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Abstract

A kinetic model for hot metal pre-treatment process was developed. The co-injection of
soluble magnesium and insoluble lime, and both of the transitory and permanent contact
reaction zones were considered in the present model. That is, the model covers all the
general features of hot metal desulfurization in the submerged powder injection, practiced
at steel plants. The model was based on the effective equilibrium reaction zone approach
in combination with FactSage thermodynamic databases. The process was divided into a
finite number of reaction zones, and effective reaction volumes of each reaction zone were
determined as a function of process parameters based on physical descriptions of reactions’
mechanisms. The present model can be applied to a wide range of HM and top slag
chemistries, and can calculate compositional evolution of both hot metal and slag during
the process. The accuracy of model was compared to the sampled plant data. The current
model was also utilized to study the potential for further optimization of the existing hot

metal pretreatment process at a steel pant.

Keywords: Hot Metal Pre-treatment, Submerged Powder Injection, Thermodynamics,

Kinetics, Effective Equilibrium Reaction Zone, Lime, Magnesium
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1. Introduction

Sulfur in molten iron is typically originated from coke used in the ironmaking process.
Usually, sulfur is not a beneficial element for steel quality, and its content should be tightly
controlled during the iron and steelmaking processes. Although most of sulfur (about 90%)
is removed in the blast furnace (BF), the sulfur content of hot metal (HM) from the BF
varies widely between about 100 and 700 ppmw, which should be further reduced in some
cases below 20 ppmw, e.g. in case of hydrogen induced cracking resistant steel.** The
main purpose of hot metal pretreatment (HMP) is refining of HM from impurities including
sulfur via strong chemical reactions between HM, refining flux, and carryover slag.
Although sulfur could be further removed in the secondary refining process,

desulfurization in HMP is more efficient and cost-effective.

Due to a growing demand to produce new steels with improved physical and mechanical
properties and the increasing price of high-quality raw materials, more efficient
desulfurization techniques need to be developed. In addition, reducing energy consumption
and green house gas emissions remain as future challenges for steel producers. Hence, new
processes are currently under development, producing HMs with different qualities such

as sulfur and silicon contents, affecting the desulfurization efficiency.

Models coupling thermodynamics of a system and kinetic descriptions of a process are not
only cost- and time-effective and aid in reducing trials and errors in plant operation, but
also give reasonable predictions for process scenarios practiced out of their usual operation
windows. The schematic diagram of HM desulfurization process using powder injection

technology is presented in Figure 1. In general, the desulphurization reaction happens
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mainly in the transitory reaction zone. However, as the removal and stabilization of sulfides
after the desulfurization reaction occurs in the permanent contact reaction zone,
consideration of this zone, involving top slag, is also very important to simulate the HMP

process.

Gas + Powderl

<+—|njection lance

contact zone

Transitory
reaction zone

L] L]

Fig. 1-Schematic diagram of hot metal pretreatment with powder injection.

Many researchers have investigated the desulfurization process by coupling experimental
and modeling approach®*% considering only transitory reaction zone, or both zones.
Several key literatures are briefly introduced here. Irons and Guthriel>®! studied the kinetics
of desulfurization reaction between Mg vapor and HM in the transitory reaction zone using
a mass transfer model based on single bubbles at the constant temperature of 1250 °C. They
injected Mg vapor through a lance to 60 kg HM at 1250 °C and measured the changes in S
and Mg contents during the injection process. Then, the desulfurization phenomenon at the
interface of HM, MgS inclusion and bubble was analyzed. In their model, the

thermodynamics of Mg dissolution®™®! and desulfurization reaction!***2 were considered.
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Top slag was not considered in their study. Ohguchi and Robertsonl” studied the kinetics
of desulfurization using a CaO-based flux, which is liquid at the steelmaking temperature
and insoluble in the molten metal. The contribution of both transitory and permanent
contact reaction zones to desulfurization was taken into account. The desulfurization by
top slag was considered via the sulfide capacity of top slag.[’! They also developed a mixing
model which was applied to the metal-slag reactions with a fixed slag volume.™*3 However,
in their model, the CaO-based flux (CaO-Al203-CaF2) was considered for powder injection
and the slag was assumed to be in the fully liquid state. Kitamura et al.[®l adapted the basic
principles of a coupled reaction model by Ohguchi et al.l'l with some modifications to
consider the influence of flux injection rate. They considered both the transitory and
permanent contact reaction zones. A mathematical model considered phase equilibria and
kinetics of the reactions in a ladle, and was applied to evaluate the removal of sulfur,
phosphorous, silicon and manganese of HM. They presented the results only for the
insoluble flux particles CaO-FeOx-CaF2. That is, desulfurization reaction using the soluble
Mg flux was not modeled. They implied that the model could calculate compositional
changes of liquid metal, flux and top slag during HMP. To calculate the chemical
equilibrium, the activity coefficient of each component in the top slag, flux and metal was
taken from different sources: (a) regular solution model of Ban-Ya et al.'! for slag and
flux particles, (b) sulfide capacity model of Sosinsky and Sommerville!*®! for sulfur in the
slag, and (c) the multicomponent dilute solution model™®! for liquid metal. One of possible
limitations of the model is the assumption of homogeneous well mixed liquid metal (entire
HM) during the process, which implies that liqguid HM in the ladle could be completely

homogenized within the simulation time step. Yang et al.l®! performed desulfurization
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experiments using Mg vapor produced in-situ from carbothermic or aluminothermic
reduction of MgO pellets, and modeled desulfurization process considering only the
transitory reaction zone. However, this is far from an industrial HMP process. Recently,
Visser'® developed a model for desulfurization of HM considering the transitory reaction
zone with Mg and lime injection. The gas flow rate and flux injection rate could be varied
in the model to adapt to a specific plant need. They compared the simulation results with
sampled plant data. In their simulation, they optimized the lime amount in contact with
HM, and the Mg dissolution ratio in HM to reproduce the sampled plant data. Analysis of
the plant samples revealed that the evolution of desulfurization products by using Mg and
CaO powders is a two-stage process: (i) Mg + S = MgS inside the HM bath, and (ii) MgS
+ CaO - MgO + CaS in the upper layer of HM bath. That is, a simple approach considering
only transitory reaction zone is insufficient to explain the desulfurization process of HMP.
It can be concluded that both transitory zone with injected powders and permanent contact
reaction zone with top slag are necessary for a complete desulfurization model description.
However, the role of top slag was not considered in the model by Visser. [*°! Moreover, the

silicon oxidation, which was clear from the plant data, was not considered in their model.

In the current study, a kinetic process model was developed which can explain all the
general features of the HM desulfurization route, practiced commercially worldwide at
steel plant (i.e. the co-injection of soluble Mg and insoluble lime and both transitory and
permanent contact reaction zones were considered in the present model). After reviewing
the previous models in the literature,>1% a more complete description of reactions and fluid
flow in transitory and permanent reaction zones were adapted in the present process model

based on the effective equilibrium reaction zone (EERZ) concept.!”221 A summary of



128

129

130

131

132

133

134

135

136

137

138

139

140

general features of the existing models in the literature is given in Table | in comparison to
the current model and actual industrial operation. In addition, to apply the present model
to a wide range of HM and top slag chemistries, thermodynamic calculations for local
equilibria were performed using the FactSage thermodynamic databases?? for liquid
metal, solid and liquid slag containing sulfides, and gas phases. Partial solidification of
slag phase could be also well calculated using the database. At the end, the current model
was applied to study the potential for further optimization of the existing process at Tata

Steel Europe.

2. Effective Equilibrium Reaction Zone Approach

In the EERZ model, 1 a complex process is divided into a finite number of reaction zones.

For example, in the simple case of a slag — metal reaction, as shown in Figure 2, the

Slag

Reacti?n interface
/ @ V,

V2

V,

eI [

Metal

Fig. 2—Effective equilibrium reaction zone (EERZ) concept for

slag — metal reaction.
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metal phase would be divided into a bulk volume V1 and a smaller volume near the slag —
metal interface V2. The slag phase would be divided in a similar way V3 and V4. In the
EERZ model, it is assumed that all chemical reactions reach equilibrium in the chosen
effective reaction volumes near the reaction interfaces. The equilibrium would be first
calculated between V2 and V3, followed by equilibrium homogenization reactions in the
metal phase (between V1 and VV2) and in the slag phase (between V3 and V4). Kinetics are
considered by varying the reaction zone volumes depending on physical descriptions of
different reaction mechanisms, process conditions and the rate of homogenization in the
slag and metal. Simplified mathematical functions and empirical relations derived from
simulations, experimental studies and plant data can be used to describe the effective
reaction zone volumes. This method allows for using the full potential of thermodynamic
databases and an easy connection of thermodynamic databases to the kinetic simulation.
The EERZ concept has been already used to simulate several metallurgical processes such
as Rurhstahl-Heraeus vacuum degassing,!”! Basic Oxygen Furnace,*® mold flux
composition changes during the continuous casting,™*®! the ladle furnace?®! and the mold
slag — refractory — steel thermochemical interactions in and around the submerged entry

nozzle in continuous casting.?*

3. Kinetic Model for Hot Metal Pretreatment

3.1. Desulfurization Reactions with Injection of Metallic Magnesium and Lime
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Among various desulfurization techniques, the co-injection of Mg and CaO is operated
world-wide and considered a standard practice in North America and Europe. The Mg
granules, lime powder and a carrier gas mostly N2 are injected via a submerged lance into
the HM ladle where together they form a bubble plume. The HM desulfurization occurs in
the so-called transitory and permanent contact reaction zones as shown in Figure 1. In the
transitory contact reaction zone within the bubble plume, the dissolved sulfur reacts with
the injected desulfurization agents to form sulfide particles, ascending together with
unreacted flux particles with the aid of bubble plume towards the top slag. Across the
permanent contact reaction zone at the metal — top slag interface, further desulfurization
reactions can occur, and desulfurization products are absorbed by the slag. At the end of
the process, the slag is skimmed off, and the HM is transferred to the oxygen steelmaking

converter.

The main desulfurization reactions happening in the transitory and permanent contact

reaction zones are given in Egs. [1] and [2], respectively:

[Mg]+ [S] = MgsS(s) [1]

MgS(s) + (CaO) = (MgO) + (CaS) [2]
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where [ ] and () stand for the component in hot metal and slag, respectively. In addition,
CaO-rich slag can react with HM for desulfurization at the permanent contact reaction

Z0ne.

Magnesium reacts with sulfur to form MgS as shown in reaction [1]. However,
desulfurization using Mg is challenging since MgS reacts with oxygen from air or other
sources based on reaction [3], and as a result, resulfurization can occur. Therefore, lime is
added as the sulfur stabilizer in the slag phase. Then, MgS absorbed to the top slag reacts
with CaO to form CaS and MgO according to reaction [2]. Calcium sulfide is more stable

than MgS and avoids the sulfur draw back to metal because of oxidation.

MgS(s) + 1/202(g) = MgO(s) + [S] [3]

According to the stoichiometric reaction [2], one mole of CaO is required per one mole of
MgsS, equal to CaO/Mg mass ratio of 2.3/1.0. However, it was reported that due to

incomplete mixing, a higher ratio of CaO/Mg is required to prevent resulfurization.!*"]

In addition to the above-mentioned reactions, the direct CaO desulfurization reaction can

also happen in the plume, depending on the CaO particle size, according to reaction [4]:

CaO(s) + [S] = CaS(s) + [O] [4]

10
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where [ ] denotes the species dissolved in HM. However, it was reported that merely a
fraction of lime particles contacts the metal at the metal — bubble interface and reacts with
sulfur to form a CaS layer surrounding the lime particle. Once CaS layer forms, further
chemical reactions to transform CaO(s) to CaS(s) is difficult because of slow solid-state

diffusion process of sulfur through the Ca$ layer.[%

On top of the main desulfurization reactions given in Egs. [1], [2] and [4], accessory

deoxidation reactions with C, Si and Mg could also occur:

[C] + [O] = CO(9) [5]
[Si] + 2[O] = SiO2(s) [6]
Mg(g) + [0] = MgO(s) [7]

These oxidation reactions result in partial HM decarburization and desiliconization, and
part of Mg is removed by oxidation before it reacts with sulfur. Moreover, reaction [6]
leads to the formation of (CaO)x:(SiO2)y complex layer around the CaO particles,
decreasing the sulfur diffusivity and reactivity.['% In general, although such oxidation
reactions rarely happen due to lack of dissolved oxygen in carbon-saturated HM, the
reoxidation of HM by air due to open eye formation can still induce such reactions near the

permanent contact zone.

11
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3.2. Kinetics of Hot Metal Pretreatment Model
3.2.1. Overview of model

The HM desulfurization process was modeled using thermodynamics of the reactions, mass
transfer coefficients in metal, slag and flux, and mass balance of components. Although
heat balance could be considered in the EERZ approach, the present study assumed
isothermal condition because no temperature profile of HM was measured in the plant. The
schematic of the reaction zones in the current model is presented in Figure 3. As mentioned

before, the process is divided into the so-called transitory and permanent contact reaction

N(g) + l

Mg granules +
CaO powder | |«— |njection lance

contact zone

Transitory
reaction zone

L L

Fig. 3-Schematic diagram of the reaction zones in the present model

of hot metal pretreatment (powder injection process).

zones. In the co-injection of Mg and lime, the transitory reaction zone is divided into 3

effective reaction zones (R1 to R3) as follows:

12
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R1: plume and dissolved Mg reaction

R2: plume and lime particle reaction

R3: homogenization in plume

Four effective reaction zones (R4 to R8) were also defined in the permanent contact

reaction zone:

R4: first homogenization of top slag

R5: plume and top slag reaction including oxidation by air

R6: homogenization in plume

R7: homogenization of top slag

R8: exchange reaction between the plume and the remaining HM

R9: gas out

Thermodynamic equilibrium at each reaction zone was computed using the FactSage
thermochemical software version 7.3.1%21 For the thermodynamic calculations,
thermochemical descriptions of the HM and slag phases (solid and liquid) were considered
from the FactSage FTmisc-FeLQ and FToxid databases, respectively. Thermodynamic

properties of gas phase and pure species were adopted from FactPS database.

The overall calculation procedure of the model has been shown in Figure 4. The program

calculates all the chemical reactions one by one in the order of reaction numbers at each

13
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time step. The EERZ volume for each reaction is determined from simplified mathematical
functions and empirical relations derived from the fluid dynamics simulation and plant data
available in the literature. A number of user defined parameters, the plume height Hp,
plume volume correction factor C, mixing time correction factor «, and excess oxygen for
silicon oxidation are also included in the model, which might be adjusted to reproduce

plant data, as listed in Table II.

(]
c
[mg [ [ ceo [ § E}_‘
' | .
o
-_. Metal / Transitoryi reaction zone _..—- ‘E rl sl
[ ag
(s sf Mo ) e e e | | £ | e[ LS
T 1l
= E: |
/ L) LI / / Model variables / E all
(see Tale 2)

Process conditions Hp
& parameters
(see Table 3) n

Do
calculations
fit into the
plant data?,

Fig. 4-The overall calculation procedure of the presented model.

3.2.2 Transitory Reaction Zone

The injected carrier gas, flux particles and liquid metal together form the bubble plume.

Desulfurization occurs in the bubble plume via the flux and HM interaction. Therefore, the

14
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plume dimensions must be known to calculate the effective HM volume reacting with Mg
and lime. The plume radius for a bottom blown ladle was determined by Lachmund et al.
23] and Ebneth and Pluschkell.?l Lachmund et al.[?®] measured the plume radius only as a
function of gas injection rate, but did not provide the change of the radius with height.
Ebneth and Pluschkell?! provided a more comprehensive description of a plume radius as

a function of both gas flow rate Q and vertical coordinate x:

§ = 0.38CQ15x062 [8]

where § is the plume radius, C is a constant to adjust missing experimental data in the metal
— gas system. For water, C was assumed to be equal to 1.0. In this study, this description

of plume radius was adopted.

The schematic geometry of the bubble plume envisaged in this work is shown in Figure 5.

A
v

Fig. 5-Schematic presentation of the bubble plume.
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The plume volume was calculated from the integration of the cross-sectional surface area

of the plume by height and upper layer zone:

_(0.38)2mC?
T 224

Ve Q*3(L — Hp)*** + 7 D*Hp [9]

where Ve and Hp are the plume volume and upper height, respectively, D is the metal bath

diameter, and L the lance immersion depth.

3.2.2.1. Reaction between Hot Metal and Metallic Magnesium (R1)

For sulfur removal using Mg injection, two desulfurization mechanisms were proposed in
the literature:> 6 % 25 261 desulfurization at MgS inclusion sites and desulfurization at the
bubble — metal interface. Desulfurization kinetics using Mg vapor injection was studied by
Irons and Guthriel® in a 60 kg ladle. They reported that only 1-10% of desulfurization
happens at the Mg bubble — metal interface where sulfur reacts with Mg vapor to form
MgS, which is sheared off from the bubble surface by hydrodynamic shear force. Due to
high vapor pressure of Mg in the bubble, Mg can be continuously dissolved into HM, and
the dissolved Mg [Mg] can react with soluble sulfur [S], heterogeneously, at MgS inclusion
sites which can be stripped off from the bubbles.> & % 11271 yang et al.[l and Mukawa et
al.®linvestigated desulfurization kinetics using Mg vapor in 350 g and 30 kg metal baths,

respectively. They reported that desulfurization at the Mg bubble interface is the main

16
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sulfur removal mechanism. Lindstrém et al.,[?8] who studied desulfurization kinetics in a
250 g size sample, reported that Mg slowly dissolves in the metal bath and then reacts with
sulfur at MgO and/or CaO sites to form MgS. They only observed the MgS-MgO
multiphase particles. Rarely any single MgS particle was observed in the bath, suggesting
that MgS did not form via homogeneous nucleation. The MgO seeds resulted from the
oxide layer around the Mg granules or the Mg oxidation by dissolved oxygen in the bath.
Visser™ recently studied desulfurization kinetics of HM during the co-injection of lime
and Mg. Time series of two industrial heats were sampled followed by chemical and
microstructural analysis. He confirmed the HM heterogeneous desulfurization mechanism
at inclusion sites proposed by Irons and Guthrie.’] However, the accumulation and
floatation of MgS particles were different. Irons and Guthriel® observed only one MgS
particle in a 1 mm? surface area but, the concentration of MgS particles observed by
Visser®® was noticeable, varying based on the sulfur and Mg concentrations in the melt.
Individual MgS particles were observed by Visser!*®l opposite to finding by Lindstrom[2¢]
reporting Mgs as part of the MgS-MgO assemblage. In the pilot scale induction stirred
furnace (60 kg metal bath desulfurized for 60 min), mixing is better, and the floatation rate
of MgS particles is higher than that in industrial operation (~300 ton metal bath
desulfurized for 10 min). Visser'® also mentioned that the overall efficiency of injected
Mg in an industrial ladle is higher than that in a small-scale ladle. In an industrial ladle, the
residence time of Mg in the metal bath is longer and the ferrostatic pressure at the injection
point results in a higher vapor pressure of Mg increasing the driving force for the Mg

dissolution.
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Both dissolution of Mg in HM and the mass transfer of sulfur and magnesium to the
nucleation sites have been reported as rate controlling steps for desulfurization of HM by
Irons and Guthrie,® Lindstrom et al.[?®l and Visser® for pilot scale, lab scale and real
plant data, respectively. However, it can be assumed that mass transfer in a ladle heavily
stirred using a carrier gas is fast enough, and can be ruled out as a rate controlling step.
Irons and Guthrie® also reported that MgS inclusions are very tiny therefore, mass
transfers of sulfur and magnesium could not be the main rate controlling steps. Hence, the
dissolution rate of magnesium in HM can be the rate controlling step in real powder
injection process, which was set equal to the magnesium fraction dissolved in the HM. This
is called “magnesium efficiency (ymg)”.[*% The solubility product of MgS (Pwmgs = [ppmw

Mg] [ppmw S]) in HM is also very important in desulfurization using magnesium.

Based on the literature data, we assumed that the dissolution of Mg in HM happened first,
and subsequently desulphurization reaction between [S] and [Mg] in HM was allowed.
Different solubility products in carbon-saturated liquid iron were reported in the
literature.[> 28301 |n this work, the MgS solubility product, Pwmgs, for the given HM
composition (see Table I111) was calculated in the temperature range 1250 - 1450 °C at 1
atm total pressure using FactSage 7.3 (FTmisc FeLq and FactPS databases). The predicted
solubility products using FactSage are plotted in Figure 6 along with the results given by
Turkdogan.!®! As it is seen, there is good agreement between the FactSage calculations
and data from Turkdogan.?®! It can be implied that the difference in the calculated Mg
solubility by FactSage and Turkdogan is very small. For example, at 1450 °C, the

equilibrium Mg content in HM for heat 1 (203 ppm S) and heat 2 (229 ppm S) was

18



335 calculated by FactSage to be about 10 and 9.4 ppm, respectively, in comparison to 9.7 and

336 8.6 ppm from Turkdogan, respectively.

2000 F OHeat1
A Heat 2
1800 F + Turkdogan

+O

[28]

200 &
&

1200 1250 1300 1350 1400 1450 1500
Temperature ('C)

Fig. 6-Solubility product of MgS, Pmgs = [ppmw Mg] [ppmw S], in hot metal
calculated using FactSage 7.3. Compositions of heat #1 and heat #2 are given in Table
1.

337

338  The solubility product Pmgs can be also described by the average Eq. [10]:

339 LogPygs = —64.52288 + 21.469 Log T(°C) [10]

340

341 A wide range of magnesium efficiency (10% - 80%) was reported for the hot metal

342 desulfurization based on laboratory scale experiments and industrial trials.[ 10-26.:31-371 The

19
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low efficiency of magnesium is pertinent to its reaction with air from the spout area,
incomplete dissolution of magnesium in HM, its evaporation to off-gas, and its reaction

with SiO2 and Al20s3 in top slag according to the reactions below:
(SiO2) + 2Mg(g) = 2(MgO) + [Si] [11]
(Al203) + 3Mg(g) = 3(MgO) + 2[Al] [12]

In the present model, #wmg is an adjustable model parameter which can be entered directly
as an input of the model considering plant data. The overall magnesium efficiency #mg is
calculated from the amount of magnesium dissolved in the HM and bound to MgS after

injection relative to the total amount of magnesium injected:

[ppm Mgla+—7=AlPpm Sla ) MM
1000000 mprg—T

nMg -

[13]

where [ppm Mg]q is the dissolved magnesium content in the HM after injection, 4/ppm S]d
indicates the difference between the final and initial dissolved sulfur contents in HM, mum
and mwmg-1 are the total mass of HM and injected Mg, and Mwmg and Ms magnesium and

sulfur molecular weights, respectively.

In the present study, one equilibrium calculation was performed between the metal plume

(see Eqg. [9]) and Mg considering nmg from Eq. [13]. That is, the amount of HM in the

20
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plume and Mg amount were added as inputs for R1 calculation, and the outputs of reaction

R1 are new HM in plume zone and Mgs inclusion.

3.2.2.2. Hot Metal and Lime Particle Reaction (R2)

The effective reaction zone volumes of bulk metal V;; and lime particles V' in the

transitory reaction zone are determined as follows:

Vi = kin(npAp)PmAt [14]

V' = kp(npAp)ppAt [15]

where k7, and k}, are the overall mass transfer coefficients in the bulk of metal and lime
particle, np and Ap the number of lime particles injected and single particle surface area, pm
and pp the metal and lime particle densities, respectively, and 4t is the calculation time step.
The total surface area available for the metal — lime particle reaction is the product of npAp.
The number of particles is calculated from the particle injection rate Wy, particle residence

time tp, particle diameter dp and particle density pp:

— SWplp

P = 23, [16]
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The residence time of injected lime particles is calculated accordingly:

t, = - [17]

Due to the formation of bubble plume, it was assumed that the ascending velocity of lime
particles and desulfurization products is equal to the metal mean rising velocity. The mean
rising velocity of metal in the plume zone was determined from the numerical analysis of

fluid flow and water model experiments as following: (€]

0.20 0.52

0w =199(Ypa) (P)ge) (Lp) 1) [26]

where g is acceleration due to gravity.

The mass transfer coefficient in the bulk metal kf, at the injected lime particle — metal

interface is estimated as follows:[®]
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k=2("m/, dp)l/z [19]

where Dm is the diffusion coefficient, here of sulfur, in the hot metal, and u is the slip
velocity between the metal and lime particle which can be obtained from Allen’s

equation:[®!

- (w) /s [20]

225pmim

where pm is the HM viscosity. The diffusion coefficients of sulfur in carbon-saturated
liquid iron reported in the literature are different in orders of magnitude (from 10 to 10°

m?/s).[38-401 |n this work, Dm can be adjusted.

Since the mass transfer coefficient in the top slag is assumed to be 1/10 of that in the metal
[81 (as will be explained in section 3.2.3.1), the mass transfer coefficient in the solid particle

k% at the injected lime particle — metal interface is assumed to be 1/100 of that in the metal

(ki = 1/100Kk%,).

According to Eq. [19], the mass transfer rate is inversely proportional to the square root of
the lime particle diameter. Moreover, the lime particle size affects the interfacial reaction

surface and subsequently the effective reaction volumes. In practice, a mixture of lime
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particles within a certain size distribution is injected into the bath during the process

however, in the model, only a fixed lime particle size is allowed. The average lime particle

average

diameter of 110 um calculated from the measured particle size distribution (d,, =

Y. dy, ;vol%) was entered as the model input in this study.

3.2.2.3. First Homogenization in the Plume (R3)

Full homogenization of chemistry and temperature of the metal plume was assumed at each

calculation time step.

3.2.3. Permanent Contact Reaction Zone

3.2.3.1. Hot Metal and Top Slag Reaction (R5)

The permanent contact reaction zone accounts for the reaction between metal and top slag.
The effective reaction zone volumes of metal VP and top slag VP for the permanent contact

reaction zone are expressed as follows:

VE = kP ApnAt [21]

VP = kP ApAt [22]
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where k&, and k! are the overall mass transfer coefficients in the bulk of metal and top
slag, respectively. pm and ps are the densities of metal and top slag, respectively, A is the

contact surface area between the metal and top slag and 4z is the calculation time step.

In the current model, p,,, and u,,, were adjusted based on the HM temperature according to

the following Egs.:[*1: 42

o, = p2 + [—0.883 x 1073(T — T,,)] [23]
41.4x103
fm = 03699 X 1073¢ &7 [24]

where p?, is the HM density at its melting point Tm, and R is the gas constant. The slag
density was calculated from the partial molar volumes and molecular weights of slag

components at 1400 °C.[*3l

The overall mass transfer rate in the metal k? at the metal — top slag interface is expressed

as:[®

1
kP =218 % 1073 (LZE/D) f2 [25]
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where L and D are the lance immersion depth and metal bath diameter, respectively, ¢ is

the mixing energy, calculated from the equation suggested by Kai et al.:[*4

£=618x 1073 I;2/—:L{2.303l<)g (1+——=2=2 ) +0.06(1-22)} [26]

1.01325X105%x PO

where Wm, P° and Tq are the metal weight, pressure on bath surface and gas temperature,
respectively. Q and T are gas flow rate and metal bath temperature, respectively. To the
knowledge of the authors, no mixing energy equation was reported for the top submerged
lance injection, and different effects of the two configurations (top submerged lance and
bottom blowing) on the fluid flow and mixing are not known. In the present study,

therefore, we took Eq. [26], suggested by Kai et al.[*4!

The mass transfer coefficient in the top slag is assumed to be 1/10 of that in the metal (k! =
1/10k})) since the diffusion coefficient of a component in the metal is 1 to 2 order larger
than that in the slag.[®! Based on these mass transfer coefficients, the volume of HM and
top slag reacted in R5 were determined. In addition, to consider the oxidation of Si in real
plant data, we introduced a small amount of excess Oz in R5 reaction. The amount of

oxygen reacts with Si is optimized in the model to reproduce the Si profile in HM.

3.2.3.2. Hot Metal and Top Slag Homogenization (R3, R4, R6 — R8)
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The plume was assumed to be always homogeneous in chemistry and temperature at each
time step (R3 and R6) since it is heavily stirred by the carrier gas during the injection. Full
homogenization of the top slag composition and temperature was also assumed at each

calculation time step (R4 and R7) despite possible slag inhomogeneity.

The effect of mixing energy on the metal homogenization (R8) and the dead zone
occurrence were considered in the present model. That is, if the mixing time tmix was equal
or shorter than the calculation time step (tmix<Atcalc-step), @ full homogenization was assumed
between the metal plume and the rest of the metal bath. Otherwise, if the mixing time was
longer than the calculation time step (tmix>Atcalc-step), the bath homogenization rate depends
on the metal mass exchanged between the plume and the remaining metal bath (i.e. the
exchange mass becomes a model variable). The following input amounts of plume and

remaining HM in ladle were considered in reaction R8 depending on the tmix and Atcalc-step:

tmixSAtcalc-step: Vplume (R8) = Vplume total, VRemaining HM (R8) = VRemaining HM [27]

tmix>Alcalc-step: Vplume (R8) = Vplume + VRemaining HM-exchanged, VRemaining HM (R8) = VRemaining HM +

Vplume-exchanged; VRemaining HM_exchange=VpIume-exchanged [28]

The resultant HM and plume from reaction R8 are transferred to the next time step.
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Different equations for the mixing time were reported in the literaturel*>52 mostly for a
bottom blown ladle. In this work, the time required to achieve 95% mixing in the HM bath

was used:4

(°/)"”
tnix = 254(5@—1/31-1 [29]

where f is the fractional depth of lance submerged. Q and D are gas flow rate and metal
bath diameter, respectively. Eq. [29] was developed by Mazumdar and Guthrie® from

the water model experiments for a bottom blown ladle. However, Asai et al.[*’] suggested

using the correction factor a (= ‘;—m) to count for the difference between the steel and water

densities. Hence, the mixing time can be readjusted as follows:

(2"
tmix = 254([;@—1/314 [30]

In the present model, there is freedom to change «.

3.2.3.3. Gas out (R9)

28



501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

This reaction is simply needed to check the mass balance of the entire process. All unused
Mg and injected N2 gas exit the process via this reaction. No specific chemical reaction

was necessary.

3.2.4. Main Assumptions in the Present Model

The main assumptions and approximations made in the present study are as follows:

(a) No reaction occurred between the refractory linings and the fluids (metal and slag).

(b) No physical entrainment of metal in slag and vice versa was considered.

(c) All reaction products including MgS and CaS were absorbed by the top slag.

(d) Magnesium vapor instantly dissolved in the HM at the time it exited the lance tip and

was homogeneously distributed over the entire plume.

(e) The immobilization of the flux particle surface due to the presence of surface-active

elements was not considered.

4. Application of the Model to Plant Operations

4.1. Plant Trial Data: Tata Steel Europe
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The developed kinetic model was tested against two plant data sets, which were collected
during a special campaign at Tata Steel desulfurization station in IJmuiden, the
Netherlands.[*® Usually, no samplings are carried out during the desulfurization process,
but 6 to 8 samples of HM were taken during the campaign. At the beginning of HMP,
when the lance was being lowered into the HM bath, the injection of N2 carrier gas was
started. Once the lance tip reached the depth of 0.5 m, the lime injection begun. When the
conveying line was thoroughly cleaned, and all oxygen was flushed out, magnesium was
co-injected with lime (< 6 min) followed by lime mono-injection (~ 1 — 2 min) to clear out
the line from Mg and complete the MgS particle floatation. In total 117 — 144 and 728 —
732 kg of Mg and lime, respectively, were injected within 10 min of the process. The Mg
and lime injection rates varied in the range 22 - 26 and 88 — 102 kg/min, respectively. The
N2 carrier gas was injected at a rate of 17 m*/min at room temperature. HM samples were
taken from the depth of 0.5 — 0.6 m below the surface. The first sample was collected just
before the start of injection and the last sample was collected after the removal of the lance

from the HM bath. More details about the campaign can be found elsewhere.[*"]

4.2. Simulation Conditions

The initial conditions and process parameters of the two HM desulfurization processes used
in the present simulations are listed in Table I11. For the calculations, lime was added during
the first 7 min, and Mg was added within 1 - 6 min of the process. The flux injection rate
and timing are plotted in Figures 7(a) and 8(a) for heat #1 and heat #2, respectively. The

total sulfur and Mg contents were measured by using X-ray fluorescence (XRF) and
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scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS).
[19] However, soluble sulfur [S] and magnesium [Mg] contents were not directly measured.
Therefore, [S] was derived in this study from the following equation using the total S and

Mg contents:

M M
[ppm S5 + (W [ppm Mgy — [ppm S]r> [ppm S]4 — M_NngMgS =0 [31]

S
g

where the subscripts T and d stand for total and dissolved elements, respectively.
Magnesium and sulfur also bound together to form MgS particles in the HM. The solubility
products for the HM conditions, given in Table 111, were calculated to be about 577 and
915 ppm? at 1370 and 1399 °C, respectively. Similarly, the dissolved Mg content [Mg] was
calculated. These [S] and [Mg] data are also plotted in Figures 7(a) and 8(a). Magnesium
efficiency (ymg) was calculated to be 51 and 43% for heat #1 and heat #2, respectively,

according to Eq. [13].

The overall pressure at the injection point was calculated from the summation of pressure

on the bath surface (P°) and ferrostatic pressure at the injection point:

P=P°+pnglL [32]
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The model variables that were fixed to reproduce the plant data are listed in Table Il. The
lance depth in the plant was 3.2 m, and plume height (Hp) was estimated to be 0.2 m in the
simulation. The plume volume correction factor C was set to be 3.0. Using the correction
factor 1.0, the plume volume would be about 4 m® which seems to be very small in
comparison to 46 m® metal bath, which cannot reproduce the desulfurization profile as it
happens mainly inside the plume. With a correction factor of 3, the plume volume forms
about 26% of the total metal volume which not only sounds reasonable but also leads to
much better prediction of elemental profile of the HM for both heat series. The mixing time
correction factor () has its default value of 1.0 since the argument by Asai et al.[*"l to
include the ratio of metal density/water density (=) into the mixing time equation [29]
was not supported by any experimental measurements.>3 In the present simulation, the

calculation time step (4¢) was set to be 1 min.

The main reaction zone volumes, mass transfer coefficients and mixing times of
importance for the present simulation were calculated and listed in Table 1. The time
required to achieve 95% mixing in a ladle with the specified dimensions and gas flow rate
0.28 Nm?®/s was calculated to be less than a minute (~0.9 min), the plume volume about 1/3
of total metal bath volume, and the particle residence time ~ 0.6 s. The ascending velocity
of desulfurization products including MgS and CaS can be reasonably set equal to the mean
rising velocity of metal in the bubble plume. All reaction products were assumed to float

up to the top slag.

It is found that the temperature of top slag is very critical for the evolution of phases in top

slag. The top slag chemistry can be continuously changed due to the chemical reaction with

32



580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

HM and accumulation of the injected CaO and reaction products MgS and CasS in the plume
zone. For example, the preliminary simulation results for heat #1 at 1370 °C isothermal
condition (reported temperature by Visser®) showed that top slag became completely
solid during the period of 4 to 7 minute after the beginning of injection process. In reality,
the temperature of slag and HM would not be constant during the process. Unfortunately,
Visser™ did not report exact conditions of temperature measurement, and whether it was
measured before or after the desulfurization process. Analysis of annual heat data at Tata
Steel, IJmuiden revealed that HM temperature could decrease more than 30 °C during the
desulfurization process. In the present simulation, considering the temperature drop in HM
desulfurization process, the temperature of heat #1 was adjusted from 1370 °C to about
1400 °C during the first 6 min of the simulation to ensure the occurrence of the liquid slag.
In the case of heat #2, simulation was performed at 1399 °C. It should be noted that such
change in temperature of heat #1 does not significantly influence the variation of sulfur in

HM except the phase evolution of top slag.

4.3. Simulation Results

The HM and slag concentration profiles calculated for heat #1 and heat #2 with the current
model are shown in Figures 7 and 8, respectively, in comparison to the plant data. The
plant data show that S content decreased when Mg injection began. The Mg and lime
injection periods and amounts were also shown in the figures which can be read from the
right y-axis. The initial conditions, process parameters and model variables are listed in

Tables 111 and Il. During the addition of Mg, the S content deceased from 200 ppmw to
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603  reasonably predicts the dissolved sulfur and magnesium contents of the HM during the
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Fig. 7-Simulated heat #1 (a), (b) hot metal composition, and (c) phase distribution in
top slag. The symbols are plant data.*® The lines were calculated from the present

model. L, Mel, aC2S and C3MS2 stand for liquid slag, melilite, a-C2S and
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Fig. 8-Simulated heat #2 (a), (b) hot metal composition, and (c) phase distribution in
top slag. The symbols are plant data.l*% The lines were calculated from the present
model. L, Mel, aC2S and C3MS2 stand for liquid slag, melilite, a-C2S and
CasMgSi20e, respectively.

According to Figures 7(b) and 8(b), no dephosphorization and dechromization occur during
the process, in agreement with the plant data. In the preliminary calculation, we found that

the calculated Si content only slightly decreased by about 15 and 26 ppm during the
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process, whereas a drop of 290 and 380 ppm in the Si content was measured at the plant,
respectively. Even assuming that entire slag and HM are in equilibrium state, this decrease
of Si cannot be explained. This means that there are other sources of oxygen for Si
oxidation. When additional oxygen was included in the calculation, it was found that only
Si could be oxidized, preferentially, among all other solute elements. Therefore, in the
present simulation, a small amount of additional oxygen (0.01 kg/min) was considered in
R5 reaction (permanent contact zone reaction) to account for the Si oxidation. The oxygen

could be originated from air due to open eye formation during injection.

It is not possible to sample the slag during injection due to health and safety regulations
and, at the end of the process because of high viscosity of the slag, which is indicative of
high solid content of the slag (equivalent to low liquid fraction). Therefore, the real change
in the slag chemistry/mineralogy is not known with certainty yet. However, the present
model provides an estimation for the top slag evolution in a time series. As seen in Figures
7(c) and 8(c), the slag phase significantly varies during injection. Initially with lime
addition, solid CasMgSi2Os stabilizes and sharply increases at the expense of the liquid
phase and/or melilite. With the addition of metallic Mg, MgS desulfurization product reacts
with CaO in the top slag and consequently MgO and CaS amounts increase according to
reaction [2]. With further addition of lime and Mg, melilite decreases and a-C:2S starts
forming. After lime injection (8 to 10 min), the simulated slag in heat #1 does not notably
vary, as shown in Figure 7(c), however, the simulated slag in heat #2 still significantly
changes, as depicted in Figure 8(c). The change in slag after the lime addition can be
explained by considering the oxidization of Si in hot metal due to the formation of an open

eye in the ladle during the process. The Si oxidation was incorporated in reaction R5, where
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the top slag is equilibrated with hot metal plume. Therefore, a small amount of oxygen was
added in R5 during the process. Overall, a higher degree of Si oxidation might result in
more variations in slag. For example, for heat #2, liquid slag is transformed to solid a-C2S
and melilite phase at 7 min due to the reaction with injected solid CaO. Then, liquid silicate
slag is regenerated by R5 reaction at 8 min due to the oxidation of Si in hot metal and
modified due to re-equilibration with existing solid slags in reaction R7. Subsequently, the
additional oxidation of Si and re-equilibration with the existing solid slags at 9 min can
produce more solid CasMgSi2Oe and melilite phases. Afterward, liquid slag forms again at
10 min. At the end of the process, the model reveals that the BF slag transforms to a slag
rich in dicalcium silicate, which is consistent with the plant data.> The a-C2S phase is the
solid solution of mainly Ca2SiOs and M@2SiOs4 with small amounts of Fe2SiO4 and

Mn2SiOa.

The compositions of the end slag for heat #1 and heat #2 were missing in the original
campaign. In other campaigns, end slags were sampled and analyzed using XRF. The main
components of slag were (18 — 50) CaO, (16 — 47) SiOz, (3 — 25) Al20s3, (8 — 17) MgO, (1
—13) S, and (1 — 12) MnO in wt%. The variation in slag chemistry from heat to heat can
be related to not only different initial and process conditions of each heat sampled in the
plant but also inhomogeneous nature and sampling location of slag. The predicted
compositions of the end slag lie within the composition range of sampled slags. The
predicted slag composition for heat #1 and heat #2 are about 49 CaO, 22.5 SiOz, 17 Al20s,

8.5 MgO, 3 CaS in wt %.
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4.4. Roles of Magnesium and Lime Particles and Top Slag in Desulfurization Process

The contribution of magnesium, lime and top slag to the sulfur removal process was
separately calculated from the present process model. Three simulations were performed
based on heat #1 operational conditions assuming (i) only Mg injection without lime and
top slag, (ii) only lime addition without Mg and top slag, and (iii) top slag without any flux
addition. In the simulations (i) and (ii) without top slag, the desulfurization products such
as MgS and CaS were allowed to stay at the top of HM and still react with HM. The
calculated results are presented in Figure 9. Considering the simulation results for all three
contributions, addition of only Mg can lead to 77 % of final desulfurization level. Addition
of only lime, 43% of final desulfurization level can be achieved. Having only top slag can
result in slight re-sulfurization of HM because of a decrease in sulfur distribution (Ls =
(%S)slag / [%S]Hm) with decreasing temperature from BF tapping (about 1550 °C) to
desulfurization station (about 1400 °C). It is also interesting to note the slight increase of
sulfur in the case of only Mg addition after 6 min. This is due to the re-equilibration of HM
by MgS products after the end of desulfurization in the transitory zone. That is, the
desulfurization in the transitory zone under ferrostatic pressure of HM is stronger than the
sulfur equilibration with MgS product at 1 atm, which indicates that the stabilization of
MgS by CaO explained in Eq. [2] is important to enhance the Mg desulfurization

efficiency.
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Fig. 9—Separate contribution of magnesium, lime and top slag to the sulfur removal
process, calculated from the present process model. Three simulations were performed
based on heat #1.

Although solid CaO powder can directly react with the solid MgS desulfurization product;
molten slag enriched with CaO has a more effective role in stabilization reaction of Mgs.
Once solid MgS particles resulting from the chemical reaction of Mg and S at the transitory
zone float up to the surface of HM, liquid slag dissolves the solid particles and stabilizes
them. Without liquid slag, the solid MgS particles could bounce back into HM following
the fluid flow of liquid metal, and desulfurization would be less efficient. Therefore, the
presence of even small amount of liquid slag can be important. Formation of a complete
solidified slag for a short period of time during the desulfurization process would be
acceptable but not ideal. On the other hand, for skimming the final slag with minimum HM
entrainment loss after the end of process, having a slag with high solid fraction is more
preferable. To meet both these requirements, top slag composition should be carefully
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determined. As can be seen from the two industrial cases, proper amounts of lime were

added to top slag to control the volume of slag liquid fraction.

5. Applications of Model to the Optimization of Desulfurization Process

It was shown that the developed model can reasonably predict the chemical composition
of HM during the desulfurization process (see Figures 7 and 8). Therefore, the present

kinetic model can be utilized to optimize the process conditions.

A common belief at HM desulfurization station is that often more than adequate amounts
of Mg and lime are injected at steel plant because penalty to be paid for high final sulfur
contents are higher than the costs of extra reagents (the costs associated to increased iron
losses due to higher volumes of top slag are often ignored).5 Therefore, optimization of
amount of added flux is important to reduce the process cost. For this purpose, the present
model was used at Tata Steel IJmuiden along with many plant campaigns. Only one case

study of the simulation results is presented here.

Seven scenarios of HM desulfurization with different added amounts of flux were
simulated and the sulfur profile results are plotted in Figure 10. In the simulations, all the
process conditions with the exception of flux amounts were kept the same as that of heat
#1 in Table I11. Scenario 1 represents the original practice of heat #1. Scenarios 2 and 3
present the cases with addition of half of and twice of the flux amount at the original
Mg/CaO ratio, respectively. Scenarios 4 and 5 represent the cases of half of and twice of

the amount of Mg with a fixed original amount of lime, respectively.
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Fig. 10-Variation of sulfur contents in HM during powder injection process, simulated
with different flux addition scenarios. The general process conditions with the exception
of the added amount of flux are the same as that of heat #1 (see Table III).

As can be seen in scenarios 1 and 4, the soluble sulfur content in HM largely varies with
the amount of Mg flux. The difference in final sulfur content between scenario 1 (original
amount of Mg) and 4 (50% of original Mg) is very large. The final sulfur content in
scenarios 1 and 4 are 25 and 75 ppmw [S]. On the other hand, scenario 5 (200% Mg)
reaches to 20 ppmw [S]. This means that Mg is very important for desulfurization but there
IS a certain maximum amount of Mg which is effective. Beyond this level, Mg addition is
unnecessary. This is easily understood from the chemical reaction of dissolution of Mg(g)
to Mg(l): Mg(g) = [Mg]. The maximum dissolution amount of Mg in plume zone of HM,

[Mg]max, is dependent on the ferrostatic pressure at a given temperature.
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Scenarios 1, 6 and 7 show the effect of the lime addition at a fixed Mg amount. As shown
in Figure 10, decreasing lime content by half (scenario 6) increases the sulfur content to 69
ppmw, compared to 25 ppmw [S] produced from the original process condition (scenario
1). On the other hand, twice of lime addition (scenario 7) only slightly further decreases
the sulfur content to 15 ppmw [S], but the difference is not very significant compared to
the original operation condition. Scenarios 2 and 4, and scenarios 5 and 3 can also show
the influence of lime amount at fixed Mg contents. In general, when Mg injected amount
is smaller than the optimum quantity, the influence of lime on sulfur removal is significant,
but when enough Mg is added to HM, the influence of lime on the final sulfur content is
insignificant. These results support that Mg is a more effective desulfurization agent than
lime, but lime itself can still contribute to a certain degree of desulfurization at plume zone,
as also discussed above (see Figure 9 for contribution of three separate parameters, Mg,

lime and top slag to desulfurization of HM).

In the injection process, the phase evolution of top slag is also important, as mentioned
before. The final slag volume and final sulfur content of HM for different scenarios are
plotted in Figure 11. As seen, scenarios 3 and 7 with the highest flux addition, respectively,
have the lowest sulfur content of HM but simultaneously highest volume of top slag
produced. The scenarios 5, 1, 4, 6 and 2 with the lowest amount of added flux, respectively,
have higher sulfur content but simultaneously the lowest slag volume produced.
Considering a specific target final sulfur of HM, scenarios 2, 4, and 6 are not acceptable.
On the other hand, scenarios 3 and 7 have the highest slag volume, 100% and 86% more
than heat #1 (scenario 1), respectively. Therefore, scenario 1 (the current operation) and

scenario 5, which are very similar, seem to be the optimum cases.
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Fig. 11-Variation of slag volume (mass percent) in the final top slag (right axis)
depending on the amount of flux added along with final sulfur content of hot metal (left
axis).

Average liquid slag volume (mass percentage) of top slag during the process is plotted in
Figure 12 for all the scenarios. It is seen that scenarios 2 and 6 with the lowest amount of
added lime have the highest amounts of liquid slag volume however, the final S content of
HM is not acceptable. Considering all the scenarios with desirable sulfur content of HM
(1, 3, 5, 7), the scenarios 5 and 1 have the highest volume of liquid slag on the contrary to
scenarios 3 and 7. Often colloid loss of iron is inversely related to the volume of liquid
slag. That is, less iron is lost in the form of colloid to the top slag with high volume of
liquid slag. On the other hand, it is projected that more iron is lost in the form of
entrainment to the top slag with high volume of liquid slag. However, it has been reported
that entrainment loss is often minimized via increasing the accuracy of the skimmer

control, cleaning the skimmer paddle more often, or training the operator.[>! Therefore,
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Fig. 12-Liquid slag volume (mass percentage) for various hot metal desulfurization
scenarios (the description of each scenario has been given in figure 10).

In summary, considering the four criteria of target final sulfur content of HM, slag volume,
amount of flux added, and iron loss; the scenario 1 (the current practice) can be concluded
to be already quite an optimum condition. It should be noted that the current process
conditions were obtained as the result of numerous trials and errors at the plant operation
over several years. But using the present process simulation model, we can quickly find
such optimum conditions. Therefore, the present process model can be used to search new
optimum desulfurization process conditions based on certain economic constraints, and
also be further developed to find the optimum process conditions using other types of flux
for new smelting scenarios having different contents of S, C and Si, and slag chemistry in

future without trials and errors.
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6. Limitations of the present model

The present model assumed that there is no thermal gradient from the bulk HM to top slag,
and both slag and HM are homogeneous in temperature. In reality, the temperature of slag
and HM would not be homogeneous. In particular, the phase evolution of slag is very
sensitive at around 1400 °C, the proper consideration of temperature would be necessary
to describe the slag phase evolution in future. It is assumed that all reaction products
including MgS and CaS and unreacted lime particles are absorbed by the top slag
instantaneously. But in reality, there would be a delay of particle dissolution depending on
temperature and slag composition, which would produce different type of sulfide and oxide
reaction inclusion products. In the present model, we did not consider the occurrence of
Ti(C,N) phase. Characterization of HM samples showed the accumulation of Ti(C,N)
particles enriched in V in the HM top layer at the slag interface,*® which also inhibit the
assimilation of MgS to the top slag. In spite of such limitation, the desulfurization process
was still reasonably taken into account in the present model, as demonstrated in the sections

4 and 5.

7. Summary

A kinetic model was developed for the hot metal pretreatment using submerged powder
injection. All the general features of actual industrial operation were considered in the

model. That is, the co-injection of magnesium and lime and the role of top slag during the
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desulfurization process were modeled. The model was constructed based on the effective
equilibrium reaction zone approach using the full power of FactSage thermochemical
databases and macro processing code. Mathematical equations and empirical relations
from the literature were critically evaluated and applied to the model to consider the process
kinetics. The chemical evolution of hot metal and slag during the co-injection of lime and
magnesium, predicted using the developed model based on initial conditions and process
parameters, reasonably agreed with the plant data. The change in top slag chemistry during
the process was estimated using the current model. The model was leveraged to investigate
the possibility of further improving the desulfurization route at Tata Steel Europe. It was
revealed the existing process is already close to an optimum condition. This model can be,
therefore, used to optimize the process conditions and flux addition for hot metal with
different qualities and sulfur, silicon and carbon contents, which is emerging in the coming
decade.
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Nomenclature

AG°®  standard Gibbs energy of reaction (kJ)
A interface area between top slag and metal (m?)

4, surface area of one flux particle (m?)

C Plume constant

d, particle diameter (m)

D metal bath diameter (m)

D, diffusion coefficient in metal (m?/s)

g Acceleration due to gravity (m?/s)

H metal bath depth (m)

Hp plume height (m)

k! overall mass transfer coefficient in metal for transitory reaction zone (m/s)

k overall mass transfer coefficient in flux particle for transitory reaction zone (m/s)

V94 overall mass transfer coefficient in metal for permanent contact reaction zone (m/s)
k? overall mass transfer coefficient in slag for permanent contact reaction zone (m/s)

L lance immersion depth (m)

n, number of flux particles in plume

pe pressure on bath surface (atm)

P overall pressure at the injection point

Pmgs  MgS solubility product

Q gas flow rate (Nm®/min)

R gas constant (J/K-mol)

t, particle residence time (s)

At calculation time step (s)

tmix time for 95% mixing

T metal bath temperature (K)

Tm metal melting temperature (K)

To gas temperature (K)

u slip velocity between flux particle and melt (m/s)

U, metal mean rising velocity (m/s)

v metal effective volume in transitory reaction zone (kg)
v, flux particle effective volume in transitory reaction zone (kg)

| metal effective volume in permanent contact reaction zone (kg)
vy slag effective volume in permanent contact reaction zone (kg)
Vp plume volume (m®)

W metal mass (ton)

Wep particle injection rate (kg/s)

X Plume vertical coordinate (m)

Greek symbols
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934
935

B fractional depth of lance submergence
d plume radius (m)

€ mixing energy (W/kg)

tm metal viscosity (pa-s)

0, metal density (kg/mq)

o u metal density at melting point (kg/m?)
£, flux particle density (kg/mq)

L. top slag density (kg/md)

Pw water density (kg/mq)
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Table 1. Summary of the existing desulfurization models in comparison to the actual
industrial practice.

Top slag (chemistry and phase evolution) Flux

Industrial DeS Practice Yes Mg + CaO

Irons & Guthriel>®! No Mg

Ohguchi & Robertsonl"%! Yes (no phase evolution) CaO-Al,03-CaF,
Kitamural® Yes (no phase evolution) CaO-FeO,-CaF»
Yang et al.l¥! No Mg

Visser”! No Mg + CaO

This Work Yes Mg + Ca0

Table 11. Model variables fitted to plant data.
Excess O2(g) (added for Si oxidation) (kg/min) 0.01

Plume height - Hp (m) 0.2
Plume volume correction factor - C 3
Mixing time correction factor () 1
Calculation time step - A7 (S) 60

Table 111. Process conditions and parameters used in the present simulation, taken
from the reference.[!%

Plant data Heat 1 Heat 2
Hot metal mass (ton) 288 283
Hot metal average temperature (°C) 1370 1399
Initial / final S content (ppm) 20317 22917
Slag mass* (ton) 2 2
Slag density (g / cm?®) 2.8 2.8
Metal bath depth (m) 3.7 3.7
Vessel diameter (m) 4 4
Lance immersion depth (m) 3.2 3.2
Fractional depth of lance submergence 1 1
Mg efficiency (%) 51 43
Overall pressure at injection point (atm) 3.2 3.2
Lime particle density (g/cm?) 3.3 3.3
Average lime particle diameter (um) 110 110
Lime injection rate (kg/s) 1.74 1.73
Lime injection period (S) 420 420
Magnesium injection rate (kg/s) 0.39 0.48
Magnesium injection period (s) 300 300
Gas flow rate (Nm®/s) 0.28 0.28
Gas feeding temperature (°C) 25 25
Average mass transfer coefficient in metal - Dm (m?%/s) 107 10°°
Plume mass exchanged (%/At) 100 100
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Hot metal composition (wt%)

Heat 1: S (0.0203) — Si (0.354) — Mn (0.419) — P (0.066) — Cr (0.025) — C (4.3)
Heat 2: S (0.0229) — Si (0.474) — Mn (0.421) — P (0.066) — Cr (0.025) — C (4.3)
Average slag composition (wt%)

CaO (38.8) — MgO (9.0) — Al203 (14.6) — SiO2 (34.6) — CaS (2.4)

* Carryover slag mass cannot be measured (an estimated value).

940

941
Table IV. Calculated parameters using the present model.

Heat 1 Heat 2

Plume volume — Vp (m®) 17.1 17.1
Mixing energy - ¢ (W/kg) 0.7 0.7
Mixing time — tmix (min) 0.9 0.9
Metal rising velocity — Um (m/s) 5.4 5.4
Particle residence time — tp (S) 0.6 0.6
Lime particle slip velocity - u (m/s) 83.0E-04 84.4E-04
Mass transfer coefficient in metal - k%, (m/s) 5.37E-04 5.41E-04
Mass transfer coefficient in metal - k- (m/s)  3.43E-03 3.49E-03
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Tables captions

Table 1. Summary of the existing desulfurization models in comparison to the actual
industrial practice.

Table 11. Model variables fitted to plant data.

Table I11. Process conditions and parameters used in the present simulation, taken from
the reference. 2%

Table V. Calculated parameters using the present model.
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Figures captions
Fig. 1-Schematic diagram of hot metal pretreatment with powder injection.
Fig. 2—Effective equilibrium reaction zone (EERZ) concept for slag — metal reaction.

Fig. 3-Schematic diagram of the reaction zones in the present model of hot metal
pretreatment (powder injection process).

Fig. 4-The overall calculation procedure of the presented model.
Fig. 5-Schematic presentation of the bubble plume.

Fig. 6-Solubility product of MgS, Pwmgs = [ppmw Mg] [ppmw S], in hot metal calculated
using FactSage 7.3. Compositions of heat #1 and heat #2 are given in Table I11.

Fig. 7-Simulated heat #1 (a), (b) hot metal composition, and (c) phase distribution in top
slag. The symbols are plant data.[*! The lines were calculated from the present model. L,
Mel, aC2S and C3MS2 stand for liquid slag, melilite, a.-C2S and CasMgSi2Os, respectively.

Fig. 8-Simulated heat #2 (a), (b) hot metal composition, and (c) phase distribution in top
slag. The symbols are plant data.[*” The lines were calculated from the present model. L,
Mel, aC2S and C3MS2 stand for liquid slag, melilite, a-C2S and CasMgSi2Os, respectively.

Fig. 9-Separate contribution of magnesium, lime and top slag to the sulfur removal
process, calculated from the present process model. Three simulations were performed
based on heat #1.

Fig. 10-Variation of sulfur contents in HM during powder injection process, simulated
with different flux addition scenarios. The general process conditions with the exception
of the added amount of flux are the same as that of heat #1 (see Table I11).

Fig. 11-Variation of slag volume (mass percent) in the final top slag (right axis) depending
on the amount of flux added along with final sulfur content of hot metal (left axis).

Fig. 12-Liquid slag volume (mass percentage) for various hot metal desulfurization
scenarios (the description of each scenario has been given in figure 10).
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