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Optimization of mixing time in a ladle with dual plugs
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Abstract: Based on the two-phase fluid (Eulerian-Eulerian) model, a mathematical model about the gas-liquid flow and mixing behavior was
developed to investigate the effect of the offset of dual plugs, the included angle of dual plugs with a center point, and gas flow rate on the
mixing time in a ladle with dual plugs. Numerical results indicate that two types of recirculation zones exist in the ladle. One is the middle
recirculation between gas and liquid plumes, and the other is the sidewall recirculation between plumes and the ladle sidewall. The correction
shows that the mixing time is in proportion to —0.2676 power of gas flow rate. There is a unique optimum offset of dual plugs with a particu-
lar included angle, in turn, a unique optimum included angle of dual plugs exits with a particular offset.
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1. Introduction

Recently, with increasing demands for high-quality steel,
secondary refining in gas stirred ladles plays a significant
role in the modern steel industry. The efficiency of metal-
lurgical reactions, such as degassing, deoxidation, and
desulphurization, in gas stirred ladles is basically related to
mixing phenomena. Moreover, the homogeneity of tem-
perature or chemical composition is also concerned with
mixing phenomena in gas stirred ladles. Therefore, the study
of mixing phenomena in gas stirred ladles has received con-
siderable attention over the years [1-7]. Usually, the mixing
degree in gas stirred ladles can be evaluated from a degree
of 95% mixing time, which is defined as the maximum time
for the concentration of all monitoring points to fall within a
5% deviation of the homogeneous value. According to the
previous study, the shortest mixing time can be obtained in
the case of single-plug placed off-center [3]. However, since
the slag entrapment is one of the main sources of inclusions
in steel [8], metallurgical reactions, such as deoxidation and
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alloy homogenization, requires gentle mixing at the metal-
slag interface and maintenance of an unbroken slag layer.
Thus, a ladle stirred with dual plugs was developed. In addi-
tion, lots of studies have been proposed in view of ladles
with dual plugs [2-6]. As shown in Fig. 1, the position of
dual plugs can be determined with offset (L) and included
angle (6). As one would note here, although the effect of
offset and included angle on the mixing time has been stud-
ied, not much detailed information about the effect of in-
cluded angle is available in these researches. The
quasi-single phase model derived for an axisymmetrical gas
stirred ladle with a centrally placed plug was still employed
in some studies [3-4]. Obviously, the quasi-single phase
model cannot be very accurate to study transport phenom-
ena in a ladle with dual plugs. Thus, the purpose of the pre-
sent work was to optimize the location of dual plugs, which
could yield the minimum mixing time, and to develop a new
correlation for the mixing time based on a wide variation of
location parameters (L/R, ) and gas flow rate (Q,), as
shown in Table 1 (R is the radius of the ladle bottom).

@ Springer
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Fig.1. Schematic diagram of dual plugs at the ladle bottom.

Table 1. Parameters of the ladle with dual plugs

Parameter Value
L/R 0.25,0.33,0.5, 0.75, and 0.80
0 /2, 2n/3, 57/6, and 7t
O,/ (NL-min™") 200, 300, 400, and 500

2. Mathematical model

2.1. Assumptions

The mathematical model for fluid flow and tracer trans-
portation was based on the following assumptions.

(a) The fluids in both gas and liquid phases were Newto-
nian, viscous and incompressible, and the fluid flow was at
the steady state.

(b) The effect of top slag on the fluid flow was neglected
and the free surface in the ladle was assumed to be flat.

(c) The deformation of gas bubbles was not taken into
account, so the gas bubbles were assumed to be spherical,
and their interactions leading to coalescence and breakup
were neglected.

(d) The fluid flow in the ladle was assumed to be an iso-
thermal process.

2.2. Governing equations

The multiphase flow in a gas-stirred ladle was simulated
by the Eulerian-Eulerian model. The continuity and mo-
mentum conservation equations for the k-th phase are shown
as follows [9-10].

(1) Continuity equation:

V(o priiy ) =0 6]
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(2) Momentum conservation equation:
V(o pyiigiiy ) = =0, Vp + Fypg i + 04 pr 8+

2
V[ thege i (Vi +(Vigy )T ]

where k=1 or 2 denotes the gas and liquid phases, respec-
tively, p, the density of the k-th phase, u, the velocity
vector of the k-th phase, p is the pressure, i is the ef-
fective viscosity and can be determined by the standard
k-& turbulence model. Because the whole space domain is
shared by the two phases, the sum of both volume fractions
should be equal to one, ie., o +a, =1. deg,k is the
drag force between two phases and can be expressed as

— - 3 CD — — — —

Fdrag, 1=~ drag, g :ZZagpl |ug _u1|(ug _ul) (3)

with

: 24 0.687

Cp =max| —(1+0.15Re;""),0.44 4)
Rey

and

P i, —iy|d

Re, = M 5)

Hy

where Cp, is the drag coefficient [11], Re, the bubble
Reynolds number, d, the bubble diameter and can be ex-

pressed as [12]

0.5 0.44
2
dy = 0.091[3j (—dgfj (6)
Pl na,

where o is the surface tension and d, the diameter of
the nozzle exit.

(3) Tracer transport equation [13-14]:

@+V~(plﬁﬂ) -V -{%(vc)} (7)
where C is the tracer dimensionless concentration and Sc the
turbulent Schmidt number. The mixing time (7,;) was de-
fined as the time required to obtain a 95% level of homoge-
neity, i.e., the concentrations of all points in the bath were
within +5% deviation of the homogeneous concentration
value.

2.3. Boundary conditions and solution method

For the refractory walls in the ladle, no-slip wall bound-
ary conditions were applied. For the free surface, the sym-
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metry boundary condition was imposed. Furthermore, gas
bubbles reaching the free surface were assumed to escape at
their flotation velocity.

The finite volume method was used to solve the govern-
ing differential equations [15]. The computational fluid dy-
namics Package, CFX 5.7, was employed to perform the
calculation. Moreover, the grids consisted of about 900000
control volumes. The convergence criteria was that the
value of the root mean square normalized residual for vari-
ables was less than 1x107 and the global imbalances, which
means the ratios of the difference between the total input
mass flux and the total output mass flux to the total input
mass flux, was less than 0.1%. The geometrical parameters
of the ladle and the material properties in the calculation are
shown in Table 2.

Table 2. Calculation parameters

Parameter Value
Up diameter of ladle / m 4.0
Down diameter of ladle / m 3.6
Height of ladle / m 3.7
Density of argon gas (STP) / (kg'm™) 1.28
Density of liquid steel / (kg'm™) 7020
Viscosity of liquid steel / (Pa-s) 0.0061

2.4. Tracer addition position and monitoring points

Fig. 2 shows the effect of the tracer addition position at
the free surface on mixing time. The offset of the tracer ad-
dition points in the right direction has a more profound ef-
fect on the mixing time than that in the front direction. In
addition, the mixing is the most effective, while the tracer
was added at the middle point of dual plugs. Therefore, such
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Fig. 2. Variation of mixing time under different tracer addi-
tion points.

a tracer addition point is adopted in the numerical experi-
ments. It has been reported that the junction of the vertical
sidewall and the base of the ladle is the relatively slowly
mixing region [3-4]. Furthermore, stagnant flow can also be
observed in the bottom centre [4]. Therefore, as shown in
Fig. 1, four monitoring points (Ptl-Pt4) are placed around
the junction of the vertical sidewall, and the base of the ladle
while a monitoring point (Pt.0) is placed at the center be-
tween dual plugs on the bottom.

3. Results and discussion

3.1. Validity of the model

Fig. 3 shows that the mixing time decreases with in-
creasing gas flow rate, and the predicted mixing time agrees
well with the experimental data [3]. The difference between
the numerical results and the experimental data comes from
the introduction of the conductivity probe because such a
direct measure method can change the flow field in the la-
dle.

70
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Fig. 3. Comparison of calculated mixing time with the ex-
perimental values [3].

3.2. Fluid flow in the ladle

Fig. 4 shows the typical flow patterns in the ladle with
dual plugs, which were placed diametrically and were op-
posed at half radius. The gas flow rate is 300 NL/min. The
upstream jets due to gas injections from the dual plugs form
two plumes and expands as they rises. Then, the plumes
split into two main streams and flow down along with the
sidewall. Fig. 4 also shows that there are two types of recir-
culation in the ladle. One is the middle recirculation be-
tween two plumes, while another is the sidewall recircula-
tion between the plume and the sidewall. The liquid lateral
flow displaces the plume, and bubbles rise along the curved
trajectories. Therefore, the plume bending phenomenon
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Fig. 4. Predicted flow patterns in the ladle with dual plugs: (a)
top of the ladle; (b) main section; (c) bottom of the ladle.

appears in Fig. 4. Such an interesting phenomenon has also
been observed in the water model of the ladle with dual
plugs [16].

3.3. Effect of the offset and included angle of dual plugs

The strength and size of the recirculation are two key
factors to affect the mixing process in the ladle. With in-
creasing distance between dual plugs, the middle recircula-
tion becomes larger, but the side recirculation becomes
smaller. On the other hand, the distance between dual plugs
is determined by the offset and the included angle of dual
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plugs with a center point. Therefore, the effect of the offset
and the included angle of dual plugs with a center point on
the mixing time are discussed in the present context. Fig. 5
shows the dependence of mixing time and the offset of dual
plugs. Fig. 5(a) shows that the mixing time increases with
increasing offset when the included angel is m/2. Two rea-
sons lead to this phenomenon. First the dual plugs are very
close to each other. Therefore, the sidewall recirculation
plays a key role on stirring. Second, with increasing offset,
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Fig. 5. Variation of mixing time with the offset of dual plugs
at different included angles: (a) =1/2m; (b) 6=2/3x; (¢) O=n.
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the smaller sidewall recirculation results in a weaker stirring
effect. Fig. 5(c) shows that in the case of #=n, the mixing
time decreases as the offset increases to 0.75R and then has
a tendency to increase because the mixing time is more
dependent on the middle recirculation than the sidewall recir
culation with further increasing offset. Moreover, when the
offset increases to 0.8R, the sidewall recirculation almost
disappears. Therefore, the dead zone becomes larger, and
this prolongs the mixing time. Fig. 5(b) shows that the mix-
ing time decreases as the offset is up to 0.33R and then in-
creases with increasing offset. The major reason is that the
stirring effect of the middle recirculation becomes more
important in the case of #=2/3n. Although the stirring effect
of the sidewall recirculation is weakened by increasing the
offset, the stirring effect of the middle recirculation is en-
hanced simultaneously.

Fig. 6 shows the effect of the included angle of dual
plugs with a center point on the mixing time. The sidewall
recirculation turns to be more important than the middle re-
circulation in the case of L=0.25R. Therefore, Fig. 6(a)
shows that the mixing time increases with the included an-
gle increasing first and then decreases. However, a com-
pletely adverse response of mixing time with the included
angle can be observed in Fig. 6(b) when the offset of dual
plugs increases from 0.25R to 0.5R. The mixing time
decreases with the increasing included angle of dual plugs.
Then, the mixing time increases after at 5/6x of the included
angle. Fig. 6(c) shows the mixing time decreases with
increasing included angle, and the optimum included angle
is . The major reason is that the middle recirculation turns
to be more important with the increasing offset of dual
plugs.

3.4. Correlation for mixing time

As shown in Figs. 5 and 6, neither the relationship be-
tween mixing time and offset nor that between mixing time
and included angle is monotonic. In other words, the effect
of offset and included angle on mixing time should be in-
teractive. Therefore, this multiplex effect should be taken
into account in correlation. The correlation for mixing time
is shown as follows:

L —2.1315
Toix = 9.448x107 (Ej x
L 10.195 (8)
—8.15 —0.2676
0 (E+2.617«9j 0,

As shown in Fig. 7, the differences between the devel-

oped correction of simulated mixing time and actual values
are various within +14.3% and —16.9%. In addition, the
mixing time decreases in proportion to 0.2676 power of gas
flow rate, which is relatively smaller than that in the previ-
ous study derived from water modeling [S]. The term of

I 10.195
[E +2.61 79) indicated that the mixing time has a co-

mplicated relationship with the offset and the included angle
of dual plugs with a center point.
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Fig. 6. Variation of mixing time with the included angle of
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4. Conclusions

(1) There are two types of recirculation zones in the ladle.
One is the middle recirculation between two plumes, and the
other is the sidewall recirculation between the plume and the
sidewall.

(2) The mixing time had a complicated relationship with
the offset and the included angle of dual plugs with a center
point: there is a unique optimum offset of dual plugs with a
particular included angle, while there was a unique optimum
included angle of dual plugs with a particular offset.

(3) A correction for mixing time in the ladle with

-2.1315
dual plugs is expressed as 7 pix =9.448x1073 (Ej x

I 10.195
—8.15 —0.2676
6 (E+2.6170J 0,0,
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