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Hydrodynamic simulation of metal droplet settlement in molten slag
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Abstract: A mathematical model of the metal droplet settlement process of smelting slag was established. The effect of
interfacial tension between the metal and slag phases on the droplet settlement velocity and drag force under different
viscosity models was studied. The results showed that the Laminar and RNG k—¢ turbulence models accurately predict
the final settlement velocity of smaller diameter droplets. The interfacial tension affects the settlement velocity of the
droplet, and the effect gradually increases as the droplet size is increased. The “RNG + CSS” model accurately
describes the droplet settlement process and the change in the droplet settlement velocity. The drag force coefficient
formula under coupling interfacial tension was derived with the established mathematical model and experimental data.
This model reveals the mechanism of the settlement process of metal droplets in smelting slag and provides theoretical
guidance for reducing the content of valuable metals in slag in actual production.
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1 Introduction

Oxygen-enriched smelting technology usually
uses high-concentration oxygen to be injected into
the molten pool at high speed and vigorously stirs
the melt to accelerate the smelting reaction [1,2]. At
the same time, high-intensity stirring and high
oxygen potential lead to preliminary clarification
and separation of multiple phases. In the oxygen-
enriched smelting process, the metal loss in slag is
mainly caused by mechanical inclusion. Improving
the settlement conditions of metal droplets in slag
can effectively reduce the metal content in slag and
improve the direct metal yield [3—5].

In the study of TONG et al [6], through
numerical simulation based on the volume of fluid
(VOF) model, combined with the experimental
device for physical simulation, the mechanism of
metal droplet formation and the effect of the filling
rate on its droplet behavior were studied. LIU
et al [7] developed a 3-D mathematical model

coupled with a magneto-hydrodynamic (MHD)
model, which was used to investigate droplet
formation and drip. ZHOU et al [8] studied the
influence of metal droplet size and interfacial
tension on the metal droplet settlement velocity.
The study showed that the larger the metal droplet
size and the greater the interfacial tension were, the
more conducive the separation of metal droplets
and slag was. WANG et al [9] adjusted the content
of components in slag to change the interfacial
tension of the slag, which increased the interfacial
tension between the slag and matte and ensured the
excellent separation of the slag and metal droplets.
NATSUI et al [10] studied the movement behavior
of matte and slag by a dynamic model and found an
increase in interfacial tension effects on the
settlement time of metal droplets. LAN et al [11]
applied a super-gravity field to the system to
accelerate droplet settlement and found an increase
in interfacial tension between the metal droplets
and slag, hindering the polymerization of tiny
droplets and droplet settlement. SUZUKI et al [12]
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investigated the interfacial tension between the
metal phase and the slag phase on the separation of
metal droplets in the slag phase by studying the
behavior of sulfur and oxygen in the slag at the
interface between the metal and the slag phase. The
results showed that impurities in metal droplets
could be reduced by controlling the interfacial
tension between the metal and slag phases. In
addition, relevant studies [13,14] reported the
influence of interfacial tension on the sedimentation
process of metal droplets and derived the
appropriate formulas for the critical radius of
floating metal droplets. The above studies showed
that interfacial tension has a complex effect on
the settlement process of metal droplets in slag.
However, few mechanisms of interfacial tension on
the settlement of metal droplets have been proposed.
Therefore, it is necessary to study the mechanism of
interfacial tension.

In general, the settlement behavior of a single
droplet in a viscous fluid can be treated according
to Stokes flow, and the classic Stokes equation can
solve the final settlement velocity of the droplet.
However, in the settlement process of high viscosity
fluid, there is a relative motion between the droplet
and the surrounding fluid interface, leading to
droplet deformation and the change in the drag
coefficient, which further affects the droplet
settlement process [15,16].

In this work, computational fluid dynamics is
used to simulate the settlement process of metal
droplets in molten slag, which breaks through the
limitations of traditional experimental methods [17].
The physical model and mathematical model of the
droplet are constructed by the fluid mechanics
simulation software, and the influence of the
interfacial tension on the droplet settlement is
investigated. The formula for calculating the drag
force of the related interfacial tension is derived,
which has guiding significance for the research on
the settlement of metal droplets in slag.

2 Experimental

2.1 Physical model

According to the experimental model device
used in Ref. [18], the physical model was
established. The specific size parameters are shown
in Fig. 1.

The geometric model is a cube structure with

a size of 100 mm x 100 mm x 150 mm. A droplet
settlement area with a width of 10 mm is taken at
the center of the cube to ensure that the ratio of the
width of the droplet movement area to the width of
the model wall is less than 0.1. At this time, the
influence of the wall on the droplet settlement
process can be ignored. The central area is locally
encrypted to ensure the non-correlation of the grid.
As shown in Fig. 1, the initial state of the droplet is
static, and the shape of the droplet is spherical.
Under the action of gravity, the droplet begins to
settle and generates a drag force. The settlement
velocity of the droplet gradually increases, and the
final settlement speed is obtained when the power
of the droplet is balanced. In this work, the droplet
diameters were set to be 2, 4, 6, 8, and 10 mm, to
clarify the influence of the droplet diameter on the
sedimentation velocity.
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Fig. 1 Schematic diagram of geometric model of
settlement system of metal droplets in slag

2.2 Mathematical model

The force analysis of the droplet shows that
the droplet is subjected to gravity, buoyancy, and
drag forces during the settlement process. When
these three forces reach the balance, the final
settlement velocity of the metal droplet can be
obtained, which can be obtained by Stokes’
equation:

2 —
= 8D (pw =Py )
184

where v is the final settlement velocity of the
droplet; g is the acceleration of gravity; D is the
droplet diameter; pm and ps are the densities of the
metal droplet and the slag, respectively; us is the
slag viscosity. The Reynolds number of the droplet
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is calculated as Re~0.6. The classical Stokes’
equation was used to calculate the final settlement
velocity of the metal droplet with a diameter of
10 mm. The Reynolds number of the droplet Re=0.6
1s obtained, and the fluid flow can be seen as
laminar flow. However, the relative motion between
the droplet and the slag may cause turbulent motion
at the two-phase interface. In this case, it is more
accurate to use the turbulent viscosity instead of the
slag viscosity to calculate the drag force.

Fluent software provides many turbulence
models, including k—e model, i—® model, Reynolds
stress model, transition SST model, scale-adaptive
simulation model, detached eddy simulation model,
and large eddy simulation model, etc [19]. The
RNG k—¢ turbulence model provides a differential
equation that can calculate the turbulent viscosity at
a low Reynolds number:
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where k is turbulent energy, ¢ is the turbulent
dissipation rate, a. and oy are the turbulent Prandtl
number, u.r is the effective turbulent viscosity
coefficient. Gy is the turbulent energy due to the
mean velocity gradient, Gy is the turbulent energy
due to buoyancy, Yi is the effect of fluctuating
expansion on the total dissipation rate in
compressible turbulence, S; and S, are the source
terms, and C., C2. and Cs, are constants.

The SST k—w turbulence model considers
the transport process of turbulent shear force in
the definition of turbulent viscosity, which can
accurately describe the flow separated from the
smooth surface [20]. Therefore, in this work, the
variation trend of droplet settlement velocity under
three viscosity models was mainly considered:
Laminar, RNG k—w turbulence, and SST i—ow
turbulence.

The VOF model provides two coupled surface
tension models: the continuum surface force (CSF)
model and the continuum surface stress (CSS)
model. There is not much difference between the
two models in describing the effect of surface

tension, but the CSS model is mainly used for
changing surface tension, so the CSS model was
chosen in this work.

The classic Stokes’ equation defines the drag
force (Farag) On a droplet as follows:

Fype =3mu Dy 4

Based on this, RYZHENKOV et al [21]
introduced a correction factor to the formula to
accurately describe the drag force in the liquid—
liquid two-phase system. The modified drag force,
and the final settlement velocity of droplets are
deduced as follows:

Fyog =2mu DvA (5)
2

L&Dy =p) ©
12uA

where 4 is the correction factor. In this work, the
simulated droplet sedimentation velocity is
compared with the velocity calculated by Eq. (6)
and the experimental data reported in Ref. [18] to
determine the model’s accuracy.

3 Boundary conditions and solution
strategies

3.1 Boundary conditions

The pressure outlet boundary condition was
adopted, and the gauge pressure was set to be 0 Pa;
the nonslip boundary condition was adopted at the
rest of the wall, and the standard wall equation was
adopted in the near-wall area. In this work, the
settlement process of metal droplets in molten slag
was simulated using the data reported in Ref. [18].
The metal droplet was a nickel droplet, and the
viscous fluid of Al-Ca—Si—O slag type was applied.
The specific physical parameters are given in Table 1.

Table 1 Physical parameters of settlement system (7=
1500 °C) [18]

) Density/  Viscosity/ Surface
Material (kg-m™?) (Pas)  tension/(N-m ™)
Nickel metal 7770 0.004 0.45
droplet
Slag 11 2445 4.105 -

3.2 Solution strategies
The transient pressure-based separation
implicit algorithm was adopted and the time step
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was adjusted according to calculation convergence.
The maximum time step was 0.0002 s. The Euler
model, the Laminar model, RNG %—¢ turbulence
model, and SST k—w turbulence model were
adopted. Pressure—velocity coupling mode was
applied, discretization format of the PRESTO
method was used, the compressive method was
selected for the volume fraction, and upwind form
is selected for momentum equation.

4 Results and discussion

4.1 Effect of viscous model on settlement velocity

The trends of the droplet sedimentation
velocity under the Laminar model, RNG k—¢
turbulence model, and SST k—w turbulence model
are investigated without considering the effect of
interfacial tension. The final settlement velocity
obtained by simulation is compared with the
calculated one by Eq. (6) and the experimental data
obtained in Ref. [18]. The results are shown in
Fig. 2.
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Fig. 2 Variation trend of droplet settlement velocity
under different viscous models (a) and comparison of
simulation results with calculated and experimental
ones (b)

The droplet diameters were set as 2, 4, 6, 8,
and 10mm in three viscous models. The
sedimentation velocity of metal droplets showed a
gradual increasing trend and then reached a
maximum value, indicating that the settlement
process of the metal droplet in the molten slag is a
variable acceleration process. The metal droplet
moves downwards under gravity traction, and the
viscous drag force opposite to the droplet motion
direction is generated due to the slag viscosity. As
the settlement velocity increases, the drag force on
droplet gradually increases. When the drag force,
gravity, and buoyancy reach a balance, the droplet
obtains a maximum settlement velocity. The results
of these three viscous models show that the final
droplet settlement velocity is the minimum under
the SST k—w turbulence model and the maximum
under the Laminar model.

The comparison results in Fig. 2(b) show
differences among the simulation results obtained
under three viscosity models, calculated by the
formula, and the experimental results, and the
difference becomes more evident with increasing
droplet diameter. Compared with the experimental
data, the final settlement velocity of the droplets
under the SST k—w turbulence model is smaller, and
the velocity calculated by Eq. (6) is larger, which is
not accurate enough to describe the change in the
droplet settlement velocity in the system. The
simulation results of the Laminar model and RNG
k—e turbulence model are within the range of
experimental data, which reflects the trend of
droplet sedimentation velocity to some extent.

Equation (4) shows that the corresponding
drag force coefficient determines the drag force on
the droplet. The existing literature shows that the
shape and deformation of the droplet have an
important influence on the drag coefficient during
droplet settlement. To clarify the changing trend of
drag force under three viscous models, the shape
change of droplets with different diameters at
different settlement moments was studied, and the
results are shown in Fig. 3.

It can be seen from Fig. 3 that the metal
droplets of different diameters under three viscous
models remain spherical and have no obvious
deformation in the settlement process. The top of
the droplet is concave, and the degree increases
with the increase in diameter under the Laminar
and RNG k—¢ turbulence models. The streamline
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Fig. 3 Droplet shape change and streamline distribution under three viscosity models: (a) Laminar model; (b) RNG k—¢
model; (¢) SST k—w model
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distribution shows some differences in the velocity
changes of the droplet under three viscous models.
Under the Laminar model, the drag force on the
droplet is small, and the streamline distribution of
the droplet increases rapidly. The time it takes for
the droplet to reach the final settlement velocity
is the smallest. The droplet streamline distribution
range is large, the energy transfer between the
droplet and the surrounding fluid is significant
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under the RNG k—¢ turbulence and the SST i—w
turbulence models, and the droplet settlement
velocity is lower than that under the Laminar model.

Figure 4 describes the changes in the
distribution of the internal vector of the droplet
under different viscosity models. It can be seen
that the larger-diameter droplet still maintains a
spherical shape under the Laminar and RNG k—¢
turbulence modes, but it splits due to the intrusion
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Fig. 4 Distribution of droplet internal vector under different viscosity models: (a) Laminar model; (b) RNG k—& model;
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of the upper fluid into the droplet. The vector
distribution shows that under the Laminar and RNG
k—e¢ turbulence models, the drag force is prominent
at the interface between the drop and the
surrounding fluid, and the droplet sedimentation
velocity is small because the droplet directly
contacts the slag. However, inside the droplet,
because the viscosity of the droplets is much
smaller than that of the slag, the drag force is small,
the settlement velocity of the droplet is large, and
the streamline distribution presents an apparent
velocity gradient. Under the SST k—w turbulence
model, the internal vector of the droplet is single
distribution, and there has no concave deformation
on the top of the droplet, indicating that the model
is not suitable for describing the droplet settlement
process.

Figure 5 depicts the pressure distribution in the
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metal droplet settlement area under the Laminar and
RNG k—¢ turbulence models. There is a pressure
difference between the top and bottom of the
droplet in the settlement process. With the increase
in the droplet diameter, the pressure difference
increases and eventually leads to the invasion of
slag into the droplet, which may be the main reason
for droplet deformation. By comparing Figs. 5(a)
and 5(b), it is found that the pressure distribution in
the droplet settlement area is more uniform under
the RNG k—¢ turbulence model. In contrast, the
pressure gradient under the Laminar model is more
significant than that under the RNG k—¢ turbulence
model, indicating that the RNG k—¢ turbulence
model can better predict the pressure variation
during the settlement process. In addition, the
intrusion of slag into the inside of the droplet causes
the liquid—liquid two-phase interaction and mutual
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Fig. 5§ Pressure distribution in droplet settlement region under Laminar model (a) and RNG k—¢ turbulence model (b)
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intersection, and it is no longer suitable to regard
the settlement system as laminar movement.

By comparing the simulation data, calculated
data, and experimental data under three viscosity
models, it can be seen that the Laminar and RNG
k—¢ turbulence models can more accurately describe
the effect of drag force on the droplet settlement
velocity. When the droplet diameter is less than
6 mm, the Laminar and RNG k—¢ turbulence
models can accurately predict the final droplet
settlement velocity. When the droplet diameter is
larger than 6 mm, the settlement velocity of the
droplet stimulated by the RNG k—¢ turbulence
model is closer to the last droplet settlement
velocity obtained by the experiment.

4.2 Influence of interfacial tension on settlement
velocity

According to the theory of fluid mechanics,
when the Reynolds number of the droplet is large,
the influence of interfacial tension on droplet shape
becomes essential [22]. When the droplet diameter
exceeds a specific critical value, the droplet begins
to deform. Since the drag coefficient is directly
related to the droplet shape, it is necessary to
study the effect of interfacial tension on droplet
settlement velocity. In this work, the CSS model is
used to couple the interfacial tension with the
Laminar and RNG fk—¢ turbulence models, and the
corresponding droplet sedimentation velocity curve
is plotted.

As shown in Fig. 6, the droplet settlement
velocity changes under the Laminar model are the
same regardless of whether the CSS model is
coupled. However, under the RNG k—¢ turbulence
model, when the droplet diameter exceeds 6 mm,
the settlement velocity obtained by the coupled CSS
model is gradually different from that obtained by
the uncoupled CSS model, and the difference
increases with increasing droplet diameter. The
results show that when the droplet settlement
velocity is less than a specific critical value, the
droplet drag coefficient remains unchanged. As
the settlement velocity increases, the interaction
between the droplet and slag is strengthened, and
the droplet tends to deform. At this time, the
interfacial tension plays a vital role in maintaining
the droplet shape. Compared with the droplet
without the CSS model, the droplet with the CSS
model has a smaller drag force coefficient and a

larger corresponding settlement velocity.

The simulation data obtained under the
“Laminar + CSS” and “RNG + CSS” models are
compared with experimental data and calculated
data, as shown in Fig. 6(b). The results show that
when the droplet diameter is less than 6 mm, the
interfacial tension has little effect on the drag
coefficient. When the droplet diameter is larger
than 6 mm, the interfacial tension significantly
affects the drag coefficient and increases as the
droplet diameter increases. Compared with the
experimental data, the data obtained by the
“Laminar + CSS” and “RNG + CSS” models are
within the practical range. It can be considered that
the “Laminar + CSS” model and the “RNG + CSS”
model can accurately describe the droplet
settlement process in the studied system.

Figure 7 shows the internal vector distribution
of the droplet under the “Laminar + CSS” model
and the “RNG + CSS” model. By comparing Fig. 4
with Fig. 8, it can be seen that there is a significant

0.09
(@
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007 L .:::‘: B
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> i/ -
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Fig. 6 Curves of droplet settlement velocity under
viscous model coupled with CSS model (a), and
comparison of simulation results with calculated and
experimental results under “Laminar + CSS” and
“RNG + CSS” models (b)
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Fig. 7 Vector distribution of droplets under different viscous models coupled with CSS model: (a) “Laminar + CSS”

model; (b) “RNG + CSS” model

difference between the droplet shapes of the
coupled CSS model and those of the uncoupled
model. The droplet of the coupled CSS model has
no slag intrusion phenomenon, and the droplet only
slightly deforms. This shows that the interfacial
tension plays a positive role in maintaining the
droplet’s shape. The interfacial tension can inhibit
the invasion of the surrounding fluid into the
droplet and increase the droplet settlement velocity.

The vector distribution inside the droplet indicates
that the fluid in the central region moves in the
opposite direction of settlement. The reason may be
that the smaller diameter droplet is significantly
disturbed in the settlement process, and the fluid
inside the droplet circulates.

Figure 8 describes the pressure distribution
during droplet settlement under the “Laminar +
CSS” and “RNG + CSS” models. The results show
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Fig. 8 Pressure distribution in droplet settlement region under “Laminar + CSS” model (a) and “RNG + CSS” model (b)

that when the droplet diameter is 2 mm, the internal
pressure distribution of the droplet under the
“Laminar + CSS” model is very different from that
of the “RNG + CSS” model, which fails to describe
the pressure change accurately. When the diameter
is 6 or 10 mm, the pressure distribution under the
two models is the same. As the metal droplet
accelerates in the process of settlement, the
pressure inside the droplet changes with increasing
settlement speed. In this regard, the “Laminar +
CSS” model cannot accurately describe the droplet
pressure trend over time, while the “RNG + CSS”
model can accurately describe the pressure change.
In addition, it can be predicted that with a further
increase in the droplet diameter, the pressure
difference between the top and bottom of the
droplet continues to increase. When the pressure
difference increases to a specific value, the
interfacial tension is not enough to maintain the
original shape of the droplet, and the droplet
deforms and splits.

In conclusion, the interfacial tension between
the metal droplet and slag plays a vital role in
maintaining the droplet shape. With increasing
droplet diameter, the effect of interfacial tension on
the droplet settlement velocity gradually increases.
The “RNG + CSS” model can more accurately
describe the droplet sedimentation process and the
change in the droplet settlement velocity while
considering the interfacial tension.

4.3 Improvement of empirical formula of drag

coefficient

In general, the settlement of metal droplet in a
viscous fluid is subjected to gravity (F), buoyancy
(FB), and drag force (Fp). At the initial settlement
stage, the static metal droplet accelerates under the
action of gravity, and the drag force is generated.
According to the law of force balance, the droplet
obtains the final settlement velocity when the
resultant force reaches equilibrium. At this point,
the force equilibrium equation can be written as

Fo=Fc—Fs (7
Among them,
1
Fy :gnpng3 @)
1 3
Iy = s np,gD 9
Equation (7) can be converted into
1,1
F=Cy-—pyv" -—aD 10
D D5 Ps 4 (10)

where Cp is the drag coefficient. According to the
classic Stokes’ law, the main parameters affecting
the drag force are the droplet diameter D, the slag
density ps, the slag viscosity us, and the final
settlement velocity v. Therefore, Fp can be regarded
as a correlation function of the above parameters:

FD=f(D7 ps’ ﬂs’ V) (11)

The corresponding drag force equation can be



1254 Qin-meng WANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1244—-1257

derived from Buckingham’s 7 theorem. In Eq. (11),
four physical variables can be expressed as
corresponding relations by three independent
physical units (M, L, T). Buckingham’s z theorem
shows that Eq.(11) can be converted to an
equivalent relationship with only two dimensionless
parameters. In this section, the variables D, ps, and v
are selected as independent physical units, and the
corresponding dimensionless parameters are

Iy

1 Dal psbl vcl ( )
Y2
2 Dazpsbzvcz ( )

According to the analysis of the dimensional
harmony principle, the indices ai, b1, ¢1 and az, b,
¢ are solved as follows:

611:2, b1=1, 01:2, a2=1, b2=1, 02:1

Therefore,
F 1
m=—Pe, =t (14)
D7 p.v Dpyv Re

where Re is the Reynolds number of the droplet.
Thus, 71 can be expressed as a function of 7»:

FD
D pv? = f(Re) (15)

S

According to Eq. (10),
transformed into

Eq. (15) can be

1 1
Fy =2 f(Re)-2 py? L2 (16)
o 2 4

The drag coefficient can be expressed as
8
Cp =;f(Re) 17)

The droplet drag coefficient is related to the
Reynolds number. In Stokes flow, the drag force
coefficient is usually given as [23]
_24

Re
Similarly, according to the modified drag force
(Eq. (6)), the corresponding modified drag force
coefficient is
_162
Re

The comparison result in Fig. 6(b) shows a
deviation between the simulation results and the

c, (18)

Ch (19)

calculated and experimental results, which is caused
by the influence of the interfacial tension on the
fluid shape. Therefore, it is necessary to consider
the change in the droplet drag coefficient under
interfacial tension. By taking the interface tension
parameter ¢ into the drag force equation, Eq. (11)
can be rewritten as

Fy =1 (D, ps, s, v, 0) (20)

A new dimensionless parameter 3 is obtained:

o
Ty = 21
’ szpS 1)
The dimensionless parameter z; can be
expressed as
B bk
W?\/z:klﬁz T3 (22)

Among them, ki, k», and k3 are unknown
constants. By combining 7, and z3, the parameter 74
can be obtained:

-1 _ Iusv

Ty =7 73 = > (23)

74 1s the droplet capillary number C,. Thus, 7
can be seen as a function of C,:

FD
D2psv

5=k (24)

k4 and ks are unknown constants. According to
Eq. (17), the corresponding drag force coefficient
Cp equation considering the interfacial tension
coefficient is

Ch = 8. k,C5s =k, C5s (25)
T

where ks is an unknown constant.

Based on the simulation results under the
“RNG + CSS” model, the calculated results of
Eq. (19), and the experimental data, the change
curves of the droplet drag force coefficients with
different diameters are calculated, as shown in
Fig. 9.

As shown in Fig.9, within the allowable
range of experimental error, results by Eq. (19)
and the drag force coefficient calculated from the
simulation results of the “RNG + CSS” model both
show good agreement. However, combined with the
final droplet velocity change shown in Fig. 6(b), it
can be seen that the drag force coefficient Cp'
calculated from the simulation results of the
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“RNG + CSS” model can more accurately describe
the droplet settlement velocity change trend. By
combining the data of Cp’, curve fitting on Eq. (25)
is performed by the least square method, and the
relevant parameters obtained are given in Table 2.
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4500 . s Cp
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_ 3500 f . gﬁ
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= \
wg 2500 |
S 2000 - \
& 1500 |
a I B
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Fig. 9 Variation of drag coefficient with different droplet
diameters (Cp is calculated according to the experimental
data [18]; Cp is calculated according to Eq. (19); Cp' is
based on simulation results of “RNG + CSS” model)

Table 2 Fitting parameters of Eq. (25)

Equation ks ke R?

Cy=ksCy*s -1.367 40.671 0.998

4.4 Data verification

To further verify the applicability of the
mathematical model and drag force coefficient
calculation (Eq. (25)) used in this work, another
settlement system (Fe-slag settlement system) in
Ref. [18] was combined for verification. The metal
droplet used in the system is a saturated iron
droplet, and the slag is of the Al-Ca—Si—O slag
type. Specific physical parameters are given in
Table 3.

Table 3 Physical
(T=1450 °C) [24]

parameters of settlement system

. Density/ Viscosity/ Surface
Material (kgm™3)  (Pa's) tension/(N-m)
Iron metal droplet 6770 0.0058 0.15
Slag I 2660 2.21 -

The “RNG + CSS” model is used to simulate
the Fe-slag settlement system, and the results are
compared with the calculation results of the

improved equation and the experimental results, as
shown in Fig. 10.

Figure 10 shows that for tiny diameter metal
droplets, the calculation results of the enhanced
formula and the simulation results of the “RNG +
CSS” model are in good agreement with the
experimental results. For large diameter metal
droplets (when the diameter is larger than 10 mm),
the “RNG + CSS” model predicts the settlement
velocity of droplets more accurately.

Equation (25) is used to calculate the drag
force coefficient of the Fe-slag system under the
“RNG + CSS” model and it is compared with
the drag force coefficient calculated from the
experimental data and the drag force coefficient
calculated by the improved formula. The results are
shown in Fig. 11.
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Fig. 10 Comparison of settlement velocity of Fe-slag
system under three different methods
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Fig. 11 Comparison of drag coefficients under different
droplet diameters (Cp 1is calculated according to

experimental data; Cb is calculated according to Eq. (19);
Cb is based on the simulation results of the “RNG + CSS”

model; Cp is calculated according to Ref. [18])
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As shown in Fig. 11, due to the difficulty in
obtaining iron droplets with a diameter less than
2mm in the experimental process and the
significant measurement error, the settlement
velocity data of the droplets with a diameter less
than 2 mm were not given in the literature.
However, according to the overall drag force
coefficient variation trend, the drag force coefficient
calculated from Eq.(25) agrees with the
experimental data for predicting the drag coefficient
of different metal droplets. The results show that the
interfacial tension between the droplet and the slag
has an essential effect on the droplet settlement
process under the metal droplet—slag system studied
in this work, and the corresponding drag force
coefficient can be calculated according to
C'5=40.671(C,) 3",

5 Conclusions

(1) For smaller-diameter droplets, the Laminar
model and RNG k—¢ turbulence model can
accurately predict the final settlement velocity of
the droplets. When the droplet diameter is larger
than 6 mm, the simulated droplet settlement
velocity in the RNG k—¢ turbulence model is closer
to the final settlement velocity of the experimental
droplet.

(2) Interfacial tension affects the droplet
settlement velocity, and with increasing droplet
diameter, the effect of interfacial tension on the
droplet settlement velocity increases. The “RNG +
CSS” model can more accurately describe the
droplet settlement process and the change in the
droplet settlement velocity while considering the
interfacial tension.

(3) By combining the mathematical model
and experimental data, the formula for calculating
the drag force coefficient under the action of
the coupling interfacial tension is derived:
C'h=40.671(C,) 3.
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