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CFD Investigation of Rotational Sloshing Waves
in a Top-Submerged-Lance Metal Bath

D. OBISO, M. REUTER, and A. RICHTER

Computational fluid dynamics (CFD) is applied to investigate rotational sloshing waves in a
top-submerged-lance (TSL) cylindrical metal bath. The study is an extension of a recent work of
the authors, where the top injection of Ar into a metallic bath was examined in a quasi-2D flat
setup, allowing the numerical model to be extensively validated against experimental data based
on x-ray radiography. The new analysis of top gas injection in a cylindrical vessel reveals the
appearance of rotational sloshing in the bath, which is maintained by a condition of
synchronism between the gas bubbles and the free surface of the bath. A numerical
quantification is achieved with specific post-processing of the simulation results, showing the
effect of control parameters such as the lance immersion depth and the gas flow rate. This
fundamental research study demonstrates the capability of CFD modeling to predict bath
dynamics known from literature and practice, the understanding of which is essential for the
design of TSL furnaces.

https://doi.org/10.1007/s11663-021-02182-x
� The Author(s) 2021

I. INTRODUCTION

THE presence of rotational sloshing waves in cylin-
drical liquid baths has been observed in various fields of
application.[1–6] When the natural sloshing mode of the
bath is in resonance with the mode of an external
perturbation, the free surface of the liquid may form a
slope and rotate around the axis of the vessel. Early
investigations were carried out in space technology, in
which the liquid fuel of a liquid-propelled rocket can
enter in resonance with the tank vibrations, leading to
rotary sloshing. In theoretical and experimental work,
Hutton proposed an analytical expression, which sets an
upper limit to the net angular momentum of the liquid
and can be used to estimate the induced swirling
velocity.[7] This method was later used to study
gas-stirred tanks in metallurgical processes, where the
perturbation of the system consists in the submersed
injection of gas into a heavy liquid. Schwarz theorized
the mechanism of rotary sloshing for vessels with
bottom gas injection.[8,9] The rotary waves appear when
the motion of the bubble plume is in resonance with the

motion of the free surface. Under those circumstances,
the bath starts first to oscillate in a two-dimensional
motion. However, in cases of axial symmetry, as with
cylinders, there is no preferred two-dimensional wave
and the energy can be transferred from one to the other
wave, resulting in a rotative motion.
Rotary sloshing was also observed in top-sub-

merged-lance (TSL) furnaces, where the process gas is
injected downwards into the liquid with a top lance. The
presence of these wave motions generates high forces
and torques on the structure of the furnace itself; as a
result, the foundations of the building and the furnace
support system need to be designed carefully.[10] How-
ever, little fundamental research is found in the litera-
ture. Liow et al. experimentally investigated sloshing
phenomena for Peirce-Smith bath types.[11,12] Using a
water-air model, he observed the presence of rotating
waves on the free surface, whose amplitude increased
with the gas flow rate and lance immersion depth.
Unlike a monotonic increase with the gas flow rate
predicted by Schwarz, he observed the achievement of a
plateau and later the disruption of the waves at the
highest rates. It must be mentioned that Schwarz’s
model, based on a linear approximation of the momen-
tum equations, is valid only under the assumption of
relatively small wave amplitudes, surely not the case in
Liow’s tests. The wave amplitude also decreased at the
lowest lance position. The lower and upper limits of the
gas flow rate and lance immersion set the boundaries for
the resonance condition and therefore the appearance of
the sloshing. In another work,[13] Liow et al. also carried
out an experimental investigation to study the damping
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effects of sloshing waves generated by top gas injection.
They added a thin layer of paraffin oil to the water-air
model to understand whether the presence of a viscous
layer in the bath could prevent the bath slopping. The
outcomes showed that rotating waves were significantly
damped in the presence of the oil layer, since the bath
oscillation did not have a primary sloshing frequency,
but rather a broad spectrum of frequencies. Wang et al.
carried out a Computational Fluid Dynamics (CFD)
simulation of top-submerged gas injection for a slag
stabilization process.[14] Among other things, they ana-
lyzed the sloshing waves at the free surface, monitoring
the slag volume fraction at points close to the interface.
It was found that the amplitude of the wave increases
with the lance submersion depth, whereas its frequency
stays constant. However, the vessel they examined has a
vessel-to-lance-diameter ratio > 70, which is relatively
high for their conclusions to be extended to TSL
smelting furnace types, which are the background
reference of this work.

In a recent publication, the authors presented a
numerical and experimental study of TSL gas injection
in a liquid metal bath.[15] The work offers a detailed
insight into the multiphase flow generated by the top
injection of Ar gas into a liquid metal bath and proves
the reliability of the Volume of Fluid (VOF) modeling
approach for complex fluid systems. The ternary alloy
GaInSn was used as a fluid model, whose eutectic point
at room temperature facilitates the measurement proce-
dure.[16] The combination of x-ray radiography and
CFD simulation directly reveals flow features such as
void fraction distributions, bubble size and detachment
frequency, and break-up mechanisms, which are other-
wise difficult to detect for opaque fluids. Nevertheless,
the use of a flat quasi-2D vessel still limits the analysis,
since inherently 3D flow structures, such as the slope
sloshing, cannot be reproduced. In fact, the presence of
the side walls restricts the bubble dynamics and leads to
steady recirculation vortexes in some of the configura-
tions, blocking the flow with asymmetric patterns.

The present work is intended to be an extension of
that study,[15] and investigates top gas injection in 3D
cylindrical vessels by means of CFD modeling. This
allows eventual sloshing phenomena to be tracked and
examined. The same Ar-GaInSn fluid system is adopted,
whose physical properties are reported in Table I.

II. NUMERICAL SETUP

Figure 1 shows the computational domain used in
this study, a cylinder with a vessel-to-lance-diameter
ratio slightly> 10, as in common TSL smelters.[17] The
metal bath has a height H and diameter D, which are
both equal to 60 mm. The lance specifics are the same as
in Reference 15, namely 5.5 mm for the outer diameter
and 5 mm for the inner diameter. Six different config-
urations were studied, varying the immersion depth of
the lance and the gas volume flow. The three positions of
the lance, labeled top, middle, and bottom, refer to
immersions at 1/4 H, 1/2 H, and 3/4 H. The first Ar
volume flow of Q1 ¼ 0:110 l/s[15] was increased to
Q2 ¼ 0:165 l/s and Q3 ¼ 0:220 l/s for the middle lance
position configuration. These cases will be labeled Q1,
Q2, and Q3. The numerical model is based on the VOF
method, and the setup is reported in Table II. For the
sake of simplicity, the mathematical formulation is not
reported here, and the reader is referred to Reference 15.
Here, a grid convergence study also showed that a space

Table I. Physical Properties of the Eutectic Alloy GaInSn at

Ambient Temperature

Property Value Unit

q 6360 kg/m3

l 2:16� 10�3 kg/ms
r 0.533 N/m

Fig. 1—Computational domain and boundary conditions used for
the simulations. The captions top, middle, and bottom refer to the
three analyzed lance positions, at 1/4 H, 1/2 H, and 3/4 H, where H
is the height of the bath: 0.06 m.
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resolution in the order of 10�4 m provided mesh-inde-
pendent results. Hence, the same mesh structure and
resolution are adopted in the present work.

The commercial software ANSA Beta CAE (v.18)
was used to mesh the domain with a structured
hexagonal approach. The hexa-block structure of the
grid is shown in Figure 2, in which a z-normal slice
reveals the inner distribution of the cells. As can be seen,
except for the obvious refinement of the injection area,
the spatial discretization is kept constant in the domain
to ensure the same degree of resolution for the geometric
reconstruction of the gas-liquid interface. The grids have
a size of approximately 2M cells, and the simulations
were run to complete the calculation of 24 seconds of
real time. In order to exclude the initial transient
development of the flow, the first 4 seconds of the
simulation are removed from the statistical analysis of
the results, which therefore covers 20 seconds of real
injection time. The simulations are carried out using the

commercial software ANSYS Fluent (v.19.2) on
288 CPUs, allocated at the HPC Cluster Center for
Information Services and High Performance Computing
(ZIH) at TU Dresden, and the calculation of the elapsed
time is completed with a number of computing days of
O(10). To monitor the sloshing behavior during the
simulation, the Center of Mass (CoM) of the liquid
phase is computed and tracked over time with a user
defined function (UDF). Commonly used in computa-
tional slosh dynamics for automotive and aerospace fuel
tanks,[18] this procedure allows the liquid bath motion to
be monitored. Indeed, when the bubble rises up with a
radial displacement from the lance, the free surface
shows an incline, which is higher on the side of the
bubble. It is precisely the synchronism between the
bubble and free surface motions that originates and
sustains the sloshing.[8] Figure 3 displays a snapshot of
the gas-liquid interface for the middle configuration; the
interface is visualized with a volume fraction iso-surface
equal to 0.5. The relation between the slope and bubble
position is clearly visible, confirming what was described
by Schwarz. In this bath configuration, the CoM of the
liquid phase moves from the centerline towards the
angular position with the taller free surface. As a
consequence, the sloshing dynamics can be tracked by
monitoring the CoM position over time.

III. RESULTS AND DISCUSSION

A. Rotational Sloshing

Figure 4 shows an example of the time development
for the CoM angular position H and the angular
velocity x for the top configuration. The angular
position clearly shows the rotation of the liquid bath,

Table II. Numerical Setup

Solver 3D simulation
VOF-explicit
SIMPLE p-u coupling
Continuum Surface Force
model for r

Turbulence k�-Realizable
Numerics Second-order upwind:

momentum
PRESTO!: pressure
First-order upwind: turbulence
GEO-Reconstruct algorithm
for a

Discretization Minimum grid size: 1:5 � 10�4

m
Time step: 1 � 10�5 s (Courant
Number< 1)

Fig. 2—Inner structure of the computational grid, shown on a
z-normal slice. A hexa-block approach is applied to generate the
structured mesh.

Fig. 3—A snapshot of the gas-liquid interface for the middle
configuration. The slope of the free surface is seen to be
synchronous with the bubble direction, as theorized by Schwarz.[8]

The calculation of the liquid’s Center of Mass (CoM) therefore
allows the sloshing to be tracked, since it moves away from the
centerline during the oscillations.
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with a relatively constant angular velocity. It is evident
that the rotational sloshing is already active after the
first 4 seconds of injection and then maintained in a
steady condition by the resonance between the bath and
bubble plume modes. The same information can also be
qualitatively visualized, plotting the location of the
CoM in the XY plane over time. Figures 5(a) through
(c) respectively illustrate the results for the top, middle,
and bottom configurations with the gas flow Q1. The
rotation of the liquid around the axis is again visible in
all the cases. It is interesting to note that, except for
short time ranges, the CoM proceeds with almost
circular motions. Furthermore, the displacement from
the axis increases with the lance submersion, which can
be translated into an increase in the sloshing wave
amplitude. This can also be observed in the temporal
evolution of the gas-liquid interface, which is available
as a movie sequence and has been attached to this article
as Electronic Supplementary Material. In Figures 6(a)
through (c), the CoM motion is reported for the cases
Q1, Q2, and Q3. Although rotations of the CoM can be
discerned, the path becomes more chaotic when the gas
volume flow is increased, and it is arduous to extract
qualitative information on the trend.

To quantify the sloshing effect induced by the gas
injection, the time-averaged swirl component of the
velocity is computed in each cell of the domain as

hvswirli ¼
1

T

Z T

0

vswirl dt: ½1�

The spatial distribution of hvswirli is then filtered,
blanking the regions where the time-averaged liquid
fraction is < 0.5. The selected domain represents the
region occupied by the liquid phase averaged over
time. Figures 7(a) through (c) and 8(a) through (c) dis-
play contour distributions of the time-averaged swirl
velocity in the bath for all the configurations: top, mid-
dle, bottom, Q1, Q2, and Q3. The contour maps are
reported over bath slices, showing the radial and axial
distribution of hvswirli. To help picture the domain, the
time-averaged gas-liquid interface is additionally
shown in green. Qualitatively, it can be seen that low-
ering the lance into the bath enhances the induced
swirl and moreover pushes the circular motion to the
bottom of the vessel. As a consequence, the stir in the
liquid phase is favored. The same can be observed
when the gas volume flow is increased from Q1 to Q2,
whereas the distribution for the case Q3 does not exhi-
bit any continuity in its behavior. The time-averaged
distributions of hvswirli show symmetric patterns in the
liquid bath, whereas local asymmetries are detected in
the bubble plume area of some configurations. The
reason is the rather chaotic nature of the flow in this
region, which a 20-s time observation window might
not adequately average. The simulation of a longer
elapsed time is not feasible with the currently available
computing resources; yet, according to the authors, the
outcomes of the study are not significantly affected by
this.
Applying a volume average to the 3D distribution of

hvswirli produces a mean value (in time and volume) of
the induced swirl velocity in the liquid phase, which can
be used to quantitatively compare the configurations.
The results of the analysis are summarized in Figure 9.
Moving from 25 to 75 pct bath submersion, the swirl
velocities are more than quadrupled from 0.0039 m/s to
0.0175 m/s with a monotonic increase, together with the
sloshing, as previously disclosed. This is in agreement

Fig. 4—Angular position and velocity of the CoM over time for the
top configuration, indicating the presence of rotational sloshing.

(a) (b) (c)

Fig. 5—Position of the CoM in the plane XY over time for the (a) top, (b) middle, and (c) bottom configurations.
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with the observations made by Liow et al. in their
air-water experiments.[12] Monitoring the wave ampli-
tude, they found a similar behavior, interrupted at the

highest tested submersion depth. In this work, 75 pct
bath submersion is the maximum analyzed and the
eventual peak is not reached. Nevertheless, the author

(a) (b) (c)

Fig. 6—Position of the CoM in the plane XY over time for the (a) Q1, (b) Q2, and (c) Q3 configurations.

Fig. 7—Contour distribution of the time-averaged swirl velocity in the liquid phase for the (a) top, (b) middle, and (c) bottom configurations. The
areas occupied on average by the gas phase are blanked so that the focus is only on the liquid phase, and the visualization of the time-averaged
interface (green surface) helps to locate the boundaries (Color figure online).

Fig. 8—Contour distribution of the time-averaged swirl velocity in the liquid phase for the (a) Q1, (b) Q2, and (c) Q3 configurations. The areas
occupied on average by the gas phase are blanked so that the focus is only on the liquid phase, and the visualization of the time-averaged
interface (green surface) helps to locate the boundaries (Color figure online).
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believes that further submersion will not produce
additional swirl in the bath. When the gas flow rate is
increased, an initial increase of about 66 pct in induced
swirl is observed from Q1 to Q2, followed by an
interruption at Q3. In this case, the results again agree
with the work of Liow et al., who observed the
rotational wave disappearing at high gas flow rates.

It should be noted that Liow’s investigations were
based on the visual observation of the waves’ amplitude
at the free surface, without information on bath swirl
velocities. In this work, the use of CFD modeling allows
the rotational sloshing to be directly calculated, provid-
ing more detailed data, as the link between wave
propagation and swirl velocity. The wave disruption at
high gas volume flows was not truly explained by Liow.
He suggests that, at these flow rates, the turbulent
kinetic energy might interact with the gas-liquid inter-
actions, making the theory of wave amplitude variation
hard to predict.

In Figure 10, the time tracking of the liquid CoM
shows that rotational sloshing is actually present in
configuration Q3. However, the time evolutions of both
H and x show that the sign of the rotation changes at
specific times, resulting in a null mean value of the swirl
velocity. In the 20 seconds tracked, three changes of
rotational direction are observed. Although the bath is
strongly turbulent at this flow rate, the change in waves’
rotation can be observed from the attached videos.
Compared with the other configurations, it can be seen
that the detachment and return of big droplet structures
strongly interfere with the interface dynamics. This
hence sets an upper boundary for the resonance condi-
tion between the bubbles and bath.

B. Induced Swirl Velocity

In Figure 9, the calculated values of hvswirli are also
compared with those obtained with an analytical
expression proposed by Hutton.[7] He found a simple
expression to set an upper limit to the angular momen-
tum of the fluid, here adjusted for the TSL bath,[14]

defined as follows:

Hl

H0
<0:8

hmax

R

� �2

½2�

where Hl is the angular momentum of the fluid relative
to the z-axis, and H0 is the corresponding angular
momentum the fluid would have if it rotated at x as a
rigid body. hmax and R are the maximum height of the
wave and the radius of the vessel, respectively.
Expressing Hl and H0 as

H0 ¼
p
2
qliq R

4 x d ½3�

Hl ¼ Rmliq vswirl ½4�

it is possible to estimate a maximum value of the swirl
velocity of the bath vswirl, by considering Eq. [2] as an
equality. Here, qliq and mliq are the density and the

mass of the bath, and d is the submersion depth. hmax

was extracted from visual observation of the bath’s
evolution. The results reported in Figure 9 show good
agreement with the calculated data, also confirming
the validity of the present work. The analytical expres-
sion was not applied at Q3 since it was not possible to
detect the wave propagation in this case. As Eq. [3]
shows, the torque acting on the structure of the fur-
nace is proportional to the slag density. It is evident
that the design of the support system needs to be pro-
cess-specific. Suffice it to mention the difference
between processing a lead rich slag and a lower density
one.

(a) (b)

Fig. 9—Time-averaged swirl velocity induced in the liquid bath at different lance immersion depths (a) and gas flow rates (b). The CFD data are
compared with the analytical expression proposed by Hutton[7]

Fig. 10—Angular position and velocity of the CoM over time for
the configuration Q3. It can be observed that rotation is temporarily
present in the bath. However, because of the strong multiphase
interactions, the direction is inverted over time, resulting in a
time-averaged drop in the swirl velocity.
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C. Liquid Splashing and Gas-Liquid Interface

Two additional aspects of the multiphase flow were
analyzed, namely the liquid splashing and the overall
gas-liquid interface area. The liquid splashing on the
bath surface is quantified with the evaluation of the
Splashing Domain (SD, [m3]), as defined in the Refer-
ence 19. In brief, it represents the time-averaged volume
above the free surface, which is occupied by the liquid
phase. In the VOF model, the time-averaged volume
fraction of liquid represents the probability to find liquid
in a specific location of the domain during the time of
observation. A value of 1 in a volume cell indicates that
liquid was present for 100 pct of the time in that cell. SD
is therefore identified by filtering out from the distribu-
tion the volume below the initial bath heigth and the
areas where the time-averaged liquid volume fraction is
<0.005. The areas with value 0 are excluded since they
are not useful for the determination of the liquid
splashing area. By doing this, the volume above the
free surface with a probability between 0.5 and 100 pct
to find liquid during the time of observation is selected.
Figures 11(a) and (b) show comparisons of SD at
different lance positions and gas flow rates. In agree-
ment with a previous numerical study by the authors[19]

and with the experimental observation by Liow et al.,[12]

the liquid splashing initially increases with the submer-
sion depth before reaching a sort of plateau at deeper
lance positions, after which no further changes can be
observed. The achievement of an upper bound can be
related to several reasons. On one hand, when the
injection is deeper in the bath, more energy is lost inside
the bath in the bubble-liquid interactions, limiting the
disruption when the cavity opens up. From the other,
the multiphase flow develops within a finite volume and
it is evident that the physical phenomena have lower and
upper limits. A similar upper limit should be seen when
the gas flow rate is increased.[12,19] However, SD is
monotonically enhanced from Q1 to Q3, probably
because of the constrained range of variation in the
flow rate. It is interesting to observe that, apart from the
lower lance positions, the immersion depth is a more
effective control parameter than the gas flow rate when
determining a certain splashing level.

The gas-liquid interface is identified with an iso-sur-
face at aliq ¼ 0:5, and it represents the contact area
between the liquid and the gas phases, taking into
account the free surface, the bubbles in the liquid phase,
and the droplets in the gas phase. The overall interface
area is calculated by tracking the integral of this
interface area over time and averaging it for the 20
seconds range of observation. Figures 12(a) and (b)
show the time-averaged interface area at different lance
positions and gas flow rates. An increase is observed
when the lance is lowered and more gas is injected.
Although the splashing does not change from the middle
to the bottom configuration, the interface area is still
enhanced, because larger bubbles detach from the lance
and stronger gas entrainment takes place. Both control
parameters can therefore act on the determination of a
certain gas-liquid interface, which is crucial for the
kinetics of TSL smelting processes.

IV. CONCLUSIONS

The present work focused on the dynamics of a TSL
metal bath in cylindrical vessels. A previous work by the
authors, together with other studies in the literature,
suggested the possible presence of rotational waves
under certain circumstances. To investigate this phe-
nomenon, a specific post-processing procedure was
applied to the simulation results of a validated
VOF-based CFD model. The outcomes of the study
can be summarized as follows:

� Rotational sloshing due to top-submerged gas injec-
tion was detected in the metal bath. Using CFD, it is
possible to actually see that the synchronism between
the bubbles and free surface motion develops as the-
orized by Schwarz.[8] It is shown that under this
condition of resonance, rotational waves are sus-
tained by the gas injection.

� CFD allows these sloshing phenomena to be directly
calculated, for example, for the induced swirl velocity
in the liquid bath. The simulation results were com-
pared to an analytical expression proposed by Hut-
ton, showing very good agreement. The sloshing and
the induced swirl velocity increase when the lance is

(a) (b)

Fig. 11—Time-averaged splashing domain at different lance immersion depths (a) and gas flow rates (b).
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lowered into the melt and the gas flow rate is in-
creased. An upper limit for the resonance condition
appeared at the highest flow rate, as also found by
Liow et al.[12] The same was not observed for the
lance positioning. However, the author believes that a
further step in the submersion of the lance would lead
to a sloshing disruption. As previously discussed, it is
relevant to point out that understanding these phe-
nomena in detail contributes to understand the
overall design of TSL plants, from the lance system to
the building foundations.

� Further results concerning the liquid splashing and
the overall interface area confirm the importance of
the lance submersion and the gas flow rate as control
parameters.

� The liquid alloy used in the present work still has a
low viscosity compared to that of typical fayalitic
slags. To gain a better understanding of the sloshing
phenomenon in real TSL smelters, a further step
should consider a typical slag bath, where the rota-
tional flows might be damped by the high viscous
stresses. Other damping factors might be given by the
solid fraction in the bath, coming from both the feed
stream and the formation of magnetite, and by the
presence of a slag foam layer.[20] This leaves room for
future investigations.
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