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Theway inwhich slag density influences the slag splashing phenomenon in anoxygen steelmaking converter is numerically analyzed
in this work. Several values of the density of the slag are considered, and their effect on the global mass balance and slag average
volume fraction on the sidewalls of the converter is studied using isothermal, two-dimensional transient computational fluid
dynamics simulations. Diameter of the slag drops is determined from the slag density and the impact velocity of the nitrogen
jet. Besides, the effect of the nitrogen jet Mach number on the slag splashing is simulated and discussed. A qualitative comparison
between the computer simulations and results from the literature is made.

1. Introduction

It is known that the wear of refractory lining in an oxygen
steelmaking converter for raw steel manufacturing is a factor
which greatly influences the production costs. In the last two
decades, slag splashing has emerged as a new technology to
extend the lifetime of the converter refractory lining given
that this technology reduces the wear associated to thermal
and chemical attack by slag and mechanical impact [1, 2].
After the draining of steel, molten slag remaining at the
converter bottom is splashed towards the converter sidewalls
using a supersonic jet of gaseous nitrogen.Molten slag freezes
at the converter walls and forms a protective coating that
prevents the wear of the refractory lining. Nitrogen is injected
into the converter through a water-cooled vertical lance
which has several inclined convergent-divergent nozzles.

During the slag splashing process three main stages have
been identified in the formation of the slag protective coating:
transport of molten slag to the converter walls, adherence of
the molten slag to the sidewalls, and freezing and hardening
of the slag layer [3]. When the molten slag is transported
to the converter sidewalls, two transport mechanisms are
present: wash coating and ejection coating [4]. The first one

occurs due to the bulk movement of the molten slag to rise
above the initial level and the second one due to the ejection
of slag droplets which adhere to the vessel sidewalls [5].

In recent years, several experimental studies on the slag
splashing phenomenon have been reported. In these studies,
physical scale models of the converter are employed, and cold
water and air replace molten slag and nitrogen, respectively
[4, 6, 7]. In [4] it is reported that large nozzle inclination and
lance heights increase the splashing and themainmechanism
of splashing changes from ejection to washing as the viscosity
of the liquid is increased. In [6] it is reported that the amount
of slag splashed is increased as lance is raised, but beyond a
critical value of the lance height splashing decreases. In [7]
it is shown that when the jet flow rate is increased or the
liquid viscosity is decreased, the lower regions of the walls
are splashed at a much greater rate. It is also shown that by
changing the lance height, more liquid is deposited in the
upper regions of the vessel at the expense of lower regions.

On the other hand, some numerical studies of gaseous
jets impinging on a liquid surface are reported using com-
putational fluid dynamics simulations [8–10]. Agreement is
reported between numerical and water model results; unfor-
tunately, these studies are mainly focused on the jet-surface
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interaction and the prediction of the surface topography,
rather than on liquid splashing. Recently, two studies [11, 12]
by some of the authors of the present work were reported
on the simulation of the slag splashing phenomenon using
computational fluid dynamics, considering the dimensions of
actual industrial converters and the influence of properties
of molten slag. Particularly in [12] the influence of the slag
viscosity on the slag splashing process was studied, and its
conclusions are as follows: (i) ejection mechanism becomes
dominant as viscosity is decreased; (ii) washing mechanism
becomes dominant as viscosity is increased; (iii) efficiency
of the slag splashing process is increased as slag viscosity
decreases.

In this work the influence of the slag density on the
slag splashing process is analyzed using computational fluid
dynamics simulations. Values of the slag density ranging
from 2000 to 3000 kgm−3 are considered. This range is
typical of CaO–SiO

2

molten slags found in steelmaking [13].
Physical dimensions of the converter correspond to an actual
industrial steelmaking converter of 150 metric tons. The
volume fraction of slag in the converter sidewalls is employed
for quantitative evaluation of the slag splashing efficiency. In
order to detect spitting of slag from the converter mouth, the
global mass balance is determined. Besides, the effect of the
nitrogen jet Mach number on the slag splashing is simulated
and discussed. Finally, a qualitative comparison between the
computational fluid dynamics simulations and results from
the literature is made.

2. Mathematical Modeling

During the slag splashing process, molten slag located in
the converter bottom is splashed to the converter sidewalls
by means of a supersonic jet of gaseous nitrogen. The
momentum of the nitrogen jet is transferred to the molten
slag, which causes the slag to be stirred and ejected by the
action of a standing wave and high shear forces, respectively
[4]. Predominance of one of the coating mechanisms, that
is, washing or ejection, depends on factors such as the jet
characteristics (velocity, exit angle), the operating conditions
(lance height, molten slag depth) and the slag properties
(viscosity, density, and temperature). Inertial, gravitational,
viscous, and interfacial forces are applied on both phases, that
is, gaseous nitrogen andmolten slag, causing a nonisothermal
multiphase flow. To model the complex system here consid-
ered, equations which govern the fluid flow, themass balance,
the turbulence, and the multiphase flow are required.

The flow of an incompressible newtonian fluid is gov-
erned by the Navier-Stokes equations, which in vector form
are expressed as [14]:

𝜌(
𝜕�⃗�
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+ �⃗� ⋅ ∇�⃗�) = −∇𝑝 + 𝜇eff∇
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where 𝜌 is the fluid density, �⃗� is the velocity vector, 𝑡 is time, 𝑝
is pressure, 𝜇eff is the effective fluid viscosity, ⃗𝑔 is the gravity
vector, and 𝐹 represents additional forces applied or acting

on the fluid. To maintain the mass balance in the system, the
continuity equation [14] must be solved:
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Turbulence was simulated by means of the classical two
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where 𝐾 is the turbulent kinetic energy, 𝜀 is the dissipation
rate, and 𝜇

𝑡

is the turbulent viscosity. Besides, 𝜎
𝐾

= 1.0,
𝜎
𝜀

= 1.3, 𝐶
1

= 1.44, and 𝐶
2

= 1.92. The effective viscosity
employed in the Navier-Stokes equations is determined from

𝜇eff = 𝜇0 + 𝜇𝑡, (4)

where 𝜇
0

is the laminar viscosity. The turbulent viscosity is
calculated from

𝜇
𝑡

=
𝜌𝐶
𝜇

𝐾
2

𝜀
, (5)

where 𝐶
𝜇

= 0.09 and𝐾 and 𝜀 are determined from (3).
Boundary conditions at the inlet nozzles are determined

as follows: for the velocity components, 𝑢
𝑥

= 𝑈in sin(𝛼) and
𝑢
𝑦

= 𝑈in cos(𝛼), where 𝑈in is the nominal velocity and 𝛼
is the inlet angle of the nitrogen jet which corresponds to
the exit angle of the nozzles. The inlet values of 𝐾 and 𝜀 are
determined from [15, 16]

𝐾in = 0.01𝑈
2

in,

𝜀in =
2𝐾
1.5

in
𝐷
,

(6)

where 𝐷 is the diameter of the inlet nozzle. At the converter
walls the classical nonslip condition is applied.

When droplet breakaway occurs, there is a balance
between the inertial (𝐹

𝑖

), interfacial (𝐹
𝛾

), and gravitational
forces (𝐹

𝑔

) [5, 17]:

𝐹
𝑖

= 𝐹
𝛾

+ 𝐹
𝑔

. (7)

The drop diameter (𝑑) derived from the balance of forces
of (7) is given by [5, 17]:

𝑑 =
3𝑈
2

8𝑔
(1 − (1 −

128𝛾𝑔

3𝜌𝑈4
)) , (8)

where 𝑈 is the magnitude of the jet velocity at the impact
point and 𝛾 is the surface tension.
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Figure 1: Distribution of phases for several values of the slag density (red is molten slag; blue is nitrogen). (a) 2000, (b) 2200, (c) 2400, (d)
2600, (e) 2800, and (f) 3000 kgm−3.

The Volume of Fluidmodel is employed here to tackle the
multiphase flow. This model is based on the assumption that
two or more phases are not interpenetrating. Each 𝑖th phase
has associated a volume fraction 𝑉

𝑖

, and in every control
volume the sum of the volume fractions of all phases is equal
to 1. In theVolumeof FluidModel the tracking of the interface
between the phases is accomplished by solving the continuity
equation for each phase [18]:

𝜕𝑉
𝑖

𝜕𝑡
+ �⃗� ⋅ ∇𝑉

𝑖

= 0. (9)

To better define the slag-nitrogen interface, the computa-
tional fluid dynamics software (FLUENT) uses an interpola-
tion scheme called Geometric Reconstruction Scheme.

3. Computer Simulations

Physical dimensions of the considered converter correspond
to an actual industrial converter of 150metric tons of capacity
and were assumed as follows: height, 7.2m; diameter, 4.8m;

lance diameter, 0.2m; number of nozzles, 2; diameter of noz-
zles, 0.043m; exit angle of nozzles, 10 degrees. The operating
parameters were set as follows: lance height above the initial
molten slag surface, 2m; velocity of the supersonic nitrogen
jet, Mach 1.5; initial molten slag depth, 0.5m. Viscosity and
surface tension of slag were assumed to be 0.5 kgm−1 s−1 and
0.4Nm−1, respectively.

To reduce the computational effort, an isothermal two-
dimensional converter was considered. The coupled Navier-
Stokes equations, the continuity equation, the turbulence
model, and the Volume of Fluid Model were numerically
solved using computational fluid dynamics software (FLU-
ENT). The Pressure Implicit Splitting Operation algorithm
was employed in the transient simulations for the pressure-
velocity coupling given that it maintains stability of the
numerical scheme despite the larger time steps.

Transient isothermal two-dimensional computer simu-
lations were carried out using a time step of 0.0001 s and
a mesh consisting of 14075 trilateral cells. Due to the fast
dynamics of the fluid flow, the integration time was 2 s; in
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Figure 2: Diameter of the slag drops as a function of the slag density
and the impact velocity: 50m s−1 (circle) and 100m s−1 (square).

this time the multiphase flow is fully developed. Viscosity
and surface tension of the molten slag was assumed to be
0.5 kgm−1 s−1 and 0.4Nm−1, respectively. For the analysis,
the slag density was varied from 2000 to 3000 kgm−3 using
intervals of 200 kgm−3.

4. Analysis of Results

Figure 1 depicts the distribution of phases (red phase is
molten slag; blue phase is nitrogen) for several values of the
slag density using the operating conditions and integration
time described in Section 3. It is observed that the ejection
height of the slag drops decreases as the slag density is
increased. This is explained by the small forces required by
the less dense slag drops to be broken and ejected compared
with the relatively big forces required by the denser slag. The
ejection forces are supplied by themomentumof the nitrogen
jet. Figure 1(a) shows that for a density of 2000 kgm−3 the
slag reaches the top of the converter, and as result of this,
spitting of slag from the mouth converter occurs. This can be
corroborated from a global mass balance. A negative value
of the global mass balance indicates that molten slag is being
expelled from the converter. The spitting phenomenon does
not occur for values of slag density equal or greater than
2200 kgm−3 under the conditions described above.

In Figure 2 the diameter of the slag drops as function
of the slag density and the velocity of the jet at the impact
site is shown. The drop diameters were obtained using (8),
which is strongly nonlinear. The velocity of the jet decays as
it descends towards the converter bottom and the slag bath
is impacted at a subsonic velocity. The impact velocity 𝑈
of (8) was approximated from the contours of the velocity
magnitude shown in Figure 3 corresponding to Figure 1(a).
During the blowing the depth of the slag bath is reduced
and the nitrogen jet covers a longer distance to impact the
molten slag. Due to this the jet velocity suffers a significant
decay below 200m s−1. Then, two impact velocities were
considered: 50 and 100m s−1. It is observed that the drop
diameter decreases in size as density is increased. A similar
behavior is observed with respect to the impact velocity:
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Figure 1(a).
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Figure 4: Average volume fraction on the converter side walls as a
function of the slag density.

the drop diameter diminishes as the impact velocity grows.
Results of Figure 2 explain the finding that the height reached
by the ejected slag drops decreases as the slag density is
increased.

Efficiency of the splashing process can be evaluated in
terms of the magnitude of the converter sidewalls coated by
slag. Full wall adhesion of slag droplets was considered in the
numerical simulations. In order to evaluate in a quantitative
way the splashing efficiency as function of the slag density,
the average volume fraction of slag (𝑉

𝑠

) [12] in the sidewalls
of the converter was determined. 𝑉

𝑠

= 1 indicates that the
sidewalls became fully coated by slag, whereas 𝑉

𝑠

= 0 means
that the sidewalls are not coated at all. Results are observed
in Figure 4, where it is appreciated that the 𝑉

𝑠

is enhanced
with low slag density whereas it is worsened by large slag
density. This is consistent with the results of Figure 1, which
shows that the upper sections of the sidewalls aremore coated
as the slag density is decreased. Generally speaking, from
Figure 1 it can be said that low slag density promotes the
coating of the upper converter walls, whereas high density
provides the protective coating of the lower walls. In spite
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Figure 5: Distribution of phases for several values of the nitrogen jet velocity for a slag density of 3000 kgm−3 (red is molten slag; blue is
nitrogen) (a) Mach 1, (b) Mach 1.5, and (c) Mach 2.
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Figure 6: Average volume fraction on the converter side walls as
function of the jet Mach number. Slag density: 2000 kgm−3 (circle),
3000 kg s−1 (square).

of the splashing efficiency is enhanced with low slag density,
a serious operational drawback arises given that low density
promotes the undesirable spitting phenomenon.

The negative effect of the high slag density on the splash-
ing efficiency can be counteracted by increasing the nitrogen
jet velocity given that high jet velocity provides additional
momentum forces to enhance the formation small drops of
the denser slag. Small drops are able to reach the top of the
converter, promoting the coating of the upper sidewalls. This
is visually appreciated in Figure 5, which illustrate that the
ejection height of the slag drops increase as the nitrogen jet
velocity is increased. Figure 6 shows that the volume fraction
of slag at the converter sidewall is increased as the jet velocity
is increased. However, this effect is magnified if the slag
density is low. From an operational viewpoint this means that
coating the extent of the upper sidewalls can be increased by
(i) increasing the jet velocity or (ii) decreasing the slag density.

In accordance with [5], experimental studies report that
the volume of slag splashed decreases with increasing slag

density. This is explained by the fact that the Momentum
number and theWeber number, which determine slag droplet
generation, are dependent upon 𝜌−1 and 𝜌−0.5, respectively.
The experimental results reported in [5] are in agreement
with the numerical results of this work, particularly with
those results shown in Figure 1.

5. Conclusions

The slag splashing process in steelmaking converters was
modeled and simulated by means of computational fluid
dynamics. Particularly, in this work the effect of the slag
density on the splashing efficiency is studied and discussed.
Thedropdiameter of the resulting drops depends inversely on
both the slag density and the jet impact velocity. Low density
yields high efficiency of the considered process, unfortunately
low density promotes the emergence of undesirable spitting
phenomenon too. High density decreases the efficiency of the
splashing process; however this negative effect can be coun-
teracted by increasing the jet velocity given that additional
inertial forces are provided.
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