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The cavity oscillation and splash characteristics dominate the operational
stability and refining efficiency in converter steelmaking processes. These
characteristics under excitation by bottom gas blowing in a steelmaking con-
verter were evaluated using a developed filter-based multifluid model. The
cavity oscillation mechanism was examined by reference to cavity surface
flows, and its characteristics were quantified in terms of frequency and
amplitude using the fast Fourier transform approach. The splashing distri-
bution describing the splashing droplet size and rate under various operating
conditions was clarified. The results reveal that the cavity oscillation and
splashing distribution are mainly controlled by the cavity surface flow veloc-
ity, which itself is influenced by the operating conditions. Use of bottom gas
blowing intensifies the cavity oscillation in terms of both frequency and
amplitude, and increases the splashing rate, but decreases the droplet size by
accelerating the cavity surface flow. The lance height plays a dominant role in
forming the cavity oscillation and controlling the splashing distribution.

INTRODUCTION

Cavity oscillation and bath splashing are impor-
tant physical phenomena in oxygen converter steel-
making processes, dominating the refining
efficiency and operational stability to a certain
extent. It has been acknowledged that bath splash-
ing and spitting originate from the cavity and are
strongly related to its oscillatory movement.1–3

Additionally, the oscillating cavity provides a stim-
ulus for formation of bath surface waves, which
profoundly influence not only the behavior of the
bath, e.g., the splashing distribution, but also the
localized wear of the furnace wall.4,5 As such,
insight into the characteristics of the cavity oscilla-
tion and the related bath splashing behavior can
provide an important foundation for understanding
and improving converter performance.

In previous study,6 the frequency of the cavity
oscillation was reported to lie between 5 Hz and
16 Hz for pure top-blown converters. Sabah and
Brooks2 quantified the amplitude and frequency of
the cavity oscillation using the fast Fourier trans-
form (FFT) technique in an air–water model that

simulates a pure top-blown converter system,
reporting an overall frequency range from 3 Hz to
9 Hz, depending on the cavity modes, which were
themselves determined by the blowing parameters
and corresponded to different splashing distribu-
tions. In modern converter steelmaking, inert gas is
additionally injected from the bottom of the furnace
in the form of bubbling plumes. These bubbling
plumes inevitably interact with the cavity, and are
expected to modify the cavity oscillation behavior
and bath splashing distribution.7–9 Fabritius
et al.10,11 and Odenthal et al.12 showed based on
physical and numerical experiments, respectively,
that the bubbling plumes from submerged side-
blown nozzles in argon oxygen decarburization
converters induced oscillation of the entire bath.
Although extensive attention has already been paid
to cavity oscillation and bath splashing, there is still
a lack of quantitative evaluation on how bottom gas
blowing influences the cavity oscillation behavior
and splashing distribution in combined-blown con-
verter steelmaking processes. Therefore, in this
work, characterization of the cavity oscillation and
bath splashing distribution under excitation by
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bottom gas blowing in a combined-blown converter
was performed, using a developed multifluid model
combining the volume of fluid (VOF) approach and
discrete particle model (DPM) with a filtered tur-
bulence method. The results of the developed model
reveal the mechanism of cavity oscillation genera-
tion and quantify the oscillation characteristics as
well as splashing distribution, enabling comprehen-
sive evaluation of the influence of the blowing
parameters.

MATHEMATICAL MODEL

The combined-blown converter steelmaking pro-
cess, which features supersonic oxygen jets imping-
ing on the molten bath with inert gas blowing from
the bottom of the furnace, was simulated based on
the unsteady Reynolds-averaged Navier–Stokes
equations, closed using a filtered k–e turbulence
model,13 where the turbulent viscosity lt was
modeled using a filter with the scaling function
defined in Eq. 1.

lt ¼ f � lt;std ¼ min ½1;C3D
e

k3=2
� lt;std ð1Þ

where lt,std is the turbulent viscosity defined in the
standard k–e model, C3 is a constant equal to 1, f is
termed the blending function and helps to ensure
that the wall functions work at near-wall nodes by
returning a value of 1, and D is termed the filter
size, used to separate smaller-scale turbulent eddies
from larger ones. In this turbulence model, the
smaller-scale eddies are modeled while larger-scale
ones are resolved directly. To ensure that the
numerically resolvable scale is compatible with the
filtering process, the following condition should be
satisfied:

D ¼ max Dpresent;Dgrid

� �
ð2Þ

where Dgrid = (DxÆDyÆDz)1/3. In this study, the filter
size was defined as varying in space, depending on
the local grid size. This turbulence model is based
on the local meshing resolution and was confirmed
to be superior for the description of turbulent flows
inside the bath in our previous study.14 The VOF
model15 was used to simulate the transient features
of the top jets impinging on the bath surface and to
track the deformed gas–liquid interface. In this
model, a single set of momentum equations is
shared by both the liquid and gas phase, being
solved to determine the phase-shared field vari-
ables. The effect of surface tension was addressed
using a continuum surface force model 16 in which
the surface tension is considered to be a continuous
force across the interface.

The trajectories of the bubbles of gas blown in
from the bottom of the furnace were calculated
using the DPM,17 where each bubble was tracked by
solving Newton’s second law, integrating the drag,
gravitational, virtual mass, and pressure gradient
forces. The possible effect of irregular bubble shapes

arising inside the bath due to their motion was
introduced by a user-defined function (UDF) to
modify the drag coefficient CD according to the
relative Reynolds number range18 as follows:

CD ¼

16=Re Re � 1:5
14:9Re�0:78 1:5 <Re � 80
48=Reð1 � 2:21Re�0:5Þ 80<Re � 700
1:86 � 10�15Re4:756 700<Re � 1530
2:61 1530<Re

8
>>>><

>>>>:

ð3Þ

The injection of gas at the bottom of the furnace
was realized using a uniform bubble distribution
with initial bubble diameter of d0, as shown in
Eq. 4.19 The bubble size varies with the local
pressure as the bubble rises, which was included
using another UDF as defined in Eq. 5. Meanwhile,
another UDF was defined to cease tracking bubbles
that reached the gas–liquid interface.

d0 ¼ rdtuy

qlg

� �2

þ0:03325
QB

NB

� �2

dtuy

" #0:867
8
<

:

9
=

;

0:167

ð4Þ

d ¼ d0 1 þ q1gh

p

� �1
3

ð5Þ

where r is the surface tension of liquid phase, q1 is
the liquid density, dtuy is the bottom tuyere diam-
eter, QB is the bottom gas flow rate, and NB is the
number of bottom tuyeres. The initial rising velocity
of a bubble u0 is expressed as follows19:

u0 ¼ 2r
qd0

þ 0:5gd0

� �0:5

ð6Þ

In principle, the flows of the bubbling plumes and
the continuous phase are two-way coupled; i.e., the
turbulent flow of the continuous phase influences
the trajectories of the bubbles, and in turn the
presence of the dispersed phase affects the turbu-
lence in the continuous phase. Consequently, a
random walk model17 was used to account for the
‘‘stochastic’’ effect of turbulent fluctuations on the
motion of the bubbles. In this model, the fluctuation
in the bubble velocity was estimated by a Gaussian-
distributed random number chosen according to the
local turbulence kinetic energy. A new instanta-
neous velocity fluctuation is produced by changing
the random number at a frequency equal to the
characteristic lifetime of the turbulent eddy. The
instantaneous fluid velocity is then given by

u ¼ �uþ u0 ð7Þ

u0 ¼n
ffiffiffiffiffiffi
u02

p
¼ n

ffiffiffiffiffiffi
2k

3

r

ð8Þ
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where ū the mean liquid velocity, u¢ is the random
fluctuating liquid velocity, n is a normally dis-
tributed random number, and k is the local turbu-
lent kinetic energy.

Simulations were carried out by scaling a 125-t
converter down to 1:6. The gas–metal system in the
absence of slag was considered, represented by an
air–water system. The arrangements of the top
lance nozzles and bottom tuyeres are shown in
Fig. 1. In this model, the top lance is equipped with
six nozzles having outlet diameter of 8.6 mm and
throat diameter of 6.3 mm. The lance height was
varied from 0.2 m to 0.3 m. The top and bottom gas
flow rates were also varied in the simulations, in the
range of 117.3 Nm3/h to 135.9 Nm3/h and of 0.79
Nm3/h to 1.95 Nm3/h, respectively. As such, the top
gas jet velocity at the nozzle outlet lay in the range
from 111.8 m/s to 130.0 m/s. To improve the com-
putational efficiency, the converter domain was
reduced and only its lower part was modeled, as
shown schematically in Fig. 1. In this reduced
model, a profile data interpolation method 20 was
employed for the inlet boundary where the velocity
boundary condition was defined, as detailed else-
where.14 Meanwhile, a pressure boundary condition
was used at the outlet and no-slip boundary condi-
tions with a standard wall function were used at the
wall, off which bubbles were allowed to reflect. A
geometric reconstruction scheme was used to track
the deformation of the free surface induced by the
top gas impinging jets. Pressure–velocity decou-
pling was achieved using the pressure implicit split
operator (PISO) algorithm, while the pressure stag-
gering option (PRESTO) scheme was employed to
interpolate the pressure values at the cell faces from
the surrounding cell nodes in the solution of the

momentum equations. A second-order upwind
scheme was applied to discretize the convection
terms of the momentum and turbulence conserva-
tive equations. The simulations were carried out
using the ANSYS-Fluent platform with embedded
user-defined subroutines. The convergence criterion
was for the normalized residuals of all variables to
be less than 1 9 10�4.

This mathematical model was validated by com-
paring the numerical results with water model
experimental data with respect to the cavity depth
and bath mixing time. The details were described in
our previous study14 and thus are not presented
here. Overall, reasonably good agreement between
the simulated and measured results was achieved.

RESULTS AND DISCUSSION

Cavity Surface Flow

Figure 2 shows the time-averaged velocity distri-
bution on the bath surface for the top and top–
bottom combined blowing processes. It can be
observed that, in general, the combined blowing
process exhibits a higher flow velocity on the cavity
surface and even over the entire bath surface in
comparison with the top blowing process. The
maximum cavity surface velocity increases from
0.65 m/s to 0.90 m/s when the blowing mode is
changed from top to combined blowing with bottom
gas flow rate of 1.22 Nm3/h. Previous studies 1–3,5

have shown that the flows across the cavity surface
make the cavity invariably astatic. The astatic
cavity is accompanied simultaneously by surface
waves that arise from the Kelvin–Helmholtz insta-
bility and propagate across the entire bath surface.
Accordingly, the cavity moves time-dependently in

Fig. 1. Schematic diagram of converter computational domain.
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both the up–down and right–left directions, exhibit-
ing oscillatory movement. Higher cavity surface
velocity is believed to intensify such cavity oscilla-
tion. The simulation results indeed show that the
cavity oscillates more intensively in the combined-
blown converter compared with the top-blown
converter.

Cavity Oscillation Characteristics

To quantify the cavity oscillation, the instanta-
neous cavity depth was monitored by setting a line
at the central axis of the furnace, as shown in
Fig. 3a. The cavity depth is thus calculated as
follows:

Hc ¼ Hm 1 � atðwaterÞ
a0ðwaterÞ

� �
ð9Þ

where Hc is the cavity depth, and at(water) and
a0(water) are the vertex-averaged water volume
fraction on the monitoring line, at the any blowing
moment and the initial time, respectively. The
cavity depth recorded as a function of blowing time
is shown in Fig. 3b, c. The results indicate that the
cavity in the combined-blown converter is more
unstable and requires a longer time to reach a
quasistable state, while the cavity depth is hardly
affected by the blowing mode.

Using the FFT technique21 on the recorded time
series of cavity depth, the representative frequency
and amplitude of the cavity oscillation for both
blowing modes are plotted in Fig. 4. It can be seen
that there are a number of frequencies present, the
highest for top and combined blowing being 11.7 Hz
and 21.1 Hz, respectively. A dominant frequency
(4 Hz) with the highest amplitude of 0.0012 m is
present for combined blowing, but not for top
blowing. It is worth noting that Sabah2 and Peaslee6

respectively reported that, for top blowing, the
frequency ranges were 3 Hz to 9 Hz and 5 Hz to
16 Hz, and they likewise found that there was no
one dominant frequency with highest amplitude.
The present simulation results are compatible with
the reported ones. Besides, it is found that the
highest amplitude increases from 0.7 mm to 1.2 mm
when the blowing mode was changed from top to
combined blowing. These results confirm that bot-
tom gas blowing indeed intensifies the cavity oscil-
lation in terms of both frequency and amplitude.

In converter steelmaking processes, both the
frequency and amplitude of the cavity oscillation
represent the energy of the wave that forms and
spreads out on the cavity surface, driving the bath
surface flow. This wave movement is responsible for

Fig. 2. Velocity distribution on the bath surface for top and combined
blowing processes.

Fig. 3. (a) Determination of the cavity depth, (b) recorded liquid level height at cavity bottom, and (c) cavity depth versus blowing time for the top
and combined blowing modes.
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localized wear on the furnace wall and generation of
splashing. According to fluid mechanics, a wave
with higher frequency and/or amplitude, on the one
hand, causes the energetic melt to wipe up and
down the furnace wall more frequently and over a
great range, and on the other hand provides greater
energy to tear metal from the bath bulk. In this
sense, in the combined-blown converter, the wall
wear will be more serious, and splashing will be
increased in comparison with the top-blown
converter.

Splashing Distribution

In oxygen converter steelmaking processes, high-
speed gas jets impinge on the molten bath surface
and break metal off from the main liquid bath,
creating metal droplets. A representative droplet

generation according to this effect is shown
schematically in Fig. 5. According to Oeters’ the-
ory,22 a droplet at its detachment point is subject to
inertial (Fq), interfacial (Fr), and gravitational
forces (Fg), as shown in Fig. 5. The condition for
generation of a droplet can thus be expressed using
Eq. 10. As such, the critical cavity surface flow
velocity (ui,crit) for droplet generation, the actual
droplet diameter (dT), and the droplet generation
rate (mT) are as follows:

Fq � Fr þ Fg cos h ð10Þ

ui;crit ¼
8

qm

� �1=2 2

3
rgqm cos h

� �1=4

ð11Þ

Fig. 4. FFT of time series of cavity depth for (a) top blowing, and (b) combined blowing.

Fig. 5. Schematic diagram of generation of splashing droplets in steelmaking converters.
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dT ¼ 3

8

u2
i

g cos h
1 � 1 � 128rg cos h

3qmu
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i
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2

" #

ð12Þ

mT ¼ 1

6
p d3

Tqm
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5=2
i

d2
Trþ 1

6d
4
Tqmg cos h

ð13Þ

where qm is the liquid density, r is the interfacial
tension, D is the cavity diameter, gm is the viscosity,
and lm is the flow through the length of the droplet.

Figure 6 plots the diameter of splashing droplets
and their generation rate as a function of the cavity
surface flow velocity under representative blowing
conditions (lance height of 0.233 m, top gas flow rate
of 126.6 Nm3/h, and bottom gas flow rate of 1.22
Nm3/h). Based on these simulation results, the
cavity depth and diameter are 0.039 m and
0.266 m, respectively, hence the value of cos h is
0.281 under such conditions. According to Eq. 11,
the critical cavity surface flow velocity for droplet
generation is thus determined to be 0.304 m/s. It is
of interest to note from this figure that the diameter
of the splashing droplets decreases sharply with
increase of the cavity surface flow velocity, while the
generation rate of splashing droplets increases
gradually. Furthermore, it is observed that the
average droplet diameter is 3 mm and 1.4 mm and
the average droplet generation rate is 0.109 kg/s
and 0.132 kg/s, for the top and combined blowing
mode, respectively. These results show that, com-
pared with the top-blown converter, the more
energetic cavity surface wave in the combined-
blown converter principally contributes to the gen-
eration of smaller but many more droplets, which
helps to form a more highly dispersed foam slag. It
should be pointed out that such a splashing distri-
bution is obtained by taking a time–space average
over the cavity surface flow velocity. However, both

the splashing droplet diameter and generation rate
in fact exhibit irregular time–space distributions
due to the transient behavior of the blowing
processes.

Effects of Operating Parameters

To evaluate the effects of variation of the operat-
ing parameters on the cavity oscillation behavior,
the highest amplitude and frequency of the cavity
oscillation are considered. Figure 7a–c shows the
highest frequency of the cavity oscillation for dif-
ferent lance heights, and top and bottom gas flow
rates, respectively. In summary, the highest fre-
quency increases with decrease in the lance height
or increase of the top gas flow rate, but is indepen-
dent of the bottom gas flow rate. Specifically, the
highest frequency decreases from 27.8 Hz to
12.5 Hz as the lance height is increased from
0.2 m to 0.3 m. On the other hand, it increases
from 17.9 Hz to 24.2 Hz as the top gas flow rate is
increased from 117.3 Nm3/h to 135.9 Nm3/h. The
effect of these operating parameters on the highest
amplitude of the cavity oscillation is shown in
Fig. 7d–f. It can be observed that the highest
amplitude, with a range of 0.55 mm to 1.45 mm,
increases with decrease of the lance height, but
increase of the top or bottom gas flow rate. Notably,
the lance height in the combined-blown converter
steelmaking process seems to play a dominant role
in the generation of the cavity oscillation, and as a
result in causing splashing and thus wear of the
refractory wall lining.

Figure 8 shows the effects of the operating
parameters on the splashing distribution, revealing
that the splashing droplet diameter decreases with
decrease of the lance height, or increase of the top
and bottom gas flow rate, owing to the enhanced
cavity surface flow, while the generation rate of
splashing droplets exhibits the opposite trend.
These results further confirm that, as mentioned
above, the lance height has a more significant
influence on the splashing distribution in com-
bined-blown converter steelmaking processes.

CONCLUSIONS

The cavity oscillation and splashing distribution
with excitation by bottom gas blowing in a com-
bined-blown steelmaking converter were character-
ized using a numerical model in combination with a
theoretical model. The findings of the present study
can be summarized as follows:

(1) The cavity oscillation is dominated by the
cavity surface flow, which is intensified by the
introduction of bottom gas blowing. Both the
highest frequency and amplitude of the cavity
oscillation thus increase when the top blowing
mode changes to the top–bottom combined
blowing mode. The highest frequency of the
cavity oscillation for the present combined-

Fig. 6. Diameter and generation rate of splashing droplets as
functions of cavity surface flow velocity under blowing conditions
with lance height of 0.233 m, top gas flow rate of 126.6 Nm3/h, and
bottom gas flow rate of 1.22 Nm3/h.
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blown converter lies in the range of 17.9–
24.2 Hz.

(2) The highest frequency and amplitude of the
cavity oscillation generally increase when
decreasing the lance height or increasing the
top and bottom gas flow rate, whereas the
highest frequency is independent of the bot-

tom gas flow rate. The lance height plays a
dominant role in the generation of the cavity
oscillation.

(3) The splashing characteristics are mainly con-
trolled by the cavity surface flow. The top–
bottom combined blowing mode contributes to
increase the splashing rate but decreases the

Fig. 7. Highest frequency of cavity oscillation for different operating parameters with respect to (a) lance height, (b) top gas flow rate, and (c)
bottom gas flow rate, and highest amplitude of cavity oscillation at different (d) lance heights, (e) top gas flow rates, and (f) bottom gas flow rates.
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size of the splashing droplets in comparison with
the pure top blowing mode. The droplet diameter
decreases with decrease of the lance height, or
increase of the top and bottom gas flow rate,
whereas the splashing rate exhibits the opposite
trend. The lance height has a more significant
influence on the splashing distribution com-
pared with other operating parameters.
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