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In situ formation micro-phase molten steel purification technology is a new
inclusions control technology. In this study, to increase the purification effi-
ciency of the composite particles in the Ruhrstahl-Heraeus (RH) reactor, a
water model was used to simulate the addition process of the spherical par-
ticles. The effects of gas flow rate and immersion depth on particle motion
behavior were carefully investigated. The settling process of the particles in
the reactor was further analyzed with kinetic theory. Industrial trials in a
180-t RH were also conducted to validate the effect of the composite particle
treatment on steel quality. The results show that the small-size particles
disperse more in the liquid steel. The gas flow rate is positively correlated with
the settling displacement in this experimental range. The optimal gas flow
rate is 4.1 m® h™ !, and the optimal immersion depth increases with increasing
particle size. The results of the industrial trials also show that the quality of
the steel treated with composite particles is significantly improved. The T-[O]
content was reduced by 8.78 ppm. The inclusions number density was reduced
by 3.55 pieces/mm?. The percentage of inclusions smaller than 3 ym was in-

creased from 27.02% to 73.96%.

INTRODUCTION

The key to clean steel production is to control
inclusions. Inclusions in liquid steel can be removed
by either aggregation and growth or bubble adsorp-
tion.'° Ruhrstahl-Heraeus (RH) reactors offer
excellent thermodynamic and kinetic conditions,
and consist of a vacuum chamber, up and down
snorkels, and a ladle. As argon is blown into the up-
snorkel from the air hole, the liquid bulk density of
the steel in the up-snorkel decreases, forcing this
part of the molten steel into the vacuum chamber.
Because of the shallow molten pool and high
vacuum level (about 67 Pa) in the vacuum chamber,
the gas in the molten steel escapes, and the
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degassed molten steel flows into the ladle via the
down-snorkel, thus forming a molten steel circula-
tion in the RH reactor.®™®

The basic idea of the situ formation micro-phase
molten steel purification technology is to design a
composite particle. The particles decompose at high
temperature to release micro-bubbles and slag
droplets.”® Micro-bubbles can increase the proba-
bility of colliding with inclusions and improve the
removal efficiency of inclusions.? At the steelmaking
temperature, the carbonate powder will rapidly
decompose to produce a large amount of COs,.
According to the ideal gas equation of state, huge
pressure will be generated due to gas expansion,
and the object around the carbonate will suffer from
this pressure to form a burst reaction. Based on this
mechanism, a composite particle has been designed,
in which carbonates (such as CaCOs, MgCO3) are
used as in situ generating agents for micro-bub-
bles.'%'2 After the reaction, CaO and MgO slag
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droplets and micro-bubbles are generated, which
collide with inclusions, then float u}l)ward, improv-
ing the inclusion removal efficiency.'®

Many detailed studies have used water models to
physically simulate RH refining processes.'*~'® Ladle
bottom stirring enhanced the circulation of the RH
degasser ladle system, increased the circulation flow
rate, and reduced the mixing time.'® Peixoto® stated
that, by reducing the gas flow, the residence time of
desulfurizing particles can be increased, also increas-
ing the rate of desulfurization. Studies on water
simulation of centimeter level particle motion behav-
ior in RH are limited. The large size particle was more
likely to float up to the interface of hquld and slag in
the ladle before melting completely.?

In this study, water experiments were used to
model the influence of the gas flow rate and
immersion depth in a RH reactor on the particle
motion behavior, and to select better process condi-
tions. In addition, kinetic analysis was used to study
the effects of increasing the flow velocity and
vacuum level on the centimeter-level spherical
particle motion behavior in the RH reactor. An
industrial trial was conducted under optimal pro-
cess conditions to study the effect of composite
particle treatment on the quality of the steel,
effective improvement of steel quality, and theoret-
ical guidance for industrial production.

RESEARCH METHOD
Water Experimental Model
Experimental Equipment

A water experimental model of a 180-t RH reactor
was established with a geometric ratio of 1:4, as
shown in Fig. 1a. The model RH reactor and ladle
were made of plexiglass. The molten steel and argon
were simulated by water and compressed air, respec-
tively. Polyethylene spherical particles simulated the
composite particles. A vacuum bump was used to
adjust the pressure in the vacuum chamber, and a U-
tube manometer was used to measure the vacuum

chamber pressure. A rotameter was used to regulate
the gas flow rate. A transition chamber was used to
add spherical particles to a vacuum environment. In
the experiments, water was added to the model
according to Table I, and the snorkels’ immersion
depth and vacuum pressure were adjusted. Then,
compressed air began to flow through the blowing
port. After 10 min, 5-, 10-, and 15-mm polyethylene
particles were added as tracers, and the change in the
tracer position over time was evaluated based on the
change in images captured by a camera. Table II
shows the details of the experimental plan.

Experimental Principle

The water simulation model was based on kinetic
and geometric similarity. The Reynolds number (Re) is
a dimensionless number that can be used to charac-
terize the fluid flow. When the Re exceeds the value
specified in the self-modeling zone, the change of Re has
almost no effect on the nature of the flow field, without
ensuring that the Re is equal to meet the similarity
principle.?’ Rey, = 4.5 x 10°, Re, = 1.5 x 10°. The Re
of both the prototype and the model are in the second
self-modeling zone. Thus, to meet the requirements of
dynamic similarity, it is only necessary to ensure that

the Froude numbers of the two are equal,?® as shown by
Eq. (2):
pvd
Re =— 1
p (1)
2 . v2
(Fr),, = PArUm - Pairlp = (Fr),

gdm(psteel - pAr) gdp (pwater - pair)

(2)

where u is the viscosity of surrounding fluid, Pa s; v
is the density of the surrounding fluid, m s 1, p is
the density of surrounding fluid, kg m™; d is the
feature length, p,,.andp,;, are the densities of argon
and air, respectively, kg m™”; v,,, andvy, are the fluid
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Fig. 1. Schematic of the RH reactor ladle model.
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Table I. Parameters of prototype and model

Parameters Prototype Model
Ladle depth, mm 4340 1085
Upper internal diameter of ladle, mm 3000 750
Lower internal diameter of ladle, mm 2592 648
Internal diameter of snorkels, mm 560 140
Snorkels length, mm 1595 399
Vacuum chamber diameter, mm 1786 446.5
Vacuum chamber height, mm 5152 1288
Vacuum level, Pa 67 1000
Gas density, kg m~3 1.784 1.205
Liquid density, kg m~3 7000 1000
Particles density, kg m 3 2100 990
Particles diameter, mm 15-20 5-15
Table II. Experimental plan
Gas flow rate Particle

Vacuum (prototyge), Gas flow rate Immersion depth Immersion depth diameters,

level, Pa m® h~ (model), m3® h™! (prototype), mm (model), mm mm
1 67 85 3 400 100 15,10, 5
2 67 95 3.3 400 100 15, 10, 5
3 67 105 3.7 400 100 15,10, 5
4 67 115 4.1 400 100 15, 10, 5
5 67 85 3 450 112.5 15,10, 5
6 67 85 3 500 125 15, 10, 5
7 67 85 3 550 137.5 15,10, 5
8 67 85 3 600 150 15,10, 5
9 67 85 3 650 162.5 15,10, 5

velocities of the prototype and model, respectively,
m s '; g is the acceleration due to gravity, m s~ 2;
Pstec1@Ndpy, are the densities of molten steel and
water, respectively, kg m~3; and dp,anddy, are the
inner diameters of the snorkels used in the proto-
type and model, respectively, m.

The gas flow rate in the experiments model was
calculated using Eq. (4):

Ly , 1
Qn =72°Q, (4)

where LyandL, are the feature length of the
prototype and model, respectively, m; and
Qpand@,, are the flow rate of the prototype and
model, respectively, m® h™!. The feature lengths in
this experiment are the diameter, height, and
length of the RH water model and the actual
equipment. The specific data are shown in Table I.

In the process of particle movement in the steel
liquid, the main forces are buoyancy, viscous force,
and surface tension, so this paper is based on the
reflection of the liquid phase properties of the
Morton number (Mo) equal The laboratory water

model can be used to simulate the actual RH
equipment in the process of particle movement,”?
as shown by Eq. (5):

4A

(5)

where i, is the viscosity of surrounding fluid, Pa s; p
is the density of the surrounding fluid, kg m~3; Ap is
the density difference between the two phases,
kg m 3;6 is the surface tension coefficient, N m~*;
and gi-=3.929 x 10", jl-=3.986 x 10" It has

Mo,, —
been proved that this experimental scheme can
realistically simulate the particle motion process in
the actual RH equipment.

Industrial Trial

Removal of micro-inclusions is by adding compos-
ite particles at the stable circulation stage after IF
steel RH alloying; the particles are added by the
alloy feeding channel after the alloying is finished,
as shown in Fig. 1b. The composite particles are
loaded into the high-level bin and, when the vacuum
level is low enough, the particles are added and
poured after 15 min of RH stable circulation. Sam-
pling was at the RH outlet, the tundish, and the cast
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Fig. 2. Particle position distribution at 10 s for different immersion depths.
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billets. The samples were made into a rod-sample
95 x 50 mm, and the T-[O] content in the samples
was determined by a nitrogen hydroxide analyzer
(TCH-600; LECO, USA). The steel samples were
made into 10 x 10 x 10 mm block samples, then
ground and polished. An inclusion automatic system
(EVO18; ZEISS, Germany) was used to analyze the
number, size, and composition of inclusions in the
detected area. S1 and S2 are without treatment
comparison samples, and S3, S4, and S5 are the
treated samples.

RESULTS AND DISCUSSION
Analysis of Water Experiments

Based on the study,?* after the composite parti-
cles were added into the steel, the delayed bursting
time is more than 10 s and more than 80% of the
particles will undergo bursting behavior, so it is
necessary to analyze the 10-s position distribution of
the particles after entering the water. Figure 2
shows the results of the particle position distribu-
tion after 10 s of water entry at different immersion
depths. During the experiments, the process param-
eters were adjusted to the target values and

polyethylene particles were added after the RH
circulation was stabilized. At a gas flow rate of
3.0 m® h™1, the effect on the 5-mm particle position
distribution was less with increasing immersion
depths. The reason is that, when the immersion
depth is 100 mm, most of the 5-mm particles have
settled near the bottom of the ladle, and, at this
time, the 5-mm particles are diffusely distributed in
the ladle, so the particle distribution range does not
increase significantly in the subsequent experi-
ments. For the 10- and 15-mm particles, the greater
the immersion depths, the more diffusely the par-
ticles are distributed in the ladle. When the immer-
sion depth is 600 mm, the deepest particle
immersion depth has reached near the bottom of
the ladle, while increasing the immersion depth to
650 mm has less effect on the particle immersion
depth. Therefore, the particles’ visible depth is
similar between 600 and 650 mm. The images were
taken at 10 s after the start of the experiment, most
of the particles are moving in the liquid at this time,
and a small number of particles have completed the
settling process and float up to the bottom of the
snorkels, so there is an evident interface existing in
each figure.
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Fig. 3. Particle position distribution at 10 s for different gas flow
rates.

Figure 3 shows the results of the particle position
distribution after 10 s of water entry at different gas
flow rates. At the model immersion depth of
100 mm, the gas flow rate has less effect on the
distribution position of the 5-mm particles at 10 s.
For the same reason as in Fig. 2a, the smaller-sized
particles are diffusely distributed in the steel solu-
tion. The settling distance of the 10- and 15-mm
particles in the liquid increases with the increase of
the gas flow rates.

Figure 4 shows the straight line fitted according
to the experimental data, the value of K is the rate
constant of particle settling displacement with
respect to the change of gas flow rate, and RZ
evaluates the accuracy of the slope of the fitted line
(the closer to 1, the higher the accuracy). The
results show a good and positive correlation
between the gas flow rate and the particle settling
displacement, and the higher the gas flow rate, the
greater the settling displacement. The settling
displacement of the 5-mm particles increased from
550 mm to 590 mm and that of the 15-mm particles
increased from 160 mm to 500 mm when the gas
flow rate increased from 3.0 m* h™* to 4.1 m*h 1.
The 5-mm particles have the largest settling dis-
placement in the whole process, because the large-
sized particles need to overcome greater resistance
in the settling process, and the velocity decreases
sharply, resulting in a relatively low settling
displacement.

As the immersion depth increases, the particle
settling displacement of the 5-mm particles slowly
increases, while the settling displacement of the 10-
mm and 15-mm particles first increases and then
decreases. When the particle size is 10 mm, the
maximum particle settling displacement is
137.5 mm immersion depth. When the particle size
is 15 mm, the maximum particle settling displace-
ment is 150 mm immersion depth. The optimal
immersion depth increases with increasing particle
size, as shown in Fig. 5.
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The results of particle settling time are shown in
Fig. 6. The gas flow rate increases, the liquid flow
rate in the ladle increases, and the particle settling
time is slowly shortened. The settling time of the 5-,
10-, and 15-mm particles increases with increasing
size for different process parameters. The small-
sized particle settling process resistance is smaller,
the movement velocity is relatively fast, so the
settling time is short. When the gas flow rate is
certain, the immersion depth increases, and the
particle settling time shows a trend of first rising
and then falling. From the above results, it can be
seen that the small particle size has the highest
degree of dispersion in the ladle under different
working conditions, producing a wider range of fine
bubbles and slag particles during bursting, and
adsorbing inclusions more effectively.

Theoretical Calculation

The forces on the particles during its movement in
the RH reactor are shown in Fig. 7. The particle
falling can be divided into three processes: (1)
falling process in vacuum chamber; (2) entering
the liquid steel; and (3) settling process in the steel.

Falling Process in Vacuum Chamber

The equation of motion during the falling process
in vacuum chamber can be described by Newton’s
second law:

4 4
PB'§”R%‘g—Pr'27CR§ :PB'gﬂRg'a (6)

1
s1 = iat% (7)
v1 = aty (8)

where, pgandR are the density and diameter of the
particle, respectively, kg m~3, m; g is the accelera-
tion of gravity, taken as 9.801 m s 2 P, is the
vacuum level of the vacuum chamber, Pa; and s is
the distance from the bin to the surface of the steel,
taken as s = 5 m.

Figure 8a shows the relationship curve between the
particle velocity and size during the falling process in
a vacuum chamber. At a certain vacuum level and
particle density, the falling velocity of the particle
gradually increases with the size, and this situation is
especially obvious for small particles. Due to the effect
of drag, the velocity of the particle when it reaches the
surface of the steel will decrease as the vacuum level
decreases. When the vacuum level is 67 Pa, the
velocity of the 10-mm composite particle is 6.09 m/s
when it reaches the steel surface, while, when the
vacuum level becomes 100 Pa, the velocity drops to
2.67 m/s. Therefore, it is crucial that the RH vacuum
level is appropriate for the composite particles to
effectively enter the liquid steel.
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Entering the Liquid Steel
. . . o 4 3
The motion equation of the composite ;)artlcle in Fy = gﬂRBg (Pm — PB) (11)
the process of entering the liquid steel is*°~28:
dv
mp 7 =Fy+Fy+Fs (9) Fg = 3o _ onds (12)
dhg dhp
V2 where v is the instantaneous velocity of the particle
F; =Cgop me (10) during the entering, m s~ !;mp is the particle mass,

kg; Fy4,Fy,andFg are, respectively, the resistance of
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the liquid steel to the particle, the gravity consid-
ering buoyancy, and the interfacial resistance of the
new interface formed when the particle enters the
liquid steel, N; Cy is the drag coefficient, which is
taken as Cy= 0.45 in this study for turbulent zone
settling;up is the maximum cross — sectional area of
the particle, ag = nR%, m?; p,,andpy are the densi-
ties of the steel and the particle, respectively, taking
pm= 7000 kg m 3 andpp= 3300 kg m 3; dE, is the
change in the interfacial energy of the metal when
the particle enters at a depth of dhp; g, is the
interfacial tension of the liquid steel, taking ¢,,=1.2

(1) @) )
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N m!; and d; is the change of interfacial energy
when the composite particle enters the liquid steel.
The particle forms a cylindrical channel when it
enters the steel. The diameter of the channel is
equal to the diameter of the composite particle 2R3,
ds = 2nRgdhp, substituted into Eq. (9):

dv _ _3CdOCB,0m _ 30'm [Zg(pm B pB) _ 1]

e, 13
dt 8nRyps  2Rypp 3m 13
* ldo — * 8CauBpyw  30m  28(pwm — Pp)

v= /[ - 3 T opz L 3
Vg 0 87'CRB,DB 2RBpB Om
—1)dt
(14)
t
hB::l/‘vdt (15)
0

The critical state of the composite particle into the
steel is the entry depth, Ap = 2Rp, Its full kinetic
energy is used to overcome the energy barrier when
entering the steel, v = 0, obtained from:

1 1 1 v Fe ]
1 1 1 1 2R_% Om 3C2dpm 1 16
— ’B  —
Yvi Yvi Yvi viY v2 BA\lC (e ) (16)
dPm
Fig. 7. Force analysis.
(a) (b)
10f 7
6 5
8r v, —3300 kg/m*
= - 5 —2200 kg/m®
@«
E ¢l £
z g4
E 2
2 4l ——67Pa 3300 kg m* 2 3r
A\ ——100Pa 3300 kg m p
2 -
2 =
1 5
0 L L L L L L 0 L— L L L L L
0 15 3 45 60 75 90 105 0 20 20 0 30 100
Particle radius /mm Particle radius /mm
(C) 0.08 (d) 110
0.07 ool
£
E
< 006 = v
E g 70 F L —().2 m/s
= 3 —(.3 m/s
w0 0.05 =
£ :
£ S s0f
& 0.04 g’
—().2 m/s g
— (.3 m/s 30
0.03
0.02 L " . i . i 10 L~ : . . : )
0 20 40 60 80 100 0 20 40 60 80 100

Particle radius /mm

Particle radius /mm

Fig. 8. (a) Relationship curve between the particle velocity and size during the falling process; (b) relationship between v, and particle density;
relationship between particle size and (c) settling time (d) settling displacement.



Simulation of Centimeter-Level Particle Motion Behavior in the Ruhrstahl-Heraeus Reactor 3731
Based on Situ Formation Micro-phase Molten Steel Purification Technology

Figure 8b shows the relationship between the
velocity, ve, and particle size after it enters the
molten steel. In the case of a certain density of the
particle, the size of the composite particle has a
large effect on its critical entry velocity. The smaller
the particle size, the larger the critical entry
velocity. As the particle size becomes larger, the
particle weight increases and the momentum
increases, so the critical entry velocity of the larger
size particle is relatively small.

Settling Process in the Steel

Particle settling forces in liquid flow fields can be
divided into three categories according to the mode
of action of the forces®”: (1) forces unrelated to the
relative motion between the fluid and the particles,
including pressure gradient forces, gravity, etc., (2)
forces that depend on the relative motion between
the fluid and the particles and are in the same
direction as the relative velocity of motion, includ-
ing Stokes viscous drag, Basset force, etc., and (3)
Forces that depend on the relative motion between
the fluid and the particles, but are perpendicular to
the direction of the relative motion velocity, such as
Saffman force, Magnus force, etc. When
dp> 0.05 mm, the Saffman force, Magnus force,
and Stokes resistance are of the same magnitude
and can be ignored.?® Therefore, the computational
model in this study considers only the pressure
gradient forces, gravity, and Stokes resistance.
Assuming that the particle force, fluid flow rate,
and velocity of motion upward is positive, the
equation of motion is®!:

dvs

FG+FP+FD:del; (17)

4 3
Fg = gnRpppg (18)

4 3
Fp :gﬂRBng (19)

1 . 2

Fp=4 RgpnCa(vr + vs) (20)
Re — 2(UL + US)RBpm (21)

My

where Fg, Fp,andFp are, respectively, the gravita-
tional forces, pressure gradient forces, and Stokes
viscous drag, N; u,, is the fluid kinematic viscosity,
Pa s !; vy is the steel flow velocity, direction
downward, m s~ 1;v, is the particle motion velocity,
direction downward, m s~ '; and P < pPn, the direc-
tion of the combined force is opposite to the direction
of motion, and the particle is in decelerating motion:

2Rppp

dt = .
$pmCa(vr +vs)” — 2Rpg(pp — pr)

dv, (22

The particle settling end velocity is O:

/tldt—/o 2Rppp
0 v %pmcd(vL + Us)2 - 2RBg(pB - pm)

dug

(23)

RB 3med
t=4 arctan (| ——"———
Pe \/6medg(pB ~ Pm) ( 8Rpg(pp — Pm)
+v2))

(vL

(24)

S=vg-t (25)

The settling time and settling displacement of the
composite particles in the liquid steel can be calcu-
lated according to Egs. (22)—(25), as shown in Fig. 8c
and d. When the particle diameter is less than
20 mm, the particle settling time in the steel
increases rapidly with the increase of the particle
diameter, which is consistent with the experimental
results. For particles with diameters greater than
20 mm, the settling time slowly decreases as the
particle diameter increases. Large-sized composite
particles need to overcome greater resistance in the
settling process, so, when the composite particle
enters the steel, its settling velocity decreases
sharply, leading to a decrease in settling time. The
initial velocity of small-sized particles is larger and
the settling time is longer, so the settling displace-
ment of the particles in the steel solution decreases
with the increase of the particle diameter.

Analysis of Industrial Trial

Figure 9 shows a diagram of the industrial trial
process. Based on the above experimental results,
the 15-mm composite particles were added to the
RH using a gas flow rate of 115 m®h™! and an
immersion depth of 400 mm. The addition of com-
posite particles to the steel during the RH refining
process can significantly reduce the T-[O] of the
steel, with 35 ppm of T-[O] in the untreated RH
sample and an average of 26.22 ppm of T-[O] after
treatment. The T-[O] of the tundish and the cast
billet were significantly reduced, as shown in
Fig. 10a.

The analysis of the inclusions in the billets
showed that the number density of inclusions in
the billets treated with composite particles was
reduced and the percentage area of inclusions was
significantly lower, as shown in Fig. 10b and c. The
number density of inclusions was reduced from a
maximum of 5.50 pieces/mm? to a minimum of 1.95
pieces/mm?, and the area percentage content of
inclusions was reduced from a maximum of
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Fig. 9. (a) Liquid steel surface; (b) feeding composite particles; (c) RH outlet.
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Fig. 10. Composite particle treatment and comparison samples of (a) changes in T-[O] content; (b) inclusion number density; (c) percentage of

inclusion area; (d) changes in inclusion size.

0.01344% to 0.00345%. The size distribution of the
inclusions is significantly reduced, the percentage of
inclusions of < 3 um in the comparison sample was
27.02%, and the percentage of inclusions of < 3 um
after the composite particle treatment was 73.96%.
Accordingly, the number of large-sized oxide inclu-
sions was significantly reduced, with > 3-um oxide
inclusions accounting for 34.07% or less, as shown
in Fig. 10d. The composite particle treatment is able
to reduce the T-[O] content and the number size of
inclusions in the steel.

CONCLUSION

Based on Ansteel’s technology of in situ formation
micro-phase molten steel purification, a water
model was developed to study the effects of gas flow
rate and immersion depth in the RH reactor on the
motion behavior of particles in the liquid steel.
Under these conditions, the effect of composite
particle treatment on steel quality at optimum gas
flow rate and immersion depth was investigated by
an industrial trial. The main results of this study
are summarized as follows:
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1. Small-sized particles disperse more in the liquid
steel. The settling process of large-sized parti-
cles needs to overcome greater resistance, and
the settling velocity decreases sharply, so the
settling time is longer and the settling displace-
ment is shorter. The actual production should
use the smaller-sized composite particles.

2. The particle settling displacement increases
with the increase of the gas flow rate, and the
optimal gas flow rate is 4.1 m® h™!. The opti-
mum immersion depth increases with particle
size, and the suitable immersion depth is
100 mm.

3. Under optimal process conditions, the T-[O]
content in the cast billets after the composite
particle treatment reached less than 10 ppm,
the inclusion number density was reduced by
3.55 pieces/mm?, and the percentage of < 3-um
inclusions in the billets increased by 46.94%,
significantly improving the steel product qual-
ity.
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