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Numerical Simulation of Fluid Flow
in a Gas-Stirred Ladle Using

a Particle-Free Surface Coupled
Model
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A particle-free surface coupled (PFC) model was
developed using the Eulerian—Eulerian approach to
predict fluid flow behavior in a gas-stirred ladle. The
relative parameters of the model have been optimized,
and the model was validated against measured values.
The present model can simultaneously predict the bub-
ble trajectories, free surface fluctuations, and the for-
mation of slag open-eye in a wide range of gas flow
rates.
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Gas-stirred ladles play an essential role in performing
various metallurgical operations during the secondary
refining process. The injected gas through the ladle
bottom helps to promote stirring of melt and promotes
chemical reactions, enhances inclusion removal, and
helps to homogenize the temperature and chemistry of
the liquid steel. The most intensive heat and mass
transfer occur in the bubbly plume region, and hence, it
is of paramount importance to have a deep understand-
ing of the fluid flow behavior in this region.!"

Currently, numerical simulation is considered as an
effective tool to investigate this topic; there are limita-
tions in performing trials at high temperature and
visualization at high temperature is almost impossible.
Based on the Eulerian—Lagrangian approach, the dis-
crete phase model (DPM) and volume of fluid (VOF)
coupled model has become the preferred method to
model the gas-stirred ladle system. Cloete er al.*! used
the DPM-VOF model for investigating the influence of a
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large number of operating and design variables on the
fluid flow and mixing time in the ladle. Liu er all
applied the DPM-VOF model to predict the bubble
trajectories and interfacial behavior of slag/metal in a
gas-stirred ladle. Li er al!® added the large eddy
simulation model to the DPM-VOF model for investi-
gating the effects of multiscale eddies on fluid flow and
studying the unsteady state of the open-eye. Signifi-
cantly, the limitations of the Eulerian—Lagrangian
approach are pretty well known today. First, the
application of this approach assumes that the particle
volume is strictly limited to 10 to 12 pct and the impact
among particles is ignored.””’ Second, the discrete phase
does not occupy any space continuous volume; thus, the
effect of the volume fraction of the discrete phase on the
continuous phase is ignored. To address this problem,
Sheng and Irons!'” introduced a method of calculating
the time-averaged bubble volume fraction using the
statistics of the number and residence time of bubbles in
the given cells:

1 N
= Viubndty, 1
Og TVcell nz::l bub, [ ]

where Ve 1s the grid cell volume; N is the number of
bubble particles released from the gas inlet; and Viyyp »
and dt, are the volume and residence time of the nth
bubble in the control cell volume, respectively. How-
ever, Low and Zhu!'! reported that the result pre-
dicted by the Eulerian—Lagrangian approach has a
large error under a higher gas flow rate, the time-aver-
aged gas volume fraction is still affected by cell size
and the released particle number, and the particle
stochastic trajectory also increases the instability of
spatial distribution of the gas volume fraction.
However, for the Eulerian—Eulerian approach, the
phases are treated as interpenetrating fluids and the laws
of conservation of mass and momentum are satisfied by
each phase individually. Accordingly, the aforemen-
tioned problem does not arise with the Eulerian—Eule-
rian approach. In view of this, the VOF model has been
employed in the ladle simulation. Because of the ability
of the VOF model to track the sharp interface, this
model can be mainly used for predicting slag-steel
interface behaviors such as slag entrainment!'*'?! and
formation of slag open-eye.'*'* However, Cao and
Nastac!'™ recently compared the DPM-VOF model and
VOF model and found that the VOF model can reflect
the fluctuation of liquid-free surface, but it fails to
accurately capture the bubble motion in the plume. This
is because the bubble motion in molten steel is inter-
penetrating, while the VOF model prefers to model the
interface motion. Moreover, the Eulerian model>!!
also has been applied in the simulation of the gas-stirred
ladle. Due to the effects of interactions between the gas
phase and liquid phase can be fully considered, the
Eulerian model exhibits outstanding ability to predict
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the bubbly plume structure in a gas-stirred ladle.
Unfortunately, the aforementioned Eulerian model
was developed based on the assumption that the
liquid-free surface is treated as flat, and hence, the effect
of the fluctuation of the free surface on fluid flow was
neglected. Significantly, there is the potential to inte-
grate the advantages of the VOF model and the Eulerian
model to develop a model for predicting the various
fluid flow phenomena in the gas-stirred ladle.

In this study, two submodels, i.e., the particle model
and free surface model, are integrated for a coupled
model—the particle-free surface coupled (PFC)
model—under the Eulerian—Eulerian framework. The
continuity and Navier-Stokes equations are used for
calculating the transfers of momentum and mass
between the different phases as follows:

0 o
5 (wpi) + V- (wpi¥i) =0 2]

0 . - .
E(cxipivi) + V- (O(ipivivi) = —o;VP+ %ipig + \Y%
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where o, p;, Vi, P, and g are the volume fraction, den-
sity, phase-averaged velocity, pressure, and gravity
acceleration. g is the molecular viscosity of the liquid
phase, and g, is the turbulent viscosity. Ej presents
the total interphase forces, including the surface ten-
sion force, drag force, and nondrag forces.

The gas bubble phase is considered as the dispersed
phase, while the molten metal phase, slag phase, and top
gas phase are treated as the continuous phase. The
initial bubble diameter (d,) at the inlet is calculated
using Eq. [4] and obeys the ideal gas law during the
rising process.!'®!"!

dy = 0.624004° 4]

The interactions between the dispersed phase and
continuous phase are modeled using the Particle sub-
model via the interfacial area density (4,):

bog

ACg = dg [5]
B { max (o, 1077) if (o < 0.8) 0
¢\ max(4- (1 —ag), 1077) if (g >0.8)

For nondrag forces, the modified interfacial area
density (4},) is applied:

5
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oy if (g < 0.25)
cxfg =< 0.393855 —0.51420, if(0.25<0z < 0.6) [8]
0.05 if(cg > 0.6)

Therefore, the total interphase force between the
dispersed phase (g) and continuous phase (c¢), ﬁ(g, in
Eq. [3] includes the drag force (FZ,), lift force (Fﬁ,),
virtual mass force (F ve)> and turbulent dispersion force
(ﬁchD) as follows:

r _ D L VM ’TD
ch—ch—i—FL,g—l—ch +ch [9]

In addition, the interactions between the continuous
phases (¢ or ¢’) are modeled using the free surface model,
and the interfacial area density (A4.) between the two
phases can be expressed as

2|V, || Vo]

A ===
‘ |Vo| + [Vo|

[10]

The total interphase force between the continuous
phases, F,., in Eq. [3] includes the drag force (FcDg), and
the surface tension force (F5]) can be expressed as

Foo=F2, + FST [11]

cc’

In a gas-stirred ladle, the bubbly plume structure is
determined by the interactions between the liquid metal
phase and the argon gas phase (ﬁg), as shown in Eq. [9].
To obtain the optimal coefficients of interphase forces,
the Wood’s metal ladle system is built on the basis of
Xie et al.’s experiments.!'™ The detailed model structure
of Wood’s metal ladle system can be seen in Figure 1(a).

The number of elements is created by ANSYS ICEM
software (ANSYS, Inc., Canonsburg, PA, USA). A
mesh sensitivity analysis for the PFC model has been
conducted using three different meshes, which corre-
spond with the number of control volume elements of
218,000, 350,000, and 485,000. It was found that the
meshes with 350,000 and 485,000 elements produced
quite similar simulation results. Thus, the mesh with
350,000 elements is suitable for the current studies, and
the minimum quality metrics criterion of mesh is greater
than 0.53. To obtain more detailed information in the
regions of bubbly plume and free surface, a densely
packed mesh is applied, as shown in Figure 2. It should
be noticed that the top gas phase above the liquid-free
surface is treated as the continuous phase, which is
different from the injected gas phase. The injected gas
phase can float up in the top gas phase due to the density
difference and finally leave the calculation domain from
the degassing condition boundary.™! All numerical
calculations have been finished using the ANSYS
CFX-2019R1 software, and the differential equations
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Fig. 1-—Model structure and interaction between phases: (¢) Wood’s metal ladle system and () industrial scale ladle system.

Table I. Dimensional Parameters and Material Properties

Wood’s metal ladle!'®!

Diameter of Wood’s metal vessel, m 0.4
Bath height of Wood’s metal, m 0.37
Diameter of gas inlet, m 0.003
Density of Wood’s metal, kg/m> 9400
Industrial ladle system

Upper diameter of ladle, m 3.25
Bottom diameter of ladle, m 291
Bath height of molten steel, m 2.65
Diameter of gas inlet, m 0.14
Initial thickness of slag, m 0.1
Density of molten steel, kg/m? 7020
Density of slag, kg/m? 3500
Density of Argon gas, kg/m® 1.623

viscosity of Wood’s metal, Pas 0.0042
surface tension of Wood’s metal, N/m 0.46
temperature of Wood’s metal, K 373
density of nitrogen gas (STP), kg/m? 1.25
viscosity of molten steel, Pas 0.006
viscosity of slag, Pas 0.06
viscosity of argon gas, Pa-s 212 x 107°
surface tension of metal/gas, N/m 1.5
surface tension of slag/gas, N/m 0.58
surface tension of metal/slag, N/m 1.15
temperature of molten steel, K 1873

gas flow rate, L/min 150 to 600

were solved by iteration until the value of the root-
mean-square normalized residual taken across the entire
domain for variables was less than 1 x 107°. Other
model parameters can be seen in Table 1.

Figure 3 shows the effects of the different interphase
forces on the bubbly plume structure. For the drag
force, its magnitude is directly influenced by the drag
coefficient. Table II presents six correlations for the drag
coefficient model, which are commonly adopted in gas-
stirred systems. Figure 3(a) shows the results of models
A and E, which agree well with the measured results, but
the results predicted by models B through D are greatly
overestimated. At the region of the bubbly plume, x =
—0.05 to 0.05 m, models A and E take the value of 0.44
to 0.47 and the drag coefficients of models B through D
are about 2.54 to 2.66. This is due to the shapes of the
gas bubbles, such as sphere, ellipse, and cap, being
treated as a factor in the drag coefficients of models B
through D. In this study, the initial bubble diameter
calculated using Eq. [4] is nearly 19 mm and bubbles of
this size are no longer spherical in the actual process. It
should be noticed that the drag coefficients of bubbles,
which have the same diameter but different shapes, are
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extremely different. However, in the particle submodel,
the interfacial area is calculated based on the assump-
tion that the bubble is a spherical shape, resulting in the
overestimation of models B, C, and E. Therefore, the
drag coefficient model, Schiller and Naumann'” or
Morsi and Alexander,”? is chosen in the present PFC
model.

Some researchers! insisted that the virtual mass
force is negligible, because the gas bubble velocity
gradient is very small in the actual process. However,
this force also has been considered in some reduced scale
models,'’® 15 due to the bubble velocity gradient
becoming larger after the treatments of the similarity
principle. Duan es al!'”! modeled the reduced scale
model and found that the virtual mass force has a
significant impact on the distribution of the gas volume
fraction even if its effect on the vertical liquid velocity is
minor. Figure 3(b) presents the effect of the virtual mass
coefficient on the distribution of the gas volume fraction.
The height of the bubbly plume increases as the virtual
mass coefficient increases from 0 to 0.07, but it decreases
as the virtual mass coeflicient increases from 0.1 to 0.5.
For the bottom stirring condition, the virtual mass force

11,24]
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Fig. 2—Mesh quality and boundary conditions.

Table II. Five Different Models for the Drag Coefficient Cp
Model Correlation References
A c 24 (1+0.15-Re"¥)  Re <1000 Schiller and Naumann!"”!
b= 0.44 Re > 1000
B Cp = max [min(Cpiipse: Cp.cap) » Cp.sphere Ishii and Zuber?”
Cpeap =3
Cpaphere = max | B - (1+0.15 - Re"7),0.44 Cpgtiipse = 3 Eo'/2, P 3
C Cp= max{mln [R (1+0.15 Re"6¥7) 22| 8. ﬁ} Tomiyama et al.*!!
D Cp = min[max (Cp,yis, Cp.dis)> Cp.cap) Kolevt?
2
B (7 A I L L (e 0.75
Cpdis =3 [ 503 g} : |: 18.67(17%)]'5 Re ( +0.1-Re )
2
Coen =3 (1 -2
E Cp=a +R B =+ & ay, a», and a3 are constants that apply over Morsi and Alexander®”

several ranges %Fthe Reynolds (Re) number of gas bubbles

only has a significant effect on the plume near the inlet
region because the deceleration process of the bubble is
basically completed in this region. When the value of the
coefficient increases to 0.5, the increased effect of the
virtual mass force leads the bifurcation of the bubbly
plume. This is why the gas volume fraction has a
bimodal distribution when the virtual mass coefficient is
0.5. Compared with the measured values, the appropri-
ate value of the virtual mass coefficient is in the range of
0.05 to 0.1 for the current model.

The effect of lift force on the bubbly plume structure
is well known—that it just affects the distribution of gas

METALLURGICAL AND MATERIALS TRANSACTIONS B

bubbles in the radial direction. The optimal lift coeffi-
cients come from the different models having slight
differences, but in general, they are in the range of 0 to
0.1. Lopez de Bertodano er al®*” suggested a value
between 0.02 and 0.1 in bubbly flows in the vertical duct.
Sheng and Iron®**” determined a lift coefficient of 0.1
in unconfined plumes with small bubbles. Moreover
especially for the ladle simulation, Lou and Zhu!!!

chose 0.01 as the optimal lift coefficient usmg the
Eulerian—Eulerian approach, while Duan ez al.l'” took a
value of 0.1 using the Eulerian-Lagrangian approach. In
this study, Figure 3(c) shows that the predicted values
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Fig. 3—Effects of the different interphase forces on bubbly plume structure at the height of 0.2 m; the gas flow rate is 12 L/min: (a) drag force,
(b) virtual mass force, (c) lift force, and (d) turbulent dispersion force.
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Fig. 4—Respective effects of the lift force and turbulent dispersion force on bubbly plume structure at the height of 0.2 m; the gas flow rate is 12
L/min: (a) turbulent dispersion force and (b) lift force.

have a better agreement with the measured values when coefficient cause the narrower bubbly plume structures,
the lift coefficient is set at 0.05. The smaller values of lift whereas the structures become wider with the larger
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Fig. 5—Effects of the free surface setup on fluid flow, at the gas flow rate of 12 L/min: («) predicted phase distribution, (b) gas volume fraction,

and (c) liquid vertical velocity.

values. When the lift coefficient is 0.5, the horizontal
spreading of the plume is very exaggerated and the gas
volume fraction has a bimodal distribution. Figure 3(d)
depicts the distribution of the bubble volume fraction
with the different values of turbulent dispersion coeffi-
cient. The plume produces larger dispersion as a result
of the higher turbulent dispersion coefficient. Compared
to each turbulent dispersion coefficient, the predicted
values correlate well with the measured values when a
value of 0.8 is adopted.

It is not hard to find that both the lift force and
turbulent dispersion force have influence on the radial
distribution of gas bubbles. Therefore, it is very mean-
ingful to consider alone their respective effects.

METALLURGICAL AND MATERIALS TRANSACTIONS B

Figure 4(a) shows that even though the model ignores
the effect of lift force, the predicted values still can be
close to the measured values by modifying the turbulent
dispersion coefficient. Differently, when the turbulent
dispersion force is not considered in the model, the
predicted bubbly plume shape has a dramatic change, as
shown in Figure 4(b). The width of the bubbly plume is
extremely narrow and nearly keeps the same size along
the vertical direction. Under this condition, there is no
significant change as the values of the lift coefficient vary
from 0 to 0.1. All the results prove that the influence
weight of the turbulent dispersion force is higher than
that of the lift force under the Eulerian—Eulerian

VOLUME 51B, JUNE 2020—903



Gas

Volume

Fraction
0.20

0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

150 min/L

Molten

Steel

Velocity
1.19

0.89

0.59

0.30

150 min/L

300 min/L

Slag open-eye

300 min/L
(b)

Slag layer Slag layer

600 min/L
(a)

Slag open-eye

600 min/L

Fig. 6—Predicted results of industrial scale gas-stirred ladle under the different gas flow rates: («) distribution of each phase at ¥ = 0 plane and

(b) slag open-eye (o, = 0.95).

framework, and the model cannot neglect the turbulence
dispersion force.

The effects of the free surface setup on fluid flow were
investigated in this study. The simulation results pre-
dicted by the PFC model were chosen for comparison
with the results predicted by the particle model in which
the free surface was treated as flat. Figure 5(a) shows
that the fluctuation of the liquid-free surface can be
clearly presented in the PFC model, and there is a
distinct bulge shape at the place where the gas bubbles
flow out. Figure 5(b) depicts the gas volume fraction
distribution at the different heights of the gas-stirred
ladle, in conjunction with a comparison of measured
values. As shown, the differences of the gas volume
fraction distribution of the two models are not remark-
able at z = 0.1 m and z = 0.2 m, and the predicted
results correlate well with the measurements. Neverthe-
less, significant differences between the two models can
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be found at z = 0.37 m. Compared to the degassing
condition boundary, it seems the fluctuation of the
liquid-free surface has a function to prevent the gas
bubble flowing out rapidly. Similar results can be seen in
Figure 4(c)—that the differences of the liquid vertical
velocity between the two models are negative at z = 0.1
m and z = 0.2 m. However, at z = 0.37 m, the liquid
vertical velocity of the PFC model has different values
along the liquid-free surface, while the liquid vertical
velocity of the particle model is close to 0 m/s. All of the
results indicate that the fluctuation of the liquid-free
surface has an obvious influence on the floating behav-
ior of gas bubbles near the region of the free surface.
Therefore, in order to precisely predict the fluid flow in a
gas-stirred ladle, it is requisite to consider the effect of
the fluctuation of the liquid-free surface.

Since the present PFC model can reflect the fluctua-
tion of the liquid-free surface, a recent hot topic, i.e.,

METALLURGICAL AND MATERIALS TRANSACTIONS B



slag open-eye, also has been investigated in this study.
An industrial scale gas-stirred ladle is modeled using the
present PFC model, and the detailed model structure
can be seen in Figure 1(b). All optimal coefficients have
been employed, and other model parameters can be seen
in Table I.

Figure 6(a) shows the distributions of the molten
steel, gas bubble, and slag at the different gas flow rates.
As seen, at the low gas flow rate (150 L/min), the bubbly
plume is slim and the free surface of molten steel only
has a slight fluctuation. As a result of the floating
behavior of gas bubbles, the central slag layer is slightly
broken and the slag open-eye starts to form. As the gas
flow rate increases (300 and 600 L/min), the region of
the bubbly plume gradually becomes wider and the
central bulge becomes higher. The formation of slag
open-eye is obvious. Figure 6(b) clearly shows that the
higher the gas flow rate, the larger the slag open-eye.
Unfortunately, because the numerical calculation is at a
steady state, the phenomenon of slag entrainment does
not emerge in this study.

To conclude, a PFC model was successfully developed
and optimized for simulating the fluid flow in the gas-
stirred ladles using the Eulerian—Eulerian approach. To
accurately predict the fluid flow in a gas-stirred ladle, the
fluctuating liquid-free surface must be considered in the
model instead of using the flat and motionless bound-
ary. Using the present model, various fluid flow phe-
nomena, such as bubble trajectories, free surface
fluctuations, and the formation of slag open-eye, can
be simultaneously predicted for a wide range of gas flow
rates during ladle stirring operations.

ABBREVIATIONS

FS
R

Interfacial area density and modified
interfacial area density (-)
Interphase force (N/m?)
Initial diameter of gas bubble at the let (m)
Gravity acceleration (m?/s)
Number of bubble particles released from the
inlet (-)
Pressure (Pa)
e Gas flow rate (m’/s)

Velocity (m/s)
Veell Grid cell volume (m3)
Volume of the nth bubble in the control cell
volume (m?)
o Volume fraction (-)
0 Density (kg/m?)
w, ti, Molecular viscosity and turbulent viscosity of
 the liquid phase (kg/(ms))

o T

QN =0

METALLURGICAL AND MATERIALS TRANSACTIONS B

SUBSCRIPTS AND SUPERSCRIPTS

i, j  Phase or interacted phase

¢, ¢ Continuous phase

g Gas phase

1 Liquid phase

s Slag phase

t Top gas phase

D Drag force (N/m?)

L Lift force (N/m?)

VM  Virtual mass force (N/m?)
TD  Turbulent dispersion force (N/m?)
ST  Surface tension force (N/m”)
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