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Abstract: A three-dimensional mathematical model was established to predict the multiphase flow, motion and dispersion of desulfurizer
particles, and desulfurization of hot metal during the Kanbara reactor (KR) process. The turbulent kinetic energy—turbulent dissipation rate
(k—¢) turbulence model, volume-of-fluid multiphase model, discrete-phase model, and unreacted core model for the reaction between the hot
metal and particles were coupled. The measured sulfur content of the hot metal with time during the actual KR process was employed to valid-
ate the current mathematical model. The distance from the lowest point of the liquid level to the bottom of the ladle decreased from 3170 to
2191 mm when the rotation speed increased from 30 to 110 r/min, which had a great effect on the dispersion of desulfurizer particles. The crit-
ical rotation speed for the vortex to reach the upper edge of the stirring impeller was 70 r/min when the immersion depth was 1500 mm. The
desulfurization rate increased with the increase in the impeller rotation speed, whereas the influence of the immersion depth was relatively
small. Formulas for different rotation parameters on the desulfurization rate constant and turbulent energy dissipation rate were proposed to

evaluate the variation in sulfur content over time.
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1. Introduction

Excessive sulfur content seriously affects the processing
performance of steel [1-2]. Therefore, the Kanbara reactor
(KR) hot-metal pretreatment process is widely used as an ef-
fective desulfurization method, which was first developed by
Nippon Steel as early as 1965 [3-4]. A large number of stud-
ies have investigated the flowing fluid and desulfurizer distri-
bution through physical modeling [5—8] and numerical simu-
lation [9—13]. Visuri et al. [14] presented a comprehensive
review on hot-metal desulfurization, including the fluid flow,
bath mixing, and particle dispersion. He ef al. [11] used the
Eulerian—Lagrangian approach to investigate the distribution
and motion behavior of desulfurizer particles influenced by
the flow field and summarized four typical motion trajector-
ies of desulfurizer particles. Wang et al. [12] built a transient-
coupled three-dimensional (3D) numerical model to invest-
igate the two-phase flow, heat transfer, and particle motion
during KR desulfurization processes. The aggregation of des-
ulfurizer particles was considered. Lee and Yi [15] de-
veloped a new impeller profile to improve the desulfuriza-
tion efficiency of the KR process using operational data ana-
lysis and numerical simulation.

The methods used to study hot-metal desulfurization can
be divided into laboratory experiments and industrial trials
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[16-17], mathematical simulation [12,18], and data driven
analysis [19]. Lindstrdm and Du [16] and Mitsuo et al. [17]
obtained the change in thickness of the desulfurization
product over time through experiments. Oeters [20] estab-
lished a model to calculate the desulfurization reaction con-
sidering the boundary layer diffusion. Nakanishi et al. [21]
proposed a method to calculate the mass transfer rate, which
is related to the velocity of particles and hot metal. Previous
studies have focused on the overall desulfurization rate.
However, the desulfurization effect of each desulfurizer in
the hot metal is in line with the process of adding desulfur-
izer particles for desulfurization. Thus, in the current study, a
3D mathematical model coupled with the turbulent kinetic
energy-turbulent dissipation rate (k—<) model, volume-of-flu-
id (VOF) multiphase model, discrete-phase model (DPM),
and unreacted core model were established to predict desul-
furization during the KR process.

2. Mathematical formulation

2.1. Computational domain

The KR desulfurization process in an industrial trial using
250 t hot metal ladle was numerically studied. Fig. 1 shows
the 3D computational domain and grid system. The upper ra-
dius, lower radius, and height of the hot metal ladle were
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Fig. 1.

Schematic of the hot metal ladle (a) and grid system (b).

2418, 2254, and 4571 mm, respectively. The height of the li-
quid level was 3184 mm after 250 t of the hot metal was
loaded. The ladle lining was mainly composed of Al,O;—SiC
brick, clay brick, castable, adiabatic layer, and steel shell. A
commonly used cross-shaped impeller with a height of 950
mm and rotation diameter of 1400 mm was employed. The

entire computational domain was divided into approximately
780000 structured grids. Table 1 summarizes the detailed
model parameters. The effect of rotation speed and immer-
sion depth of the impeller on the multiphase flow and desul-
furization was proposed.

Table 1. Dimensions and physical parameters

Parameter Value Parameter Value
Impeller height / mm 950 Rotation speed / (rmin") 30, 40, 50, 60, 70, 80, 90, 100, 110
Impeller rotation diameter / mm 1400 Immersion depth / mm 1500, 1600, 1700
Shaft diameter / mm 280 Initial sulfur content / wt% 0.040
Al,05-SiC brick thickness /mm 255 in radial, 295 in axial | Hot metal density / (kg'm™) 6700
Clay brick / mm 80 in radial, 75 in axial Hot metal viscosity / (kg'm"-s™") 6.486 x 107
Castable / mm 125 Air density / (kg'm™) 1.225
Adiabatic layer / mm 10 Air viscosity / (kg'm s ") 1.789 x 107
Steel shell / mm 40 in radial, 80 in axial Surface tension / (N-m ') 1.6

2.2. Governing equation

The hot metal and air phase were considered to be con-
tinuous phases in the current study. The VOF multiphase
model was used to resolve the interface between different
phases. For the ¢ phase, the continuity equation is described
as follows:

g (a/qpq) +V. (aqpquq) =0 ()

Sa,= @
e

where ¢, is the volume fraction of ¢ phase; u, is the velocity
of g phase, m/s; p, is the density of ¢ phase, kg/m’; ¢ is the
calculation time, s; m is the total number of the continuous
phases.

The momentum equation is calculated as follows:

gt(pu)+V~(puu): —VP+V-|u(Vu+Vu")|+pg+F (3)

where p is the density of the mixture phase, kg/m’; u is the
velocity, m/s; pis viscosity of the mixture phase, kg/(m-s); P
is the pressure, Pa; Fis the source term, kg/(m’s?).

The standard k—e model was employed to calculate the

turbulent parameters. The turbulent kinetic energy & and tur-
bulent dissipation rate & were respectively calculated as fol-
lows:
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where q, is the volume fraction of hot metal; p, is the density
of hot metal, kg/m’; u; is the velocity in i direction, m/s; x; and
x; is the coordinate in 7 direction and j direction in m, respect-
ively; u, is the turbulent viscosity, kg/(m-s); G; is the genera-
tion of turbulence kinetic energy due to the mean velocity
gradients, kg/(m-s®); o and o, are the turbulent Prandtl num-
bers for £ and &, respectively; C,, and C,, are constants; the
value of constants are C,,= 1.44, C,,= 1.92, 0= 1.0, and
o.=1.3.

The CaO desulfurizer was considered as a discrete phase,
and the trajectory was calculated by integrating the following
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equation [22-25]:

du - 3u;CpR
- = o) h Dze( 1_”p>+
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where the four terms on the right side of the equation are
gravity buoyancy force, drag force, pressure gradient force,
and virtual mass force, respectively. u, and u, is the velocity
of the CaO desulfurizer and hot metal in m/s, respectively; p,
and p, is the density of the CaO desulfurizer and hot metal in
kg/m’, respectively; Cp, is the drag force coefficient; Re is the
Reynolds number; d, is the diameter of the CaO desulfurizer,
m; Cyy 18 the virtual mass force coefficient; The detailed
parameters of these forces can be found in previous studies
[22-25].

A user-defined scalar (UDS) transport equation, which is
defined as follows, was used in the convection and diffusion

1
o

. \ | CaS thickness

Int. J. Miner. Metall. Mater., Vol. 29, No. 4, Apr. 2022

of sulfur in the hot metal:

0

Z (0Cs)+ V- (ouCs) = V-({pDs + £\ V- Cs|+S o (7)
ot Sc;

where Cs is the mass fraction of sulfur in the hot metal; Dy is
the diffusion coefficient of sulfur in m%s; Sc, is the turbulent
Schmidt number; Sc,o is the desulfurization source induced
by the CaO desulfurizer, kg/(m®-s).

2.3. Desulfurization Kinetic model

Sulfur was absorbed by the CaO desulfurizer due to a
chemical reaction (Eq. (8)):
(Ca0) +[S] = (CaS) +[0] ®)

The unreacted core model was used to solve the kinetic
process of desulfurization. The particle size was assumed to
remain unchanged and the core to be unreactive. However,
the reaction interface continuously advanced toward the core
during desulfurization (Fig. 2).

Concentration boundary layer

Unreacted radius r;

Fig. 2. Schematic of the unreacted core model.

Oeters et al. [26] indicated that the boundary layer diffu-
sion forms the rate limiting step at sulfur contents of less than
0.05wt%. Thus, the desulfurization rate Vs and desulfuriza-
tion source S¢,o were respectively calculated as follows:

Vs = 4n rypiky (Cs — Cse) )

4n réplkg (Cs—Cse) (10)
Vv

where Vs is the desulfurization rate, kg/s; ¥ is the volume of

the grid where the particle was located, m®; 7, is the initial ra-

dius of the CaO desulfurizer; p, is the density of the hot metal,

kg/m®; Cs is the mass fraction of sulfur; Cs, is the equilibrium

mass fraction of sulfur and assumed as 0 [4]. The mass trans-
fer coefficient £, is defined in Eq. (11) (m/s).

Scao=Vs/V =

D
ky = =~ (2.0+0.6Re"/2Sc' ) (11)
dp
d, \u, —u
Re = M (12)
u
u
Sc=—— 13
2Dy (13)

where Dy is the diffusion coefficient of sulfur and set as 2.8 x
107* m/s [27], d, is the diameter of the CaO desulfurizer, Re
is the local Reynolds number, and Sc is the Schmidt number.
The diffusion rate of sulfur through the concentration
boundary layer was equal to the consumption rate of CaO at
the unreacted interface. Therefore, the reaction time ¢ has the
following relationship with the radius of the unreacted 7;:

4t 732 20 d i C C e
_JIipcao dri Espr_ Ssep (14)
MCaO dr MS MS
where pc,o is the density of CaO, kg/m®; Mc,o and Mg are the

molar mass of CaO and sulfur, respectively. The following
relationship can be obtained after integrating Eq. (14):

M. T i\
. sPcao’o [1_(_1) } (15)
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=4z rgkg (

2.4. Boundary conditions

The stirring of the impeller was achieved using the mul-
tiple-reference frame model [12]. Thus, the computation do-
main was divided into a moving reference frame containing
the stirring impeller and a stationary reference frame contain-
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ing the rest. The standard & model, VOF model, DPM, and
UDS equation were integrated using the commercial AN-
SYS FLUENT 17.0 software. A pressure outlet boundary
was used at the top of the ladle. The moving no-slip wall was
adopted for the impeller and shaft wall. The remaining walls
were set as no-slip boundary conditions. The amount of CaO
desulfurizer was 1378 kg, and the adding time was 60 s. The
adding position was 1.8 m above the liquid level and 1/2 ra-
dius from the axis. The density of CaO particles was 3320
kg/m’, and the density was assumed constant during the des-
ulfurization process. The diameter distribution of the actual
CaO particles was measured through a sifter. The specific
results are shown in Table 2. The Pressure-Implicit with
Splitting of Operators (PISO) scheme was used for the pres-
sure—velocity coupling, and the second-order upwind was
used for discretization. The time step size was 0.005 s, and
the total time for each case was over 700 s to reach a steady
state.

Table 2. Diameter and mass fraction of the CaO desulfurizer

Diameter / mm Mass fraction

0.2 0.24
0.4 0.23
0.6 0.104
0.8 0.108
1.0 0.15
2.0 0.168

3. Distribution of multiphase flow and surface
level

Fig. 3 shows the effect of impeller rotation speed on the
distribution of the streamline with 1500 mm immersion
depth. The liquid level presented a funnel shape, and the low-
est point of the liquid level reached the upper edge of the stir-
ring impeller when the rotation speed was 70 r/min. The mol-
ten iron in the ladle moved violently, and a large amount of
air was entrained into the hot metal when the speed was 110
r/min. Fig. 4 shows the effect of rotation speed on the aver-
age volume of the turbulent energy dissipation rate, present-
ing a law of increase with the increase in rotation speed. Eq.
(16) provides the regression formula:

Eave = 2.6421 x 10_6 . n2~7468 (16)

where &, is the average turbulent energy dissipation rate,
m%/s*; n is the rotation speed, r/min. The distance from the
lowest point of the liquid level to the bottom of the ladle de-
creased from 3170 to 2191 mm when the rotation speed in-
creased from 30 to 110 r/min. The critical rotation speed at
which the lowest point of the liquid level reached the upper
edge of the stirring impeller was 70 r/min when the immer-
sion depth was 1500 mm. In addition, when the rotation
speed was increased to 110 r/min, a dead zone remained at
the bottom of the stirring impeller, which resulted in a low
desulfurization rate.

@

Speed / (m's™")

.

OO =LA
nloloa—hootoono

(b)

Speed / (m's™)

i |

== WL
nloba—hootons

©)

Speed / (m's™")

OO A
ol a—hootoono

Fig. 3. Effect of rotation speed on the distribution of the
streamline and liquid level with 1500 mm immersion depth at
(a) 30, (b) 70, and (c) 110 r/min.

4. Dispersion of desulfurizers in hot metal

Fig. 5 shows the variation in the sulfur content and spatial
distribution of CaO desulfurizers over time at a 110 r/min ro-
tation speed and 1500 mm immersion depth. The sulfur con-
tent gradually decreased due to the absorption of CaO desul-
furizer. The sulfur content can be reduced to less than
0.001wt% after stirring for 600 s under current conditions,
and it was relatively uniformly distributed in the entire hot
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metal because of the high stirring speed. Fig. 6 shows four
typical 3D trajectories of CaO desulfurizers, including rota-
tion in the dead zone at the bottom of the stirring impeller,
dispersion in the hot metal after being hit by the stirring im-
peller, rotation in the core area of stirring, and rotation in the
relatively weak stirring areas. More CaO desulfurizer should
be dispersed by the hitting of the stirring impeller to obtain a
good dispersion degree and high utilization of the desulfur-
izer.
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Fig. 5.
1500 mm immersion depth: (a) 10, (b) 190, (c) 420, and (d) 600 s.
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The lowest point of the liquid level mentioned above had a
significant influence on the desulfurization efficiency. This
point can indirectly reflect the dispersion of the desulfurizer
in the hot metal ladle. Fig. 7 shows the concentration distri-
bution of the CaO desulfurizer under three typical conditions.
The particle dispersion was low at the 30 r/min rotation
speed. The vast majority of CaO desulfurizers accumulated at
the hot metal-air interface under the action of buoyancy. Giv-
en that the CaO desulfurizer had a certain initial speed when
it was immersed in the hot metal, a part of it was dispersed at
a low rotation speed. The dispersion degree of CaO desulfur-
izers increased with the increase in rotation speed. The float-
ing CaO desulfurizers were re-injected into the hot metal un-
der the action of the stirring impeller when the lowest point of
the liquid level reached the stirring impeller, which im-
proved the dispersion of the desulfurizer and increased the
desulfurization efficiency.

5. Effect of process parameters on desulfuriza-
tion

The sulfur content at different times in an actual KR des-
ulfurization industrial trial was analyzed to validate the cur-
rent mathematical model (Fig. 8). The rotation and immer-

(b)

yfX
7z

S content / ppm

v X
VA
S content / ppm

Variation in the sulfur content and spatial distribution of CaO desulfurizers over time at a 110 r/min rotation speed and
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Fig. 6. Four typical 3D trajectories of CaO desulfurizers: (a) rotation in the dead zone at the bottom of the stirring impeller; (b) dis-
persion in the hot metal after being hit by the stirring impeller; (c) rotation in the core area of stirring; (d) rotation in the relatively

weak stirring areas.

sion depth of the impeller were 90 r/min and 1500 mm, re-
spectively. The initial sulfur content was 0.04wt%, and the
parameter of the desulfurizer is shown in Table 2. The pre-
dicted sulfur content was in good agreement with the meas-
ured value. Therefore, the current model can accurately pre-
dict the change in sulfur content over time.

Fig. 9 shows the effect of rotation speed on the average
sulfur content and average desulfurization rate with 1500 mm
immersion depth. The desulfurization rate gradually in-
creased with the increase in impeller rotation speed. The in-
crease in rotation speed led to an increased degree of disper-
sion of the desulfurizer and speed of the hot metal. The des-
ulfurization rate increased significantly during the adding
time of the desulfurizer. The desulfurization rate constant at
110 r/min was about three times that at 30 r/min at the end of
the adding process. In the subsequent process, the sulfur con-
tent gradually decreased, and the driving force for desulfuriz-
ation decreased, which caused a decrease in the desulfuriza-
tion rate. The increase in desulfurization rate gradually de-
creased when the rotation speed was greater than 80 r/min.
The increase in rotation speed had a limited effect on the de-
gree of dispersion of the desulfurizer after the lowest point of

the liquid level reached the stirring impeller.

Fig. 10 shows the effect of impeller immersion depth on
the sulfur content at different rotation speeds. As the immer-
sion depth increased, the desulfurization rate increased
slightly. However, with the increase in rotation speed, the
amplitude of the increase gradually decreased. This finding
indicated that the current limited immersion depth adjust-
ment range hardly affected the desulfurization efficiency dur-
ing the actual KR process.

The desulfurization reaction was assumed to follow the
first-order reaction law [4,28-29]. Thus, the change in sulfur
content with time can be calculated as Eq. (17):

ST g s (7
dr
where 8 is the desulfurization rate constant, s '; ¢ is the reac-
tion time, s. Integrating Eq. (17) and assuming that the equi-
librium sulfur content is 0 [4], the following can be obtained:

[%S] = [%S]o- e (18)
where [%S], is the initial sulfur content.

Therefore, the variation in sulfur content with time can be
estimated by solving the desulfurization rate constant 8. The
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Fig. 7. Effect of rotation speed on the distribution of desulfur-
izer concentration with 1500 mm immersion depth at (a) 30, (b)
70, and (c) 110 r/min.

©

desulfurization rate constant 8 can be calculated by fitting the
results after adding the desulfurizer (Fig. 9). The impeller ro-
tation speed mainly changed the desulfurization efficiency by
changing the stirring power of the hot metal. Thus, the rela-
tionship between the desulfurization rate constant 8 and tur-
bulent energy dissipation rate £ (Fig. 11) was determined
based on the results in Figs. 4 and 9. The desulfurization rate
constant increased with the increase in turbulent energy dis-
sipation rate. The relationship between the sulfur content and
turbulent energy dissipation rate can be obtained by substi-
tuting the fitted 8 = 0.00688 - %29 into Eq. (18).

[%S] — [%S]O . 670.00688-60'265-t (19)
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Fig. 11 compares the effect of stirring methods [29] and
ladle capacities [4] on the relationship between the desulfur-
ization rate constant and turbulent energy dissipation rate.
The results of the 70 kg ladle desulfurization experiment con-
ducted by Nakai et al. [4] were consistent with the trend of
the current model, thus proving the correctness of the model.
Moreover, the effect of mechanical stirring was better than
that of gas stirring. The determined relationship in Eq. (19)
can be used to evaluate the stirring time required for desul-
furization from the initial content to 0.005wt% under differ-
ent rotation parameters, which is important in the industrial
production cycle.
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at different rotation speeds: (a) 30, (b) 70, and (c) 110 r/min.
6. Conclusion

In summary, the current 3D mathematical model, coupled
with the &~ model, VOF multiphase model, DPM, and unre-
acted core model, was successfully used to predict the mul-
tiphase flow, motion and dispersion of desulfurizer particles,
and desulfurization of hot metal during the KR process. The
main conclusions obtained were as follows.

(1) The flow field and turbulent energy dissipation rate of
the hot metal increased with the increase in impeller rotation
speed. The regression formula between the impeller rotation
speed and turbulent energy dissipation rate was proposed.
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Fig. 11. Relationship between the rate constant S and turbu-
lent energy dissipation rate & for the desulfurization of KR in-
dustrial and pilot-scale trials.

The distance from the lowest point of the liquid level to the
bottom of the ladle decreased from 3170 to 2191 mm when
the rotation speed increased from 30 to 110 r/min. The critic-
al rotation speed at which the lowest point of the liquid level
reached the upper edge of the stirring impeller was 70 r/min
when the immersion depth was 1500 mm.

(2) Four typical trajectories of CaO desulfurizers were
predicted, including rotation in the dead zone at the bottom of
the stirring impeller, dispersion in the hot metal after being
hit by the stirring impeller, rotation in the core area of stir-
ring, and rotation in the relatively weak stirring areas. Desul-
furization mainly occurred at the surface of the desulfurizer
moving in the hot metal. Therefore, the ratio of desulfurizer
re-injected into the hot metal must be increased by the stir-
ring impeller as much as possible to improve the utilization
rate of the desulfurizer.

(3) The desulfurization rate increased with the increase in
impeller rotation speed, and the influence of the immersion
depth was relatively small. The desulfurization rate in-
creased significantly when the rotation speed increased from
30 to 90 r/min, whereas the subsequent increase in desulfur-
ization rate was smaller with the increase in rotation speed.
The average sulfur content presented an exponential function
with time. The desulfurization rate gradually decreased with
time after the desulfurizer was added, and the greater the ro-
tation speed, the faster the decrease in desulfurization rate.

(4) The desulfurization rate constant at 110 r/min was
about three times that at 30 r/min at the end of the adding of
desulfurizers. An exponential function relationship was ob-
served between the turbulent kinetic energy dissipation rate &
and the desulfurization rate constant S, and the fitting rela-
tionship was 8 = 0.00688 - %%, Formulas for different rota-
tion parameters on the desulfurization rate constant and tur-
bulent energy dissipation rate were proposed to evaluate the
variation in sulfur content over time and provide theoretical
guidance for industrial production.
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