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Abstract: Industrial fusion of microalloying elements in steelmaking is imperative in defining and
optimizing certain steel properties due to their strengthening and significant grain refinements effects
at minute quantities. Copper, vanadium, and columbium are explored in this investigation to monitor
their respective dissolution processes in a ladle metallurgy furnace (LMF), with concise parametric
studies on effects of number of plugs and variations in argon gas flow rates for stirring. To track
particle disintegration in the molten bath inside, intricate numerical processing was carried out
with the use of mathematical models and to simulate the mixing process; turbulent multiphase
computational fluid dynamics (CFD) models were combined with a user-defined function. The
numerical findings highlight the connection between mixing time and gas blowing since the quantity
of stirring plugs employed and the gas flow rates directly affect mixing effectiveness. The amount of
particles to be injected and their total injection time were validated using industrial measurement;
an average difference of 9.9% was achieved. In order to establish the need for an exceptionally
high flow rate and inevitably reduce resource waste, extreme charging of flow rates for gas stirring
were compared to lesser gas flow rates in both dual- and single-plug ladles. The results show that
a single-plug ladle with a flow rate of 0.85 m®/min and a dual-plug ladle with a total flow rate of
1.13 m3/min have the same mixing time of 5.6 min, which was the shortest among all scenarios.

Keywords: injection metallurgy; ladle homogenization; alloy addition; alloy recovery

1. Introduction

To produce different steel grades, ladle metallurgy furnaces (LMF) are widely used
in refining operations during secondary steelmaking processes. Figure 1 summarized the
schematic of the alloy injecting process. Using alloy addition, electrical reheating to the
desired temperature, desulphurization, and flotation of the inclusions created during steel
deoxidation, this unit system makes it possible to modify the chemical composition of
steel. The process of basic alloying is often carried out during tapping, when the kinetic
energy of the tapping stream is used to accelerate the melting and homogenization of
alloys in the ladle. However, due to the availability of technologies for controlled additions
based on steel sampling and analysis, modest additions are still made during ladle treat-
ments [1]. The first stage in integrating these cutting-edge methods in steel production is
argon blowing.

In order to speed up the rates of various process-controlled heat and mass transfer
phenomena, such as the distribution of heat from the arc, alloy and lime dissolution and
mixing, the slag—metal reaction, and inclusion flotation, among others, gas stirring or
blowing is used during the metallurgy process [2]. However, how much or how big of a
gas bubble is injected during the injection procedure determines the process. Additionally,
by accelerating convective diffusion and heat transfer rates during mixing, the intensity of
the churning produces homogeneity. Extensive alloy addition methods have been studied
experimentally and numerically throughout the years [2-10].

Metals 2023, 13, 421. https:/ /doi.org/10.3390/met13020421

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13020421
https://doi.org/10.3390/met13020421
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met13020421
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13020421?type=check_update&version=2

Metals 2023, 13, 421

20f19

(1) &
- v..
- e N T
Sl 0570
% O -OO
-
v 8 o
. (2 P
L= e O O X
) 2 N 00
. " oo fo) o'.
: > oo -
Y + © .
Molten Steel SeL e o°
¢ Alloy Path o © :
o]
x4 X
N\ o]
(3/) o
(o]
(o]
o
(o]
Gas Plume
(o]
a

Figure 1. Injection process: (1) alloy entrance; (2) shell formation and melting; (3) dissolution.

The quality of the steel is determined by the uniform distribution of the alloying
components, making the dissolution of alloy materials in liquid steel an essential step in
secondary metallurgy. During mixing, a few variables significantly influenced by the steel
temperature and starting flow conditions are made clear. Tensile strength, hardenability,
ductility, and corrosion resistance of steel are modified by certain alloys that are specifically
employed for their enhancing qualities and deoxidation ability. Their lower melting points
and densities also aid in efficient stirring, but because they cannot penetrate the slag layer,
lower-density additions might transfer to the slag rather than the metal. The temperature
of the steel may be lowered if higher-density alloys sink to the bottom of the ladle, where
there is less movement [11]. According to Aden Boer’s theory, introducing particles with a
wide size distribution may cause segregation and make the steel melt around it, resulting
in a heat sink [3].

Due to low liquidus temperature and the formation of a steel shell as a result of particle
integration into the bath, the alloy may melt inside the shell. According to D. Webber [11],
who describes shell’s formation in his experimental work, the size and hydrodynamics of
the alloys in the ladle, as well as their physical and chemical properties, all have an impact
on how well they are incorporated into the melt. Most often, alloy addition causes a steel
shell to solidify on the surface of the cold alloy. The shell is then melted, and the alloy
is released into the bath. The alloy dissolution process is affected by both mass transfer
and heat transfer. The duration of the shell’s existence and the amount of heat transferred
from the melt to the particle when the shell is still present within the melt are addressed by
Zhang and Oeters’ [5] mathematical models, which are based on the description of melting,
dissolution, and mixing processes without considering chemical reaction.

CFD analysis showed that time required to melt back the first solidified steel shell
around the submerged pieces accounts for the majority of the observed dissolution time in
a steel melt. For some alloys, the mass transfer process that occurs after the first produced
steel shell melts back completely regulates the dissolution kinetics in addition to the steel
shell’s process of melting back [9]. When examining dissolution or the rate at which it
occurs, it is important to take into account the size of the injected particles, their melt
temperature, the composition of the steel, its temperature, the intensity of the stirring, and
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turbulence. Peaslee et al. relayed that adding bulk alloys frequently results in segregation
or uneven recovery, despite the fact that they might aid in slag layer penetration. The
dissolving rate can be considerably boosted by decreasing the alloy size [12]. When alloys
in various forms, such as lumps, granules, or particles, melt or partially dissolve into the
melt, they could still be present as concentrated volumes of solute surrounded by melt.
Concentration at a random site most surely does not equal average concentration since
they have not been properly blended. Alloy concentrations around the various surfaces
should not be higher than average concentration owing to dissolution in a high-temperature
melt [13]. Due to the high stirring power, the mixing time also decreases as the rate of
alloy transfer increases. However, according to Webber [11], some investigations have
demonstrated specific behaviors where the time of mixing does not shorten with greater
stirring power. This can be because of misconceptions about the path of dissolution brought
on by temperature.

According to a single-fluid experimental and CFD study conducted by Aoki et al. [7]
to quantify mixing in a ladle, the discrepancy in alloy melting times results from the
superheat’s short-term

Due to their ability to dramatically improve steel properties at low concentrations,
microalloying elements are investigated in this work for their dissolving and mixing
behaviors inside the LMF, revealing high-strength, low-alloy (HSLA) steels. By enhancing
grain hardening and refinement, these elements’ strengthening effects make microalloyed
steels suitable for high-strength applications [14]. Copper (Cu), columbium (Cb, same as
niobium, Nb), and vanadium (V) are a few of the elements whose dissolving properties
have been examined. A moderate addition of Cuimproves atmospheric corrosion resistance
and creates precipitation-hardening qualities; nevertheless, a substantial addition of Cu
is harmful. With a strong affinity for carbon, Cb stabilizes elements in stainless steels by
forming carbides that are evenly distributed throughout the material, further avoiding
localized precipitation at grain boundaries. In addition, V enhances strength, hardness,
shock, impact, and wear resistance at high temperatures [15].

Different to other research, with this paper, it is the first time the different alloys in
difference ladle operation condition are studied. Based on the results, we can conclude
which operation condition is preferred. To accurately replicate the dissolving process of
each type of alloy, the model developed for this multiphase study determines each alloy’s
critical time of dissolution and controls the release of particle mass into the bath and their
injection time. It is also taken into account how long it takes for the scattered components
to reach a specific level or level of homogeneity. Utilizing precise sample points, recoveries
of these alloys after a certain amount of time are compared to plant data. ANSYS Fluent
2020 R1 was used to solve numerically the models representing the flow inside the ladle
and the turbulence brought on by the movement of the particles.

2. Methodology

In this paper, Navier-Stokes equations and continuity equations are used to compute
a three-dimensional multiphase flow field. The volume-of-fluid multiphase model is
employed. The standard k-epsilon model is activated in the computational domain; the
inert gas bubbles are represented as discrete phase particles. The fluctuation velocity is
maintained while the random walk model takes into account the effects of turbulence on
the trajectories.

2.1. Governing Equations
2.1.1. Continuous Phase

Conservation of mass:

§—§+V-(pﬁ> —0 1)

where p is the density of the mixture, f is time, and u is the local velocity.
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Momentum:
5 (ou) +v-(puu) = —vp+v-[y(vﬁ+ (VZ)TH +og+F 2)

where p is the local pressure, y is the viscosity, § is the acceleration due to gravity, Fj, is the
force from bubbles.

Turbulence model:

Standard k-epsilon model is used to model the turbulence flow in the multiphase sys-
tem. The transportation equation of turbulence kinetic energy and turbulence dissipation
rate are shown below:

%(pk)Jrv'(pk?):v-[(ﬁ%ﬁ)vk]JerJer—Pf ®)

Siloe)+v - (pei) = - [ (0 B) V] + Cuef (Gt CaeGi) = Copp 4)

where Gy and G; are mean velocity gradient and buoyancy effect in the flow causing the
kinetic energy generation. oy and o, represent turbulence Prandtl numbers. Cy¢, Cye, and
Cs, are constant.

Species transport model:

When flow reaches a quasi-steady state, the alloys are added into the ladle from the top.
The species transport model is used to track the local species distribution and movement
when the alloy is dissolved into the steel. The transportation equation of species can be
described as:

2(0Y)) + v(pvY;) = v - ((s}% +PDi,m> (VYi)) +5i )

where Y; is the local mass fraction of species in the continuous liquids; D; ,, is the mass
diffusion coefficient for species i in the mixture; S; is the source term of species i due to the
species addition from alloy; Sc; is the turbulent Schmidt number, which is 0.7 by default.

2.1.2. Discrete Phase

The discrete phase in the study consist of two parts: an argon bubble and the alloy
before dissolution. The discrete phase model (DPM) is employed. It is based on the
Euler-Lagrange approach to determine the parcel trajectory by solving force balance as
shown below:

alﬁ — — o (0 — — —
%:PD(U7vp)+g(p’+pp)+PVM+Ppressure (6)
= o . )
where Fp(v — v ) is drag force, and Fp can be written as
_ 3uCpRe
B 4ppd% 7)

From above equation, Re is the particle Reynolds number. Cp is the drag coefficient,
referring to Aoki et al. [7].
The injection bubble diameter in the paper is taken as 25% of the maximum bubble [16],

dpmax = 0.35(%2)0'2 ®)

2.1.3. Alloy Injection Model

The injection processes can be found in Figure 1. To model the process, a two-stage
simulation is performed. After the flow reaches a quasi-steady state, the alloy is injected
from the ladle top. The alloy is modeled as a DPM particle. When the alloy dissolves
into the steel, the mass carried by DPM is transferred to continuous phase, and DPM
particle-tracking is terminated.
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The model predicts that injection takes place only once and consistently over a specific
time period. Since the particles are defined as computation points traveling with the stream
at the injection point, the movement of the virtual fluid mass is monitored.

The time it takes for the steel shell to melt, allowing the alloy particles to settle/diffuse
within the melt and eventually dissolve when introduced into the bath, is defined as its
“critical time”, or t. This takes into account the displacement around the particle prior to
its melting due to the temperature difference between the alloy and steel.

Zhang and Oeters” mathematically developed equation, which was made for the
simulation process taking into account the melt’s solidification temperature, the alloy
particle’s beginning temperature, and the melt temperature, shows this occurrence [5].

t, = Reada foTo ©)
Here, h is the heat transfer coefficient. Cp is the specific heat, R is the radius of the
ferroalloy particle. p is the density of the ferroalloy.
According to Aoki et al. [7], Whitaker’s Nusselt number Nu correlation [17] is used to
determine the heat transfer coefficient, #, at the surface of the ferroalloy particle using the
Reynolds number Re and Prandtl number Pr.

Re = elalu—ta] (10)

pr = St (11)

(Nu —2) = (04Re? +0.06Re? ) Pr04 (12)
= Nk (13)

The inert gas particles are assumed to utilize spherical drag parameters during dissolu-
tion into a mass source of liquid solute. Species transport is calculated using the multiphase
flow model equations for bubble trajectories, force balance on each bubble, drag force on
each bubble and particle Reynolds number [7]. The time it takes for the mixture to com-
pletely homogenize is known as the “mixing time”. In this work, the recovery percentage
is defined as follows: oo

Cpy = 1 — —emax i, min (14)

j, max

where C; ;,; represents maximum alloy concentration in all 14 monitoring points. The
time when C,;, first reaches 95% is recorded as mixing time, t,.

2.2. Simulation Procedures

The overall simulation is conducted using a two-step procedure, where the mixing
study is carried out as the flow field reaches a quasi-steady state. Before the addition, the
flow and turbulence calculations are deactivated, and particles are injected. In the plant,
alloying is performed using bulk additions during tapping, powder injection using dense
or dilute phase transport, or by wire-feeding to the ladle [13]. This investigation focuses on
bulk addition, as it is widely practiced.

The injection location is mapped within the steel region at a calculated distance
slightly below the slag eye. The air zone is set to a specified shear condition, with the DPM
boundary condition set to escape. As shown in Figure 2, 14 locations across the whole
ladle are marked for accurate analysis of mixing time. Figure 3 shows the schematic of
ladle geometry.

In this study, quasi-steady state is defined as when velocity on three planes level off.
The plane location is shown in Figure 4. As shown in Figure 5, velocity on the planes 1
to 3 level off around 40 s after gas blowing, and 40 s is considered as the time taken for a
quasi-steady state to be achieved.
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N
Figure 3. Ladle geometry.

Figure 4. Positions of plane within the steel zone.
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Figure 5. Average flow velocities for different meshes.

2.3. Computational Details
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The domain depicted in Figure 3. Features a steel ladle comprising three zones: air,
slag, and steel, with two porous plugs with a diameter of 0.104 m at the bottom. The steel
heights and slag thicknesses are 3.23 m and 0.147 m, respectively. Inert gas flow rates of
0.85 m?/min are used for each plug. In this case, the initial bubble diameter is 0.015 m. The
walls are set to a no-slip boundary condition to capture the steep gradients with reasonable
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accuracy. The ladle top assumes particle escape, and a second-order implicit transient
formulation is utilized for improved accuracy.

The grid created for the ladle’s geometry is a structured hexahedral, possessing a
fine cell count of approximately 1.6 million, replicated twice, with lesser cell counts of
1.2 million and 0.7 million, to study its effect on results obtained from the flow field. Table 1
shows the parameters utilized for computation.

Table 1. Material Properties.

Viscosity of liquid steel 0.0062 Pa.s
Surface tension of liquid steel [7] 1.4 N/m
Melt density 6795 kg/ m3
Argon density 1.6 kg/m3
Slag density 2785.96 kg /m?>
Specific heat of liquid steel [7] 820]J/kg. K
Thermal conductivity of liquid steel [7] 40.3]/m.s.K
Diffusion coefficient of copper in liquid steel [18] 6.4 x 1077 m?/s
Diffusion coefficient of columbium in liquid steel [19] 43 x 1079 m?2/s
Diffusion coefficient of vanadium in liquid steel [20] 44 %1072 m?/s

Evaluation of the flow velocity was used to resolve the sensitivity for all three meshes
on planes defined within the steel zone, as shown in Figure 4, characterized by height.
Planes 1, 2, and 3 possess heights of 0.22 m, 1.22 m, and 2.22 m, respectively.

The plots in Figure 5 show average velocities across three different planes within the
ladle. In the initial stages of the simulation, a large velocity peak can be seen in each plane
as the rising bubble plume first reaches each plane’s height within the ladle. However, as
the simulation continues, the flow begins to recirculate within the ladle. This results in
a downward flow that reduces the magnitude of the mean velocity in the measurement
planes. Eventually, the flow reaches a quasi-steady state. As shown in Figure 5, the velocity
from all meshes follows a similar trend; however, the base case is utilized for further
investigation due to its computational efficiency and accuracy.

2.4. Model Validation with Plant Data

Models ranging from simplified assumptions to complex finite calculations have
been built based on meticulous experimentation of the steel alloying procedure, with
publications released likewise. Therefore, this work is validated with properties obtained
from Nucor Steel.

The domain utilized as the base case for particle injection simulation was that of
1.2 million computing cells. Each porous plug is turned up to a maximum flow rate of
0.85 m®/min during gas stirring to ease the charging of the alloys, which come in irregularly
sized pellets of 0.0064 m in diameter, added for 30 s. The concentrations are measured each
minute after addition to determine the amount recovered. Table 2 compares CFD model
data against plant homogeneity test measurements.

A single injection is defined in a discrete phase at a downward velocity of 6 m/s on
the y-axis. In this process, the dissolving alloy is copper. The residence time of copper
is calculated based on Equation (9), and the initial steel temperature at the start of the
homogeneity test is 1892 K. As each measurement is taken, there is a gradual reduction.
The lowest recorded temperature is 1876 K, and liquidus is taken at 1805 K. The record of
copper evolution over time is stated in Table 3. Samples are taken 7 inches below the top of
the ladle from an established region within the axis of one of the CFD plugs, corresponding
to the plant location.
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Table 2. Scaled copper recovery data.

Concentration: Plant Concentration: CFD

Temperature (K) Time (5) Current/Initial Current/Initial A
1892 0 1.000 1.000 0.0%
1892 60 1.373 1.370 0.2%
1885 120 1.386 1.297 6.4%
1881 201 1.454 1.263 13.1%
1876 240 1.474 1.249 15.3%
1880 300 1.506 1.239 17.7%
1878 360 1.474 1.231 16.5%
Table 3. Case Matrix.
Flow Rates
Case No. Plugs (Per Plug—m>3/min) Alloy
Case 1 (Base) 2 1.70 (0.85) Copper
Case 2 2 1.13 (0.71 and 0.42) Copper
Case 3 1 0.85 (0.85) Copper
Case 4 2 1.70 (0.85) Columbium
Case 5 2 1.70 (0.85) Vanadium

The data is scaled based on initial alloy concentration:
Cs = ﬁ (15)

Here, Cg represents the scaled alloy mass fraction, C; and Cy is mass fraction at time j
and the initial.

Data on scaled concentrations of copper obtained from the sample location in the
plant are compared to those of the developed model at same location in Figure 6. The
concentration at 0 s is set as 1. As we can see from the Figure 7 and Table 2, the difference
between CFD prediction and plant measurement are summarized in three sections, they
are 2.23%, 11.6%, and 16.5%. As mentioned in simulation procedures section, the alloy
recovery simulation is performed when the flow and turbulence equation is deactivated
(“frozen flow”) in order to speed up the simulation. By using single two Rome CPUs
at 2.0 GHz, the simulation speed is roughly 1 simulation seconds/actual hour with all
equations activated. It will be speed up 45 times when flow and turbulence equation is
deactivated. The difference between CFD and plant measurement may because of the
frozen flow technique, but the total difference of 9.9% is acceptable. The same simulation
technique will be applied for all flowing cases.

Air zone <|i — .
Sample Point

7 Steel Zone

Figure 6. Sample location within steel zone.
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Figure 7. Scaled alloy mass concentration comparison (plant measurement—CFD).

3. Results and Discussion

In the following section, five cases will be discussed. The case matrix is shown below.
As shown in Table 3, the effect of ladle plug design, flow rate, and different alloy types
on mixing is compared and investigated.

3.1. Flow Field

As mentioned, three flow conditions are discussed. Figure 8 shows basic features,
duo plug symmetric flow, of the flow pattern inside the ladle. The velocity contour at
the centerline plane reveals that the recirculation in between the plumes and near the
walls actively influences how fast and to what extent mixing occurs. Dead zones near
the ladle bottom indicate low concentration fluctuations and analysis at the vortex core
region, colored by velocity, reveals a gradient of energy-concentrated areas along the
metal-slag interface.

Velocity Magnitude
2t

14

0
[mis]

Figure 8. Velocity magnitude vector along the center plane showing areas of recirculation.

The local gradient at interface allows mixing, and the strain field expands the mixing
region between the plumes. In addition, the flow intensity during the gas-liquid interaction
of the plume creates slag eyes with a diameter of 0.66 m above plugs 1 and 2.

As shown in Figure 9, for dual-plug (case 1) and single-plug (case 3) ladles, mass-
averaged velocities are compared based on plane 3. A dual-plug with a higher total flow
rate can generate higher flow velocity.
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Figure 9. Flow velocities for single- and dual-plug ladles.

It is important to note that the cross-sectional area of the plume zone heavily influences
circulating flow, and vector contours of velocity magnitude in Figure 10 distinctively show
this difference in their flow pattern inside the ladle. Fluid flow tends more toward a higher
flow rate plume. It can make alloy distribution more uneven throughout the domain.
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Figure 10. Vector contour of flow field.

3.2. Copper Particle Dissolution Behavior

The injection point is marked at 0.43 m below the slag-air interface, where particle
velocity trajectory is tracked location-based as seen in Figure 11. There is no major displace-
ment recorded at the point of emission except for the existing flow field plume momentum,
which offsets the particle velocity by reducing it, causing them to spread outwards then
slowly trail downwards, before dissolving into the melt after the critical time, tc, as seen in
Figure 12.
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injection point| ——»®, ’.} 2
particles
melt bath—=
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Figure 11. Particle release using point injection model.

[njection Point t=0.01s

t=1.1s

Figure 12. Particle behavior at injection point.

Similarities between the flow results for both dual-plug cases simulated extend to
their critical time, which equals 1.14 s for the symmetric flow rate case and 1.13 s for the
asymmetric flow rate case; critical time for the single-plug ladle is obtained at 1.05 s. After
dissolution, particles remain within the continuous phase while the simulation continues
runs until mixture homogeneity is obtained. Mixing time values for each simulation are
different at 95% homogenization, as this is confirmed to depend on the gas flow rate.

3.2.1. Dual-Plug Ladle-Symmetric Flow

The time distribution of the particle release, shell formation, and species dissolution
can be seen in the mass fraction contours in Figure 13. In the figure, the upper red region
indicates the slag layer and slag eye shape. Due to the symmetry flow rate, the two
slag eyes have a very similar shape and size. Investigation of the discrete phase velocity
magnitude of the particles as they enter the liquid steel reveals a massive reduction. Since
copper is denser than steel, the particles drop directly into the bath, gradually accumulating
towards the center even as the injection occurs at the left plume. Though the initial speed is
reduced due to steel movement and, of course, the existing momentum of the plume, it
stays constant at approximately 0.8 m/s for the first 15 s of addition. More fluctuations are
recorded, with the lowest speed of 0.11 m/s observed at 75 s.

From the injection point, the particles accumulate between the plumes and a shell of
mass forms around the perimeter of the copper particles. After the critical time of 1.14 s, it
melts, leaving the alloy to slowly dissolve and diffuse across the steel bulk, sinking towards
the bottom.
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Scaled alloy
mass fraction
2.21
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Figure 13. Mixing behavior of copper for 1.70 m3 /min total flow rate.

3.2.2. Dual-Plug Ladle-Asymmetric Flow

For the asymmetric flow, slag eye size is different. Higher flow rate side generates
larger slag eye. In this case, alloy is injected from larger slag eye area. From Figure 14,
most of the recirculation seems to be pushed towards the higher flow rate, unlike the
baseline flow, which shows centered recirculation regions between the plumes. As shown
in Figure 14, recirculation drives for faster mixing; therefore, the same copper mass is
injected into the flow field to observe the changes as the particles diffuse. The same
behavior of the copper particles from the base case is seen; however, the cluster of mass
formed in the melt is closer to the higher flow rate plume, exactly where the region of
recirculation was noticed in the flow field prior to subsequent melting. The time it takes for
the steel shell to melt, allowing the copper particles to dissolve is 1.13 s.

Scaled alloy
mass fraction

221

1.97

1.72

1.48

1.24

1.00

0 sec 15 sec 30 sec 60 sec

Figure 14. Mixing behavior of copper for 1.13 m3 /min total flow rate.

At 60 s of mixing, the mass fraction of copper species can be seen to have almost totally
diffused across the molten bath.

3.2.3. Single-Plug Ladle

Same point injection process is carried out here. From the contours in Figure 15, the
copper mass can be seen to move towards the center even though the injection occurs
within one plume. When the steel shell melts after 1.05 s, there seems to be a slow diffusion
of the particles as they are gradually distributed downwards.

In all time variations of the contour plots below, there seem to be high concentrations
of the copper mass fraction closer to the plume region, even as dissolution is occurring.

The exact sample location shown in Figure 6 from the base case was assigned to the
above simulated cases and concentrations obtained in each simulation. The results are
compared with each other in Table 4. Temperature of the melt fluctuates as the amount
of copper recovered at every minute reduces with the increase in time as with the vali-
dated case. The results support that difference in circulation behaviors due to changes in
number of plugs or reduced flow rate during stirring impacts flow turbulence in the ladle.
This occurrence introduces percentage differs when concentrations at the same location
are taken.
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Figure 15. Mixing behavior of copper for 0.85 m3 /min total flow rate.

Table 4. Scaled recovered copper concentrations on parametric studies.

Case 1 Case 2 Case 3
Ceurrent / Cinita)  Ceurrent / Cinital)  Ceurrent / Cinital)
1892 60 1.370 1.177 1.301
1885 120 1.297 1.150 1.290
1876 240 1.249 1.128 1.257
1880 300 1.239 1.129 1.254
1878 360 1.231 1.130 1.253

To conclude, these three scenarios, from Table 4, since initial concentration of each
case is the same, case 2 (dual-plug with asymmetric flow) shows quicker mixing. It can also
be found from Figures 13-15, at 60 s, in the lower part of the ladle and on the near-wall
side away from the injection location, a higher concentration of alloy was observed in case
2. It means more alloy is descending to the lower part of ladle compared to the other two
scenarios. The alloy mass fractions of case 1 and case 3 still showed higher concentrations
near the injection point at 60 s.

3.3. Behavior of Vanadium (V) and Columbium (Cb) Alloying Elements

Vanadium (V) and columbium (Cb) particle behaviors in steel are observed and
compared with that of the copper baseline simulation using same amount of particle
mass. Their respective melting points, specific heat capacities, viscosities, and densities
are utilized to obtain critical time of dissolution for each alloy. It is observed that the
number of particles in a parcel is unique to a particular alloy, as the Fluent (2020 R1, ANSYS,
Canonsburg, PA, USA) used recalculates it in adjustment to updated parameters, regardless
of the defined mass.

Each alloy displays almost the same behavior during injection as represented in
the respective time-varying mass fraction contours. Columbium possesses a relatively
high melting point but has the shortest shell existence time of 0.758 s amongst all three
microalloying elements. From the contours, rapid dissolution towards the ladle bottom is
noticed after the shell melts, and concentration distribution is more intense and dispersed
across the bath than copper, which could be attributed to its lower density.

During the dissolution of Cb in Figure 16, mass flux is controlled by the bath tempera-
ture, and the continued agitation of the melt considerably increases this mass flux.

Vanadium has high solubility even at temperatures lower than its melting temperature
and is less dense than steel; therefore, over 90% of the addition is immersed in the bath,
which lowers oxidation losses and speeds up breakdown. Again, this study does not
emphasize the chemical reactions of this alloy within the molten steel. Recovery of the
alloy can be very high when standard addition practices are utilized.
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Figure 16. Mixing behavior of columbium alloy for 1.7 m3/min total flow rate.

The calculated time for shell existence is 1 s. According to mass fraction behavior seen
in Figure 17, the cluster of mass is not as intense as that of the other alloys.

Scaled alloy
mass fraction
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Figure 17. Mixing behavior of vanadium alloy for 1.7 m3/min total flow rate.

Table 5 record scaled alloy mass fraction for copper, columbium, and vanadium. It
can be found at monitoring location; mass concentration of vanadium drops faster than
other two alloy types. The detailed mixing behavior in the whole ladle can be found in
next section.

Table 5. Scaled mass fraction of alloy concentrations recovered.

Case 1 Case 4 Case 5
Temperature (K) Time (s) (Copper, (Columbium, (Vanadium,
Ceurrent I Cinital) Ceurrent | Cinital) Ceurrent ICinital)

1892 60 1.370 1.354 1.321
1885 120 1.297 1.268 1.235
1876 240 1.249 1.226 1.196
1880 300 1.239 1.218 1.190
1878 360 1.231 1.211 1.184

3.4. Mixing Time

Since recovery is a function of dissolution rate, alloy density, and dissolved oxygen in
the melt [21],
R = £(u,p,[O]) (16)

where R is recovery, u is solution rate, p is density and [O] is dissolved oxygen on liq-
uid steel.

Concentrations of each alloy are collated from the exact sample point location as
that of the plant. Table 5 show similar trend of reduced concentration as time of mixing
increases for all three alloys evaluated showing the consistency of the model in defining the
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characteristic behavior of the particles. Copper was the most concentrated while vanadium
had the least when compared to all three, which could be attributed to some of the particles
attaching to the slag as a result of the initial flotation.

Determining the total mixing time when the normalized concentration reaches
95-100% homogeneity involves taking the variance of the concentrations obtained from
the already established monitoring points. Figure 18 shows mass concentration status in
14 monitoring points for case 1. Monitor points is shown in Figure 2. Combined with
Equation (13), a mixing time of 852 s (14.20 min) was recorded. For all other cases, the same
procedure is applied. The results are listed in Table 6.

350%
—Point 1 —Point 2
300% - Point 3 Point 4
— Point5 —Po;
0250% | Point § Point 6
o0 —Pomnt7 —Point 8
§200% L —Point9 —Point 10
g —Point 11 —Point 12
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K
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0% . ' L L
0 200 400 600 800
Flow time (s)

Figure 18. Point mixing percentage in case 1.

Table 6. Mixing time for each cases.

Cases Total Flow Rate Critical Time tc Mixing Time
(Per Plug—m?3/min) (s) (min)
No.1 Copper—dual-plug 1.70 (0.85) 1.14 14.20
No.2 Copper—dual-plug 1.13 (0.71 and 0.42) 1.13 5.56
No.3 Copper-single-plug 0.85 (0.85) 1.05 5.60
No.4 Columbium-dual-plug 1.70 (0.85) 0.76 13.83
No.5 Vanadium-dual-plug 1.70 (0.85) 1.00 13.45

As mixing time is a function of liquid depth, mean ladle radius, gravity, and gas flow
rate, there may be time over prediction if some points are located within dead zones or in
cases where the time is affected by the superheat.

From the results, it can be further concluded that case 2 (dual plugs, asymmetric
flow) and case 3 (single plug flow) have the very similar mixing time, but the scaled mass
fraction of case 2 drops faster than case 3. The mixing time of case 2 or case 3 is faster than
case 1 (dual plugs, symmetric flow). By comparing Figures 13 and 14, the symmetry flow
of a higher flow rate is preventing the alloy from descending to the lower part of ladle,
and it can obviously slow down the homogeneity in the whole ladle. But by comparing
Figures 13 and 14, the dead zone area in the dual-plug case is less than in the single-plug
case, although the mixing study shows that case 2 and case 3 have similar mixing times.
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For the difference between alloys under the same flow condition, they have similar
mixing times. This means that the mixing time is effected the by ladle design and operation
condition rather than alloy type. In terms of the different alloys, vanadium requires the
shortest gas stirring time, followed by columbium and copper.

4. Conclusions

Microalloy addition was simulated in a two-step process using a three-dimensional
multiphase flow model. Gas stirring carried out at the first-stage revealed a zone of
recirculation noticed between the plume pulses with an intensity close to the slag—metal
interface and also pushing outwards towards the ladle walls. The pattern of the flow
field obtained corresponds with plant observations. High charging of a dual-plug ladle
for gas stirring was analyzed by comparing it with lower gas flow rates in the same and
single-plug ladle to determine the necessity for an extremely high flow rate and invariably
curb resource waste. Mixing behaviors of copper particles in all scenarios reveal that the
process is heavily influenced by the recirculation generated around the plume during
argon gas blowing, as the existing momentum slows the velocity at which the particles
disperse from the point of alloy injection. One thing of note is that unconventional varied
flow rate (asymmetric) gas stirring, when compared to standard same flow rates, results
in shortened mixing time. Interestingly, the dual- and single-plug cases, with flow rates
totaling 1.13 m®/min and 0.85 m?/min, respectively, arrived at the very similar mixing
time. This result raises another level of curiosity for a fair comparison for these cases, where
a total of 0.85 m3/min flow rate is to be simulated within a dual-plug ladle using the same
or asymmetric flow charging pattern for each plug to ascertain if, indeed, the mixture will
attain homogeneity at a shorter time.

The addition of copper as a high-strength, low-alloy steel for hydrogen-induced
cracking suppression and corrosion resistance was further compared against other more
common microalloying elements such as columbium and vanadium. The particle behaviors
of these alloys reiterate the influence of density, specific heat capacities, and melting points
on the critical or residence time that must exist before dissolution starts to occur. Moreover,
the extensive turbulence and difference in circulation behavior for each particle results in
variations in the amount of recoveries obtained at the sample point, which is expected.

In conclusion, based the condition in the study, a dual-plug asymmetric flow with
total flow rate of 1.13 m®/min is suggested. Compared to copper, niobium, or vanadium,
it can be blown for 30 s less. More studies can be conducted by using different alloys or
varying the gas flow rate.
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Nomenclature
0 Density of fluid, kg/ m3
CA Density of ferroalloy, kg/ m?
; Local velocity, m/s
F, Force from bubble, N
k Turbulence kinetic energy, m?/s?
€ Turbulence dissipation rate, m?/s3
Y; Local mass fraction of species
D; mass diffusion coefficient for species i in the mixture
S; Source term of species i, kg m3/s
FV M Virtual mass force, N
?pmss,m Pressure gradient force, N
Re Reynolds number
dy Particle diameter, m
Inert gas flow rate, m3/s
g Acceleration of gravity, m/s?
tc Critical time to shell melting, s
Cp Specific heat, J/kgK
da Diameter of alloy particle, m
h Heat transfer coefficient, J/m?2sK
Tg Solidification temperature of the melt, K
M Temperature of the melt, K
To Initial temperature of alloy, K
Uy Alloy velocity, m/s
Com Heat capacity of melting steel, ] /K
km Thermal conductivity of molten steel, w/mK
Nu Nusselt number
Pr Prandtl number
Cum Recovery percentage
Ci, max maximum alloy concentration in all monitoring points
G, min minimum alloy concentration in all monitoring points
Cs Scaled alloy concentration
G Alloy concentration at time j
Co Initial alloy concentration
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