure signals and processing them with a
fast Fourier transform (FFT) technique, the bub-
bling frequencies are obtained at various opera-
tional conditions. Figure 6 shows the pressure
signals and bubbling frequencies for L44FLR350
and L44FLR1250 cases to illustrate this method.
Figure 6a and c shows that the pressure varies
periodically, suggesting a constant frequency of
bubble formation and detachment. This bubbling
frequency is determined by applying the Gaussian
function with nonlinear Marquardt–Levenberg
algorithm to the FFT spectrum, as seen in Fig. 6b
and d. The relationship between bubbling frequency
and gas flow rate is depicted in Fig. 7a, which
demonstrates that the bubbling frequency decreases
with increasing gas flow rate. This finding is
consistent with the work of Akashi et al.,13 where
bubbling frequency was experimentally measured
by x-ray radiography and high-speed camera in an
argon-liquid metal system. The influence of lance
submergence depth on the bubbling frequency has
been investigated as well. The results displayed in

Fig. 2. Experimental and numerical flow patterns for L44FLR350 and L88FLR350 (a) and (c) experimental; (b) and (d) LES-DSL model (r: radial
distance from the axial line; R: radial distance between the axial line and wall; h: axial distance from the bottom of the measured zone; H: height
of the measured zone).
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Fig. 7b reveal that the bubbling frequency changes
slightly, approximately 5%, as the lance submer-
gence depth ranges from 0.044 m to 0.11 m. It
appears that the lance submergence depth has
limited influence on the bubbly frequency in this
gas-viscous liquid system. This finding has been
confirmed in less viscous systems. In the argon-
liquid metal system by Akashi et al.,13 the mean
bubbling frequency varied by around 15% with the
lance submergence depth. Moreover, in the helium-
water system by Neven,17 no significant change of
bubbling frequency was observed with lance

submergence depth. However, only three data
points were collected in the present; a detailed
investigation is necessary to further verify this
conclusion.

In the present wok, bubbling frequency with a
range of 12.5–19 Hz has been detected, which is
higher than the bubbling frequency of 7–12 Hz in
the work of Gosset et al.12 and 10–14 Hz in the work
of Akashi et al.13 The difference can be attributed to
the distinct physical properties of the materials and
diverse operational conditions in the work. The
information of operational systems and conditions

Fig. 3. Experimental and numerical velocity fields (a) and (d) experimental; (b) and (e) LES-DSL without filtering method; (c) and (f) LES-DSL
with filtering method (r: radial distance from the axial line; R: radial distance between the axial line and wall; h: axial distance from the bottom of
the measured zone; H: height of the measured zone).

Fig. 4. Average velocity magnitude along the line through the recirculation center: (a) L44FLR350; (b) L88FLR350 (r: radial distance from the
axial line; R: radial distance between the axial line and wall).
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in the above studies is listed in Table S2 (see
Supplementary Material). Studies have demon-
strated that decreasing surface tension can result
in an increase of bubbling frequency.33,34 The
surface tension in the present study is 0.026 N/m,
which is much smaller than that in the aforemen-
tioned work. This can also partly explain the
difference in bubbling frequency between the pre-
sent results and the results of Gosset et al.12 and
Akashi et al.13 To compare the bubbling frequency
at various conditions, a dimensionless correlation
between St number (St = fdin/ug) and We/Bo was
adopted in previous studies,12,13 where f indicates
the bubbling frequency. A similar correlation is

obtained for the present study (see Eq. 7). However,
a large deviation of pre-exponential factor and
exponent is clearly observed compared to the corre-
lation formulated by Akashi et al.13 (see Eq. 8). It is
worth mentioning that the correlation from the
work of Akashi et al. was obtained for the top
submerged lance case. The linear relationship can
be seen in Fig. S1 (see Supplementary Material).
According to Eqs. 3, 5, and 6, the We/Bo equals Frm

that is the ratio of inertial force to buoyancy force.
Apparently, the viscous force and surface tension,
which are two major contributing forces influencing
the bubble formation,35,36 are excluded in this
correlation. To solve this issue, a new dimensionless

Fig. 5. Velocity fluctuation along the line through the recirculation center: (a) L44FLR350; (b) L88FLR350 (r: radial distance from the axial line; R:
radial distance between the axial line.

Fig. 6. Pressure signals and bubbling frequencies: (a) and (b) L44FLR350 case; (c) and (d) L44FLR1240 case.
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correlation is proposed in this work, considering the
inertial force, viscous and surface tension. For a
comparison, the bubbling frequency measured at
the top position in the work of Akashi et al.13 is also
analyzed with the new correlation. The operational
parameters in the present work and the work of
Akashi et al. are listed in Table S3 (see Supplemen-
tary Material). The correlations for this work and
the work of Akashi et al. are expressed in Eqs. 9 and
10, and the bubbling frequencies are displayed in
Fig. 8. By considering the viscous force and surface
tension in the proposed correlation, the deviation of
the pre-exponential factor and the exponent is
greatly reduced, especially the exponent value,
which only has 4.4% difference. The comparisons
between the two studies highlight the importance of
the viscous force and surface tension on the bubble
formation behavior. In this work, the datasets being
considered were fitted separately. By comparing the
deviation of the pre-exponential factor and exponent
of the resulting correlation, the validity of the
proposed dimensionless correlation has been evalu-
ated. Both datasets were fitted together with a
fitting goodness of 0.90 (see Fig. S2 in Supplemen-
tary material), resulting in a correlation with
different pre-exponential factor and exponent. To
obtain a more convincing correlation by fitting all
datasets together, more data from diverse

operational conditions are required. Further exper-
imental and numerical works with different opera-
tional systems and conditions are necessary.

St ¼ 0:0157 We=Boð Þ�0:602 ð7Þ

St ¼ 0:00047 We=Boð Þ�0:846 ð8Þ

St ¼ 0:78 WeReð Þ�0:401 ð9Þ

St ¼ 0:2509 WeReð Þ�0:384 ð10Þ

Surface Sloshing

The volume fraction of liquid phase was moni-
tored at the gas–liquid interface during simulation.
Processing the obtained data with FFT technique
can identify the frequency of the sloshing wave.
Since the application of FFT method was demon-
strated in the above section, it will not be repeated
here. As seen in Fig. 9, the frequency of the sloshing
wave ranges from 2.89 to 3.67 Hz, and it increases
with the gas flow rate (Fig. 9a). Increasing the gas
flow rate results in an increase in the bubble

Fig. 7. (a) Bubbling frequency versus gas flow rate (lance submergence depth: 0.044 m); (b) bubbling frequency versus lance submergence
depth (gas flow rate: 0.097 L/s).

Fig. 8. Proposed dimensionless correlation of (a) the present work and (b) the work of Akashi et al.13
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diameter, which has been reported by other
work,12,13 and can also be confirmed by the finding
in this work that the bubbling frequency decreases
with increasing gas flow rate. Large gas bubbles
generate a large buoyancy force, which aggravates
the surface undulation. Hence, the wave frequency
of the surface sloshing is increased. In contrast to
the gas flow rate, increasing lance submergence
depth leads to decreasing wave frequency (see
Fig. 9b). This is due to the drag effect posed by
viscous force on gas bubbles rising in the viscous
liquid. A reducing influence of the lance submer-
gence depth on the wave frequency is noted as the
lance submergence depth further increases.

SUMMARY AND CONCLUSION

The bubble formation and surface sloshing in a
TSL flow with a viscous liquid were investigated by
means of numerical simulations. To guarantee the
accuracy of the numerical model, a detailed valida-
tion by HR-PIV experiments was performed in the
first place. Subsequently, the numerical model was
used to study the influences of gas flow rate and
lance submergence depth on the bubble formation
and surface sloshing. The key outcomes are sum-
marized as follows:

I. Numerical results obtained from the coupling
model, i.e., VOF-LES-DSL, agree with the HR-
PIV experimental data in terms of flow pat-
tern, velocity field, and velocity fluctuation in
most of the measured region. The deviations in
the near lance region (r/R< 0.25) are caused
by the gas phase, which is confirmed by the
agreement between the filtered velocity and
experimental velocity. The turbulence model,
i.e., LES-DSL, fails to predict the velocity
fluctuation in the bubbly region (r/R< 0.25),
which may be due to the absence of bubble-
induced turbulence in this single-phase model.
Based on the overall comparison, the numer-
ical model is validated.

II. With the aid of FFT technique, the bubbling
frequencies are detected at different gas flow

rates, showing a decreasing trend with
increasing gas flow rate. This finding is con-
sistent with the experimental observation in
the literature. The results show that the lance
submergence depth has limited influence on
the bubbling frequency. In addition, a new
dimensionless correlation (namely, St versus
WeRe) is proposed to include the influences of
viscous force and surface tension on bubble
formation. It turns out that this new correla-
tion has much smaller deviation of the pre-
exponential factor and exponent by comparing
the present and experimental results from the
literature. With this proposed dimensionless
correlation, it is possible to evaluate bubbly
frequencies obtained at diverse conditions.

III. The wave frequency of surface sloshing in-
creases with increasing gas flow rate, while it
decreases with increasing lance submergence
depth. The former is caused by the enhanced
buoyancy force posed by the enlarging gas
bubbles. The latter is mainly due to the viscous
drag force, which dissipates the interphase
momentum transfer.
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