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Abstract 25 

A kinetic model for hot metal pre-treatment process was developed. The co-injection of 26 

soluble magnesium and insoluble lime, and both of the transitory and permanent contact 27 

reaction zones were considered in the present model. That is, the model covers all the 28 

general features of hot metal desulfurization in the submerged powder injection, practiced 29 

at steel plants. The model was based on the effective equilibrium reaction zone approach 30 

in combination with FactSage thermodynamic databases. The process was divided into a 31 

finite number of reaction zones, and effective reaction volumes of each reaction zone were 32 

determined as a function of process parameters based on physical descriptions of reactions’ 33 

mechanisms. The present model can be applied to a wide range of HM and top slag 34 

chemistries, and can calculate compositional evolution of both hot metal and slag during 35 

the process. The accuracy of model was compared to the sampled plant data. The current 36 

model was also utilized to study the potential for further optimization of the existing hot 37 

metal pretreatment process at a steel pant. 38 

Keywords: Hot Metal Pre-treatment, Submerged Powder Injection, Thermodynamics, 39 

Kinetics, Effective Equilibrium Reaction Zone, Lime, Magnesium 40 

 41 

 42 

 43 
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1. Introduction 45 

Sulfur in molten iron is typically originated from coke used in the ironmaking process. 46 

Usually, sulfur is not a beneficial element for steel quality, and its content should be tightly 47 

controlled during the iron and steelmaking processes. Although most of sulfur (about 90%) 48 

is removed in the blast furnace (BF), the sulfur content of hot metal (HM) from the BF 49 

varies widely between about 100 and 700 ppmw, which should be further reduced in some 50 

cases below 20 ppmw, e.g. in case of hydrogen induced cracking resistant steel.[1-4] The 51 

main purpose of hot metal pretreatment (HMP) is refining of HM from impurities including 52 

sulfur via strong chemical reactions between HM, refining flux, and carryover slag. 53 

Although sulfur could be further removed in the secondary refining process, 54 

desulfurization in HMP is more efficient and cost-effective.  55 

Due to a growing demand to produce new steels with improved physical and mechanical 56 

properties and the increasing price of high-quality raw materials, more efficient 57 

desulfurization techniques need to be developed. In addition, reducing energy consumption 58 

and green house gas emissions remain as future challenges for steel producers. Hence, new 59 

processes are currently under development, producing HMs with different qualities such 60 

as sulfur and silicon contents, affecting the desulfurization efficiency. 61 

Models coupling thermodynamics of a system and kinetic descriptions of a process are not 62 

only cost- and time-effective and aid in reducing trials and errors in plant operation, but 63 

also give reasonable predictions for process scenarios practiced out of their usual operation 64 

windows. The schematic diagram of HM desulfurization process using powder injection 65 

technology is presented in Figure 1. In general, the desulphurization reaction happens 66 
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mainly in the transitory reaction zone. However, as the removal and stabilization of sulfides 67 

after the desulfurization reaction occurs in the permanent contact reaction zone, 68 

consideration of this zone, involving top slag, is also very important to simulate the HMP 69 

process.  70 

 71 

Fig. 1–Schematic diagram of hot metal pretreatment with powder injection. 72 

Many researchers have investigated the desulfurization process by coupling experimental 73 

and modeling approach[5-10] considering only transitory reaction zone, or both zones.  74 

Several key literatures are briefly introduced here. Irons and Guthrie[5,6] studied the kinetics 75 

of desulfurization reaction between Mg vapor and HM in the transitory reaction zone using 76 

a mass transfer model based on single bubbles at the constant temperature of 1250 oC. They 77 

injected Mg vapor through a lance to 60 kg HM at 1250 oC and measured the changes in S 78 

and Mg contents during the injection process. Then, the desulfurization phenomenon at the 79 

interface of HM, MgS inclusion and bubble was analyzed. In their model, the 80 

thermodynamics of Mg dissolution[5,6] and desulfurization reaction[11,12] were considered. 81 
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Top slag was not considered in their study. Ohguchi and Robertson[7] studied the kinetics 82 

of desulfurization using a CaO-based flux, which is liquid at the steelmaking temperature 83 

and insoluble in the molten metal. The contribution of both transitory and permanent 84 

contact reaction zones to desulfurization was taken into account.  The desulfurization by 85 

top slag was considered via the sulfide capacity of top slag.[7] They also developed a mixing 86 

model which was applied to the metal-slag reactions with a fixed slag volume.[13] However, 87 

in their model, the CaO-based flux (CaO-Al2O3-CaF2) was considered for powder injection 88 

and the slag was assumed to be in the fully liquid state. Kitamura et al.[8] adapted the basic 89 

principles of a coupled reaction model by Ohguchi et al.[7] with some modifications to 90 

consider the influence of flux injection rate. They considered both the transitory and 91 

permanent contact reaction zones. A mathematical model considered phase equilibria and 92 

kinetics of the reactions in a ladle, and was applied to evaluate the removal of sulfur, 93 

phosphorous, silicon and manganese of HM. They presented the results only for the 94 

insoluble flux particles CaO-FeOx-CaF2. That is, desulfurization reaction using the soluble 95 

Mg flux was not modeled. They implied that the model could calculate compositional 96 

changes of liquid metal, flux and top slag during HMP. To calculate the chemical 97 

equilibrium, the activity coefficient of each component in the top slag, flux and metal was 98 

taken from different sources: (a) regular solution model of Ban-Ya et al.[14] for slag and 99 

flux particles, (b) sulfide capacity model of Sosinsky and Sommerville[15] for sulfur in the 100 

slag, and (c) the multicomponent dilute solution model[16] for liquid metal. One of possible 101 

limitations of the model is the assumption of homogeneous well mixed liquid metal (entire 102 

HM) during the process, which implies that liquid HM in the ladle could be completely 103 

homogenized within the simulation time step. Yang et al.[9] performed desulfurization 104 
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experiments using Mg vapor produced in-situ from carbothermic or aluminothermic 105 

reduction of MgO pellets, and modeled desulfurization process considering only the 106 

transitory reaction zone. However, this is far from an industrial HMP process. Recently, 107 

Visser[10] developed a model for desulfurization of HM considering the transitory reaction 108 

zone with Mg and lime injection. The gas flow rate and flux injection rate could be varied 109 

in the model to adapt to a specific plant need. They compared the simulation results with 110 

sampled plant data. In their simulation, they optimized the lime amount in contact with 111 

HM, and the Mg dissolution ratio in HM to reproduce the sampled plant data. Analysis of 112 

the plant samples revealed that the evolution of desulfurization products by using Mg and 113 

CaO powders is a two-stage process: (i) Mg + S → MgS inside the HM bath, and (ii) MgS 114 

+ CaO → MgO + CaS in the upper layer of HM bath. That is, a simple approach considering 115 

only transitory reaction zone is insufficient to explain the desulfurization process of HMP. 116 

It can be concluded that both transitory zone with injected powders and permanent contact 117 

reaction zone with top slag are necessary for a complete desulfurization model description. 118 

However, the role of top slag was not considered in the model by Visser. [10] Moreover, the 119 

silicon oxidation, which was clear from the plant data, was not considered in their model.  120 

In the current study, a kinetic process model was developed which can explain all the 121 

general features of the HM desulfurization route, practiced commercially worldwide at 122 

steel plant (i.e. the co-injection of soluble Mg and insoluble lime and both transitory and 123 

permanent contact reaction zones were considered in the present model). After reviewing 124 

the previous models in the literature,[5-10] a more complete description of reactions and fluid 125 

flow in transitory and permanent reaction zones were adapted in the present process model 126 

based on the effective equilibrium reaction zone (EERZ) concept.[17-21] A summary of 127 
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general features of the existing models in the literature is given in Table I in comparison to 128 

the current model and actual industrial operation. In addition, to apply the present model 129 

to a wide range of HM and top slag chemistries, thermodynamic calculations for local 130 

equilibria were performed using the FactSage thermodynamic databases[22] for liquid 131 

metal, solid and liquid slag containing sulfides, and gas phases. Partial solidification of 132 

slag phase could be also well calculated using the database. At the end, the current model 133 

was applied to study the potential for further optimization of the existing process at Tata 134 

Steel Europe. 135 

 136 

2. Effective Equilibrium Reaction Zone Approach 137 

In the EERZ model, [17] a complex process is divided into a finite number of reaction zones. 138 

For example, in the simple case of a slag – metal reaction, as shown in Figure 2, the  139 

 140 

 

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

slag – metal reaction. 
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 141 

metal phase would be divided into a bulk volume V1 and a smaller volume near the slag – 142 

metal interface V2. The slag phase would be divided in a similar way V3 and V4. In the 143 

EERZ model, it is assumed that all chemical reactions reach equilibrium in the chosen 144 

effective reaction volumes near the reaction interfaces. The equilibrium would be first 145 

calculated between V2 and V3, followed by equilibrium homogenization reactions in the 146 

metal phase (between V1 and V2) and in the slag phase (between V3 and V4). Kinetics are 147 

considered by varying the reaction zone volumes depending on physical descriptions of 148 

different reaction mechanisms, process conditions and the rate of homogenization in the 149 

slag and metal. Simplified mathematical functions and empirical relations derived from 150 

simulations, experimental studies and plant data can be used to describe the effective 151 

reaction zone volumes. This method allows for using the full potential of thermodynamic 152 

databases and an easy connection of thermodynamic databases to the kinetic simulation. 153 

The EERZ concept has been already used to simulate several metallurgical processes such 154 

as Rurhstahl-Heraeus vacuum degassing,[17] Basic Oxygen Furnace,[18] mold flux 155 

composition changes during the continuous casting,[19] the ladle furnace[20] and the mold 156 

slag – refractory – steel thermochemical interactions in and around the submerged entry 157 

nozzle in continuous casting.[21]  158 

 159 

3. Kinetic Model for Hot Metal Pretreatment 160 

3.1. Desulfurization Reactions with Injection of Metallic Magnesium and Lime  161 
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Among various desulfurization techniques, the co-injection of Mg and CaO is operated 162 

world-wide and considered a standard practice in North America and Europe. The Mg 163 

granules, lime powder and a carrier gas mostly N2 are injected via a submerged lance into 164 

the HM ladle where together they form a bubble plume. The HM desulfurization occurs in 165 

the so-called transitory and permanent contact reaction zones as shown in Figure 1. In the 166 

transitory contact reaction zone within the bubble plume, the dissolved sulfur reacts with 167 

the injected desulfurization agents to form sulfide particles, ascending together with 168 

unreacted flux particles with the aid of bubble plume towards the top slag. Across the 169 

permanent contact reaction zone at the metal – top slag interface, further desulfurization 170 

reactions can occur, and desulfurization products are absorbed by the slag. At the end of 171 

the process, the slag is skimmed off, and the HM is transferred to the oxygen steelmaking 172 

converter. 173 

The main desulfurization reactions happening in the transitory and permanent contact 174 

reaction zones are given in Eqs. [1] and [2], respectively: 175 

 176 

[Mg]+ [S] = MgS(s)                                                                                                          [1]   177 

MgS(s) + (CaO) = (MgO) + (CaS)                                                                                    [2] 178 

 179 
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where [ ] and ( ) stand for the component in hot metal and slag, respectively. In addition, 180 

CaO-rich slag can react with HM for desulfurization at the permanent contact reaction 181 

zone.  182 

Magnesium reacts with sulfur to form MgS as shown in reaction [1]. However, 183 

desulfurization using Mg is challenging since MgS reacts with oxygen from air or other 184 

sources based on reaction [3], and as a result, resulfurization can occur. Therefore, lime is 185 

added as the sulfur stabilizer in the slag phase. Then, MgS absorbed to the top slag reacts 186 

with CaO to form CaS and MgO according to reaction [2]. Calcium sulfide is more stable 187 

than MgS and avoids the sulfur draw back to metal because of oxidation. 188 

 189 

MgS(s) + 1/2O2(g) = MgO(s) + [S]                                                                                   [3] 190 

 191 

According to the stoichiometric reaction [2], one mole of CaO is required per one mole of 192 

MgS, equal to CaO/Mg mass ratio of 2.3/1.0. However, it was reported that due to 193 

incomplete mixing, a higher ratio of CaO/Mg is required to prevent resulfurization.[10] 194 

In addition to the above-mentioned reactions, the direct CaO desulfurization reaction can 195 

also happen in the plume, depending on the CaO particle size, according to reaction [4]: 196 

 197 

CaO(s) + [S] = CaS(s) + [O]                                                                                             [4]  198 
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where [ ]  denotes the species dissolved in HM. However, it was reported that merely a 199 

fraction of lime particles contacts the metal at the metal – bubble interface and reacts with 200 

sulfur to form a CaS layer surrounding the lime particle. Once CaS layer forms, further 201 

chemical reactions to transform CaO(s) to CaS(s) is difficult because of slow solid-state 202 

diffusion process of sulfur through the CaS layer.[10] 203 

On top of the main desulfurization reactions given in Eqs. [1], [2] and [4], accessory 204 

deoxidation reactions with C, Si and Mg could also occur: 205 

 206 

[C] + [O] = CO(g)                                                                                                             [5]    207 

[Si] + 2[O] = SiO2(s)                                                                                                         [6] 208 

Mg(g) + [O] = MgO(s)                                                                                                      [7] 209 

 210 

These oxidation reactions result in partial HM decarburization and desiliconization, and 211 

part of Mg is removed by oxidation before it reacts with sulfur. Moreover, reaction [6] 212 

leads to the formation of (CaO)x·(SiO2)y complex layer around the CaO particles, 213 

decreasing the sulfur diffusivity and reactivity.[10] In general, although such oxidation 214 

reactions rarely happen due to lack of dissolved oxygen in carbon-saturated HM, the 215 

reoxidation of HM by air due to open eye formation can still induce such reactions near the 216 

permanent contact zone.  217 
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 218 

3.2. Kinetics of Hot Metal Pretreatment Model  219 

3.2.1. Overview of model 220 

The HM desulfurization process was modeled using thermodynamics of the reactions, mass 221 

transfer coefficients in metal, slag and flux, and mass balance of components. Although 222 

heat balance could be considered in the EERZ approach, the present study assumed 223 

isothermal condition because no temperature profile of HM was measured in the plant. The 224 

schematic of the reaction zones in the current model is presented in Figure 3. As mentioned 225 

before, the process is divided into the so-called transitory and permanent contact reaction  226 

 

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 3 227 

effective reaction zones (R1 to R3) as follows: 228 
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R1: plume and dissolved Mg reaction 229 

R2: plume and lime particle reaction 230 

R3: homogenization in plume 231 

Four effective reaction zones (R4 to R8) were also defined in the permanent contact 232 

reaction zone: 233 

R4: first homogenization of top slag 234 

R5: plume and top slag reaction including oxidation by air 235 

R6: homogenization in plume 236 

R7: homogenization of top slag 237 

R8: exchange reaction between the plume and the remaining HM 238 

R9: gas out 239 

Thermodynamic equilibrium at each reaction zone was computed using the FactSage 240 

thermochemical software version 7.3.[22] For the thermodynamic calculations, 241 

thermochemical descriptions of the HM and slag phases (solid and liquid) were considered 242 

from the FactSage FTmisc-FeLQ and FToxid databases, respectively. Thermodynamic 243 

properties of gas phase and pure species were adopted from FactPS database.  244 

The overall calculation procedure of the model has been shown in Figure 4. The program 245 

calculates all the chemical reactions one by one in the order of reaction numbers at each 246 
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time step. The EERZ volume for each reaction is determined from simplified mathematical 247 

functions and empirical relations derived from the fluid dynamics simulation and plant data 248 

available in the literature. A number of user defined parameters, the plume height Hp, 249 

plume volume correction factor C, mixing time correction factor , and excess oxygen for 250 

silicon oxidation are also included in the model, which might be adjusted to reproduce 251 

plant data, as listed in Table II. 252 

253 

Fig. 4–The overall calculation procedure of the presented model. 254 

 255 

3.2.2 Transitory Reaction Zone 256 

The injected carrier gas, flux particles and liquid metal together form the bubble plume. 257 

Desulfurization occurs in the bubble plume via the flux and HM interaction. Therefore, the 258 
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plume dimensions must be known to calculate the effective HM volume reacting with Mg 259 

and lime. The plume radius for a bottom blown ladle was determined by Lachmund et al. 260 

[23] and Ebneth and Pluschkell.[21] Lachmund et al.[23] measured the plume radius only as a 261 

function of gas injection rate, but did not provide the change of the radius with height. 262 

Ebneth and Pluschkell[21] provided a more comprehensive description of a plume radius as 263 

a function of both gas flow rate Q and vertical coordinate x: 264 

 𝛿 = 0.38𝐶𝑄0.15𝑥0.62                                                                                                        [8] 265 

where 𝛿 is the plume radius, C is a constant to adjust missing experimental data in the metal 266 

– gas system. For water, C was assumed to be equal to 1.0. In this study, this description 267 

of plume radius was adopted.  268 

The schematic geometry of the bubble plume envisaged in this work is shown in Figure 5.  269 

 

Fig. 5–Schematic presentation of the bubble plume. 

 270 
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The plume volume was calculated from the integration of the cross-sectional surface area 271 

of the plume by height and upper layer zone: 272 

 273 

𝑉𝑃 =
(0.38)2𝜋𝐶2

2.24
𝑄0.3(𝐿 − 𝐻𝑃)2.24 +

𝜋

4
𝐷2𝐻𝑃                                                                      [9] 274 

 275 

where VP and HP are the plume volume and upper height, respectively, D is the metal bath 276 

diameter, and L the lance immersion depth.  277 

 278 

3.2.2.1. Reaction between Hot Metal and Metallic Magnesium (R1) 279 

For sulfur removal using Mg injection, two desulfurization mechanisms were proposed in 280 

the literature:[5, 6, 9, 25, 26] desulfurization at MgS inclusion sites and desulfurization at the 281 

bubble – metal interface. Desulfurization kinetics using Mg vapor injection was studied by 282 

Irons and Guthrie[5] in a 60 kg ladle. They reported that only 1-10% of desulfurization 283 

happens at the Mg bubble – metal interface where sulfur reacts with Mg vapor to form 284 

MgS, which is sheared off from the bubble surface by hydrodynamic shear force. Due to 285 

high vapor pressure of Mg in the bubble, Mg can be continuously dissolved into HM, and 286 

the dissolved Mg [Mg] can react with soluble sulfur [S], heterogeneously, at MgS inclusion 287 

sites which can be stripped off from the bubbles.[5, 6, 9, 11, 27] Yang et al.[9] and Mukawa et 288 

al.[25] investigated desulfurization kinetics using Mg vapor in 350 g and 30 kg metal baths, 289 

respectively. They reported that desulfurization at the Mg bubble interface is the main 290 
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sulfur removal mechanism. Lindström et al.,[26] who studied desulfurization kinetics in a 291 

250 g size sample, reported that Mg slowly dissolves in the metal bath and then reacts with 292 

sulfur at MgO and/or CaO sites to form MgS. They only observed the MgS-MgO 293 

multiphase particles. Rarely any single MgS particle was observed in the bath, suggesting 294 

that MgS did not form via homogeneous nucleation. The MgO seeds resulted from the 295 

oxide layer around the Mg granules or the Mg oxidation by dissolved oxygen in the bath. 296 

Visser[10] recently studied desulfurization kinetics of HM during the co-injection of lime 297 

and Mg. Time series of two industrial heats were sampled followed by chemical and 298 

microstructural analysis. He confirmed the HM heterogeneous desulfurization mechanism 299 

at inclusion sites proposed by Irons and Guthrie.[5] However, the accumulation and 300 

floatation of MgS particles were different. Irons and Guthrie[5] observed only one MgS 301 

particle in a 1 mm2 surface area but, the concentration of MgS particles observed by 302 

Visser[10] was noticeable, varying based on the sulfur and Mg concentrations in the melt. 303 

Individual MgS particles were observed by Visser[10] opposite to finding by Lindström[26] 304 

reporting MgS as part of the MgS-MgO assemblage. In the pilot scale induction stirred 305 

furnace (60 kg metal bath desulfurized for 60 min), mixing is better, and the floatation rate 306 

of MgS particles is higher than that in industrial operation (~300 ton metal bath 307 

desulfurized for 10 min). Visser[10] also mentioned that the overall efficiency of injected 308 

Mg in an industrial ladle is higher than that in a small-scale ladle. In an industrial ladle, the 309 

residence time of Mg in the metal bath is longer and the ferrostatic pressure at the injection 310 

point results in a higher vapor pressure of Mg increasing the driving force for the Mg 311 

dissolution.  312 
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Both dissolution of Mg in HM and the mass transfer of sulfur and magnesium to the 313 

nucleation sites have been reported as rate controlling steps for desulfurization of HM by 314 

Irons and Guthrie,[5] Lindström et al.[26] and Visser[10] for pilot scale, lab scale and real 315 

plant data, respectively. However, it can be assumed that mass transfer in a ladle heavily 316 

stirred using a carrier gas is fast enough, and can be ruled out as a rate controlling step. 317 

Irons and Guthrie[5] also reported that MgS inclusions are very tiny therefore, mass 318 

transfers of sulfur and magnesium could not be the main rate controlling steps. Hence, the 319 

dissolution rate of magnesium in HM can be the rate controlling step in real powder 320 

injection process, which was set equal to the magnesium fraction dissolved in the HM. This 321 

is called “magnesium efficiency (ηMg)”.[10] The solubility product of MgS (PMgS = [ppmw 322 

Mg] [ppmw S]) in HM is also very important in desulfurization using magnesium.  323 

Based on the literature data, we assumed that the dissolution of Mg in HM happened first, 324 

and subsequently desulphurization reaction between [S] and [Mg] in HM was allowed. 325 

Different solubility products in carbon-saturated liquid iron were reported in the 326 

literature.[5, 28-30] In this work, the MgS solubility product, PMgS, for the given HM 327 

composition (see Table III) was calculated in the temperature range 1250 - 1450 oC at 1 328 

atm total pressure using FactSage 7.3 (FTmisc FeLq and FactPS databases). The predicted 329 

solubility products using FactSage are plotted in Figure 6 along with the results given by 330 

Turkdogan.[28] As it is seen, there is good agreement between the FactSage calculations 331 

and data from Turkdogan.[28] It can be implied that the difference in the calculated Mg 332 

solubility by FactSage and Turkdogan is very small. For example, at 1450 oC, the 333 

equilibrium Mg content in HM for heat 1 (203 ppm S) and heat 2 (229 ppm S) was 334 
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calculated by FactSage to be about 10 and 9.4 ppm, respectively, in comparison to 9.7 and 335 

8.6 ppm from Turkdogan, respectively. 336 

 

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 

III. 

 337 

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

𝐿𝑜𝑔𝑃𝑀𝑔𝑆 = −64.52288 + 21.469 Log T(°𝐶)                                                                        [10] 339 

 340 

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

desulfurization based on laboratory scale experiments and industrial trials.[5, 10, 26, 31-37] The 342 
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low efficiency of magnesium is pertinent to its reaction with air from the spout area, 343 

incomplete dissolution of magnesium in HM, its evaporation to off-gas, and its reaction 344 

with SiO2 and Al2O3 in top slag according to the reactions below:  345 

(SiO2) + 2Mg(g) = 2(MgO) + [Si]                                                                                   [11] 346 

(Al2O3) + 3Mg(g) = 3(MgO) + 2[Al]                                                                     [12] 347 

In the present model, ηMg is an adjustable model parameter which can be entered directly 348 

as an input of the model considering plant data. The overall magnesium efficiency ηMg is 349 

calculated from the amount of magnesium dissolved in the HM and bound to MgS after 350 

injection relative to the total amount of magnesium injected: 351 

 352 

𝜂𝑀𝑔 =
([𝑝𝑝𝑚 𝑀𝑔]𝑑+

𝑀𝑀𝑔

𝑀𝑆
∆[𝑝𝑝𝑚 𝑆]𝑑)∙𝑚𝐻𝑀

1000000 𝑚𝑀𝑔−𝑇
                                                                             [13] 353 

 354 

where [ppm Mg]d is the dissolved magnesium content in the HM after injection, Δ[ppm S]d 355 

indicates the difference between the final and initial dissolved sulfur contents in HM, mHM 356 

and mMg-T are the total mass of HM and injected Mg, and MMg and MS magnesium and 357 

sulfur molecular weights, respectively.  358 

In the present study, one equilibrium calculation was performed between the metal plume 359 

(see Eq. [9]) and Mg considering ηMg from Eq. [13]. That is, the amount of HM in the 360 
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plume and Mg amount were added as inputs for R1 calculation, and the outputs of reaction 361 

R1 are new HM in plume zone and MgS inclusion.  362 

 363 

3.2.2.2. Hot Metal and Lime Particle Reaction (R2) 364 

The effective reaction zone volumes of bulk metal 𝑉𝑚
𝑡  and lime particles 𝑉𝑝

𝑡  in the 365 

transitory reaction zone are determined as follows: 366 

 367 

 𝑉𝑚
𝑡 = 𝑘𝑚

𝑡 (𝑛𝑝𝐴𝑝)𝜌𝑚∆𝑡                                                                                                    [14] 368 

 𝑉𝑝
𝑡 = 𝑘𝑝

𝑡 (𝑛𝑝𝐴𝑝)𝜌𝑝∆𝑡                                                                                                      [15]  369 

                                                              370 

where 𝑘𝑚
𝑡  and 𝑘𝑝

𝑡  are the overall mass transfer coefficients in the bulk of metal and lime 371 

particle, np and Ap the number of lime particles injected and single particle surface area, ρm 372 

and ρp the metal and lime particle densities, respectively, and Δt is the calculation time step. 373 

The total surface area available for the metal – lime particle reaction is the product of npAp. 374 

The number of particles is calculated from the particle injection rate Wp, particle residence 375 

time tp, particle diameter dp and particle density ρp: 376 

 377 

𝑛𝑝 =
6𝑊𝑝𝑡𝑝

𝜋𝑑𝑝
3𝜌𝑝

                                                                                                                      [16] 378 
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      379 

The residence time of injected lime particles is calculated accordingly: 380 

 381 

𝑡𝑝 =
𝐻

𝑈𝑚
                                                                                                                            [17] 382 

            383 

Due to the formation of bubble plume, it was assumed that the ascending velocity of lime 384 

particles and desulfurization products is equal to the metal mean rising velocity. The mean 385 

rising velocity of metal in the plume zone was determined from the numerical analysis of 386 

fluid flow and water model experiments as following: [8] 387 

 388 

𝑈𝑚 = 19.9 (𝑄
𝐷2⁄ ) (

𝑔𝐷5

𝑄2⁄ )
0.24

(𝐿
𝐷⁄ )

0.20
(𝐻

𝐿⁄ )
0.52

                                                 [18] 389 

 390 

where g is acceleration due to gravity. 391 

The mass transfer coefficient in the bulk metal 𝑘𝑚
𝑡  at the injected lime particle – metal 392 

interface is estimated as follows:[8] 393 

 394 
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𝑘𝑚
𝑡 = 2 (

𝐷𝑚𝑢
𝜋𝑑𝑝

⁄ )

1
2⁄

                                                                                                   [19] 395 

 396 

where Dm is the diffusion coefficient, here of sulfur, in the hot metal, and u is the slip 397 

velocity between the metal and lime particle which can be obtained from Allen’s 398 

equation:[8] 399 

 400 

𝑢 = (
4(𝜌𝑚−𝜌𝑝)

2
𝑔2𝑑𝑝

3

225𝜌𝑚𝜇𝑚
)

1
3⁄

                                                                                                  [20] 401 

 402 

where µm is the HM viscosity. The diffusion coefficients of sulfur in carbon-saturated 403 

liquid iron reported in the literature are different in orders of magnitude (from 10-6 to 10-9  404 

m2/s).[38-40] In this work, Dm can be adjusted. 405 

Since the mass transfer coefficient in the top slag is assumed to be 1/10 of that in the metal                                       406 

[8] (as will be explained in section 3.2.3.1), the mass transfer coefficient in the solid particle 407 

𝑘𝑝
𝑡  at the injected lime particle – metal interface is assumed to be 1/100 of that in the metal 408 

(𝑘𝑝
𝑡 = 1/100k𝑚

𝑡 ).  409 

According to Eq. [19], the mass transfer rate is inversely proportional to the square root of 410 

the lime particle diameter. Moreover, the lime particle size affects the interfacial reaction 411 

surface and subsequently the effective reaction volumes. In practice, a mixture of lime 412 
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particles within a certain size distribution is injected into the bath during the process 413 

however, in the model, only a fixed lime particle size is allowed. The average lime particle 414 

diameter of 110 μm calculated from the measured particle size distribution (𝑑𝑝
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

=415 

∑ 𝑑𝑝,𝑖𝑣𝑜𝑙%) 𝑖 was entered as the model input in this study.  416 

 417 

3.2.2.3. First Homogenization in the Plume (R3) 418 

Full homogenization of chemistry and temperature of the metal plume was assumed at each 419 

calculation time step. 420 

 421 

3.2.3. Permanent Contact Reaction Zone  422 

3.2.3.1. Hot Metal and Top Slag Reaction (R5) 423 

The permanent contact reaction zone accounts for the reaction between metal and top slag. 424 

The effective reaction zone volumes of metal 𝑉𝑚
𝑝
 and top slag 𝑉𝑠

𝑝
 for the permanent contact 425 

reaction zone are expressed as follows: 426 

 427 

𝑉𝑚
𝑝

= 𝑘𝑚
𝑝

𝐴𝜌𝑚∆𝑡                                                                                                              [21] 428 

𝑉𝑠
𝑝

= 𝑘𝑠
𝑝

𝐴𝜌𝑠∆𝑡                                                                                                                [22] 429 

 430 
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where 𝑘𝑚
𝑝

 and 𝑘𝑠
𝑝

 are the overall mass transfer coefficients in the bulk of metal and top 431 

slag, respectively. ρm and ρs are the densities of metal and top slag, respectively, A is the 432 

contact surface area between the metal and top slag and Δt is the calculation time step.  433 

In the current model, 𝜌𝑚 and 𝜇𝑚 were adjusted based on the HM temperature according to 434 

the following Eqs.:[41, 42] 435 

 436 

𝜌𝑚 = 𝜌𝑚
𝑜 + [−0.883 × 10−3(𝑇 − 𝑇𝑚)]                                                                         [23] 437 

𝜇𝑚 = 0.3699 × 10−3𝑒
41.4×103

𝑅𝑇                                                                                          [24] 438 

where 𝜌𝑚
𝑜  is the HM density at its melting point Tm, and R is the gas constant. The slag 439 

density was calculated from the partial molar volumes and molecular weights of slag 440 

components at 1400 oC.[43] 441 

The overall mass transfer rate in the metal 𝑘𝑚
𝑝

 at the metal – top slag interface is expressed 442 

as:[8] 443 

 444 

𝑘𝑚
𝑝

= 2.18 × 10−3 (𝐿2휀
𝐷⁄ )

1
2⁄

                                                                                       [25] 445 

 446 
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where L and D are the lance immersion depth and metal bath diameter, respectively, ɛ is 447 

the mixing energy, calculated from the equation suggested by Kai et al.:[44] 448 

  449 

휀 = 6.18 × 10−3 𝑄𝑇

𝑊𝑚
{2.303𝑙𝑜𝑔 (1 +

𝜌𝑚𝐿𝑔

1.01325×105×𝑃𝑜) + 0.06 (1 −
𝑇𝑄

𝑇
)}                      [26] 450 

 451 

where Wm, Po and TQ are the metal weight, pressure on bath surface and gas temperature, 452 

respectively. Q and T are gas flow rate and metal bath temperature, respectively. To the 453 

knowledge of the authors, no mixing energy equation was reported for the top submerged 454 

lance injection, and different effects of the two configurations (top submerged lance and 455 

bottom blowing) on the fluid flow and mixing are not known. In the present study, 456 

therefore, we took Eq. [26], suggested by Kai et al.[44]   457 

The mass transfer coefficient in the top slag is assumed to be 1/10 of that in the metal (𝑘𝑠
𝑝

=458 

1/10𝑘𝑚
𝑝

) since the diffusion coefficient of a component in the metal is 1 to 2 order larger 459 

than that in the slag.[8] Based on these mass transfer coefficients, the volume of HM and 460 

top slag reacted in R5 were determined. In addition, to consider the oxidation of Si in real 461 

plant data, we introduced a small amount of excess O2 in R5 reaction. The amount of 462 

oxygen reacts with Si is optimized in the model to reproduce the Si profile in HM. 463 

3.2.3.2. Hot Metal and Top Slag Homogenization (R3, R4, R6 – R8) 464 
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The plume was assumed to be always homogeneous in chemistry and temperature at each 465 

time step (R3 and R6) since it is heavily stirred by the carrier gas during the injection. Full 466 

homogenization of the top slag composition and temperature was also assumed at each 467 

calculation time step (R4 and R7) despite possible slag inhomogeneity.  468 

The effect of mixing energy on the metal homogenization (R8) and the dead zone 469 

occurrence were considered in the present model. That is, if the mixing time tmix was equal 470 

or shorter than the calculation time step (tmix≤Δtcalc-step), a full homogenization was assumed 471 

between the metal plume and the rest of the metal bath. Otherwise, if the mixing time was 472 

longer than the calculation time step (tmix>Δtcalc-step), the bath homogenization rate depends 473 

on the metal mass exchanged between the plume and the remaining metal bath (i.e. the 474 

exchange mass becomes a model variable). The following input amounts of plume and 475 

remaining HM in ladle were considered in reaction R8 depending on the tmix and Δtcalc-step: 476 

 477 

tmix≤Δtcalc-step: Vplume (R8) = Vplume total, VRemaining HM (R8) = VRemaining HM       [27] 478 

 479 

tmix>Δtcalc-step: Vplume (R8) = Vplume + VRemaining HM-exchanged, VRemaining HM (R8) = VRemaining HM + 480 

Vplume-exchanged; VRemaining HM_exchange=Vplume-exchanged          [28] 481 

 482 

The resultant HM and plume from reaction R8 are transferred to the next time step. 483 
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Different equations for the mixing time were reported in the literature[45-52] mostly for a 484 

bottom blown ladle. In this work, the time required to achieve 95% mixing in the HM bath 485 

was used:[52]  486 

 487 

t𝑚𝑖𝑥 = (25.4
(𝐷

2⁄ )
7/3

(𝛽𝑄)1/3𝐻
)                                                                                                   [29]    488 

                                             489 

where β is the fractional depth of lance submerged. Q and D are gas flow rate and metal 490 

bath diameter, respectively.  Eq. [29] was developed by Mazumdar and Guthrie[52] from 491 

the water model experiments for a bottom blown ladle. However, Asai et al.[47] suggested 492 

using the correction factor 𝛼 (=
𝜌𝑚

𝜌𝑤
) to count for the difference between the steel and water 493 

densities. Hence, the mixing time can be readjusted as follows: 494 

 495 

t𝑚𝑖𝑥 = 𝛼 (25.4
(𝐷

2⁄ )
7/3

(𝛽𝑄)1/3𝐿
)                                                                                               [30] 496 

 497 

In the present model, there is freedom to change . 498 

 499 

3.2.3.3. Gas out (R9) 500 
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This reaction is simply needed to check the mass balance of the entire process. All unused 501 

Mg and injected N2 gas exit the process via this reaction. No specific chemical reaction 502 

was necessary.  503 

    504 

3.2.4. Main Assumptions in the Present Model 505 

The main assumptions and approximations made in the present study are as follows: 506 

(a) No reaction occurred between the refractory linings and the fluids (metal and slag). 507 

(b) No physical entrainment of metal in slag and vice versa was considered. 508 

(c) All reaction products including MgS and CaS were absorbed by the top slag.  509 

(d) Magnesium vapor instantly dissolved in the HM at the time it exited the lance tip and 510 

was homogeneously distributed over the entire plume. 511 

(e) The immobilization of the flux particle surface due to the presence of surface-active 512 

elements was not considered. 513 

 514 

4. Application of the Model to Plant Operations 515 

4.1. Plant Trial Data: Tata Steel Europe 516 
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The developed kinetic model was tested against two plant data sets, which were collected 517 

during a special campaign at Tata Steel desulfurization station in IJmuiden, the 518 

Netherlands.[10] Usually, no samplings are carried out during the desulfurization process, 519 

but 6 to 8 samples of HM were taken during the campaign.  At the beginning of HMP, 520 

when the lance was being lowered into the HM bath, the injection of N2 carrier gas was 521 

started. Once the lance tip reached the depth of 0.5 m, the lime injection begun. When the 522 

conveying line was thoroughly cleaned, and all oxygen was flushed out, magnesium was 523 

co-injected with lime (< 6 min) followed by lime mono-injection (~ 1 – 2 min) to clear out 524 

the line from Mg and complete the MgS particle floatation. In total 117 – 144 and 728 – 525 

732 kg of Mg and lime, respectively, were injected within 10 min of the process. The Mg 526 

and lime injection rates varied in the range 22 - 26 and 88 – 102 kg/min, respectively. The 527 

N2 carrier gas was injected at a rate of 17 m3/min at room temperature. HM samples were 528 

taken from the depth of 0.5 – 0.6 m below the surface. The first sample was collected just 529 

before the start of injection and the last sample was collected after the removal of the lance 530 

from the HM bath. More details about the campaign can be found elsewhere.[10] 531 

 532 

4.2. Simulation Conditions 533 

The initial conditions and process parameters of the two HM desulfurization processes used 534 

in the present simulations are listed in Table III. For the calculations, lime was added during 535 

the first 7 min, and Mg was added within 1 - 6 min of the process. The flux injection rate 536 

and timing are plotted in Figures 7(a) and 8(a) for heat #1 and heat #2, respectively.  The 537 

total sulfur and Mg contents were measured by using X-ray fluorescence (XRF) and 538 
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scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS). 539 

[10] However, soluble sulfur [S] and magnesium [Mg] contents were not directly measured. 540 

Therefore, [S] was derived in this study from the following equation using the total S and 541 

Mg contents: 542 

 543 

[𝑝𝑝𝑚 𝑆]𝑑
2 + (

𝑀𝑆

𝑀𝑀𝑔
[𝑝𝑝𝑚 𝑀𝑔]𝑇 − [𝑝𝑝𝑚 𝑆]𝑇) [𝑝𝑝𝑚 𝑆]𝑑 −

𝑀𝑆

𝑀𝑀𝑔
𝑃𝑀𝑔𝑆 = 0                     [31] 544 

 545 

where the subscripts T and d stand for total and dissolved elements, respectively. 546 

Magnesium and sulfur also bound together to form MgS particles in the HM. The solubility 547 

products for the HM conditions, given in Table III, were calculated to be about 577 and 548 

915 ppm2 at 1370 and 1399 oC, respectively. Similarly, the dissolved Mg content [Mg] was 549 

calculated. These [S] and [Mg] data are also plotted in Figures 7(a) and 8(a). Magnesium 550 

efficiency (ηMg) was calculated to be 51 and 43% for heat #1 and heat #2, respectively, 551 

according to Eq. [13].   552 

The overall pressure at the injection point was calculated from the summation of pressure 553 

on the bath surface (Po) and ferrostatic pressure at the injection point: 554 

 555 

𝑃 = 𝑃𝑜 + 𝜌𝑚𝑔𝐿                                                                                                              [32] 556 

 557 
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The model variables that were fixed to reproduce the plant data are listed in Table II.  The 558 

lance depth in the plant was 3.2 m, and plume height (Hp) was estimated to be 0.2 m in the 559 

simulation. The plume volume correction factor C was set to be 3.0. Using the correction 560 

factor 1.0, the plume volume would be about 4 m3 which seems to be very small in 561 

comparison to 46 m3 metal bath, which cannot reproduce the desulfurization profile as it 562 

happens mainly inside the plume. With a correction factor of 3, the plume volume forms 563 

about 26% of the total metal volume which not only sounds reasonable but also leads to 564 

much better prediction of elemental profile of the HM for both heat series. The mixing time 565 

correction factor () has its default value of 1.0 since the argument by Asai et al.[47] to 566 

include the ratio of metal density/water density (=) into the mixing time equation [29] 567 

was not supported by any experimental measurements.[53] In the present simulation, the 568 

calculation time step (Δt) was set to be 1 min.  569 

The main reaction zone volumes, mass transfer coefficients and mixing times of 570 

importance for the present simulation were calculated and listed in Table IV.  The time 571 

required to achieve 95% mixing in a ladle with the specified dimensions and gas flow rate 572 

0.28 Nm3/s was calculated to be less than a minute (~0.9 min), the plume volume about 1/3 573 

of total metal bath volume, and the particle residence time ~ 0.6 s. The ascending velocity 574 

of desulfurization products including MgS and CaS can be reasonably set equal to the mean 575 

rising velocity of metal in the bubble plume. All reaction products were assumed to float 576 

up to the top slag. 577 

It is found that the temperature of top slag is very critical for the evolution of phases in top 578 

slag. The top slag chemistry can be continuously changed due to the chemical reaction with 579 
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HM and accumulation of the injected CaO and reaction products MgS and CaS in the plume 580 

zone. For example, the preliminary simulation results for heat #1 at 1370 oC isothermal 581 

condition (reported temperature by Visser[10]) showed that top slag became completely 582 

solid during the period of 4 to 7 minute after the beginning of injection process. In reality, 583 

the temperature of slag and HM would not be constant during the process. Unfortunately, 584 

Visser[10] did not report exact conditions of temperature measurement, and whether it was 585 

measured before or after the desulfurization process. Analysis of annual heat data at Tata 586 

Steel, IJmuiden revealed that HM temperature could decrease more than 30 oC during the 587 

desulfurization process. In the present simulation, considering the temperature drop in HM 588 

desulfurization process, the temperature of heat #1 was adjusted from 1370 oC to about 589 

1400 oC during the first 6 min of the simulation to ensure the occurrence of the liquid slag. 590 

In the case of heat #2, simulation was performed at 1399 oC. It should be noted that such 591 

change in temperature of heat #1 does not significantly influence the variation of sulfur in 592 

HM except the phase evolution of top slag.  593 

 594 

4.3. Simulation Results 595 

The HM and slag concentration profiles calculated for heat #1 and heat #2 with the current 596 

model are shown in Figures 7 and 8, respectively, in comparison to the plant data. The 597 

plant data show that S content decreased when Mg injection began. The Mg and lime 598 

injection periods and amounts were also shown in the figures which can be read from the 599 

right y-axis. The initial conditions, process parameters and model variables are listed in 600 

Tables III and II. During the addition of Mg, the S content deceased from 200 ppmw to 601 
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about 20 ppmw within 5 minutes. As seen in Figures 7(a) and 8(a), the present model 602 

reasonably predicts the dissolved sulfur and magnesium contents of the HM during the 603 

process.  604 

 

 

(a)  

 

 (b) 
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(c)  

Fig. 7–Simulated heat #1 (a), (b) hot metal composition, and (c) phase distribution in 

top slag. The symbols are plant data.[10] The lines were calculated from the present 

model. L, Mel, aC2S and C3MS2 stand for liquid slag, melilite, -C2S and 

Ca3MgSi2O6, respectively. 

 605 

 

(a) 
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(b) 

 
 

(c) 

Fig. 8–Simulated heat #2 (a), (b) hot metal composition, and (c) phase distribution in 

top slag. The symbols are plant data.[10] The lines were calculated from the present 

model. L, Mel, aC2S and C3MS2 stand for liquid slag, melilite, -C2S and 

Ca3MgSi2O6, respectively. 

 606 

According to Figures 7(b) and 8(b), no dephosphorization and dechromization occur during 607 

the process, in agreement with the plant data. In the preliminary calculation, we found that 608 

the calculated Si content only slightly decreased by about 15 and 26 ppm during the 609 
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process, whereas a drop of 290 and 380 ppm in the Si content was measured at the plant, 610 

respectively. Even assuming that entire slag and HM are in equilibrium state, this decrease 611 

of Si cannot be explained. This means that there are other sources of oxygen for Si 612 

oxidation. When additional oxygen was included in the calculation, it was found that only 613 

Si could be oxidized, preferentially, among all other solute elements. Therefore, in the 614 

present simulation, a small amount of additional oxygen (0.01 kg/min) was considered in 615 

R5 reaction (permanent contact zone reaction) to account for the Si oxidation. The oxygen 616 

could be originated from air due to open eye formation during injection.  617 

It is not possible to sample the slag during injection due to health and safety regulations 618 

and, at the end of the process because of high viscosity of the slag, which is indicative of 619 

high solid content of the slag (equivalent to low liquid fraction). Therefore, the real change 620 

in the slag chemistry/mineralogy is not known with certainty yet. However, the present 621 

model provides an estimation for the top slag evolution in a time series. As seen in Figures 622 

7(c) and 8(c), the slag phase significantly varies during injection. Initially with lime 623 

addition, solid Ca3MgSi2O6 stabilizes and sharply increases at the expense of the liquid 624 

phase and/or melilite. With the addition of metallic Mg, MgS desulfurization product reacts 625 

with CaO in the top slag and consequently MgO and CaS amounts increase according to 626 

reaction [2]. With further addition of lime and Mg, melilite decreases and -C2S starts 627 

forming. After lime injection (8 to 10 min), the simulated slag in heat #1 does not notably 628 

vary, as shown in Figure 7(c), however, the simulated slag in heat #2 still significantly 629 

changes, as depicted in Figure 8(c). The change in slag after the lime addition can be 630 

explained by considering the oxidization of Si in hot metal due to the formation of an open 631 

eye in the ladle during the process. The Si oxidation was incorporated in reaction R5, where 632 
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the top slag is equilibrated with hot metal plume. Therefore, a small amount of oxygen was 633 

added in R5 during the process. Overall, a higher degree of Si oxidation might result in 634 

more variations in slag. For example, for heat #2, liquid slag is transformed to solid -C2S 635 

and melilite phase at 7 min due to the reaction with injected solid CaO. Then, liquid silicate 636 

slag is regenerated by R5 reaction at 8 min due to the oxidation of Si in hot metal and 637 

modified due to re-equilibration with existing solid slags in reaction R7. Subsequently, the 638 

additional oxidation of Si and re-equilibration with the existing solid slags at 9 min can 639 

produce more solid Ca3MgSi2O6 and melilite phases. Afterward, liquid slag forms again at 640 

10 min. At the end of the process, the model reveals that the BF slag transforms to a slag 641 

rich in dicalcium silicate, which is consistent with the plant data.[54] The -C2S phase is the 642 

solid solution of mainly Ca2SiO4 and Mg2SiO4 with small amounts of Fe2SiO4 and 643 

Mn2SiO4.  644 

 645 

The compositions of the end slag for heat #1 and heat #2 were missing in the original 646 

campaign. In other campaigns, end slags were sampled and analyzed using XRF. The main 647 

components of slag were (18 – 50) CaO, (16 – 47) SiO2, (3 – 25) Al2O3, (8 – 17) MgO, (1 648 

– 13) S, and (1 – 12) MnO in wt%. The variation in slag chemistry from heat to heat can 649 

be related to not only different initial and process conditions of each heat sampled in the 650 

plant but also inhomogeneous nature and sampling location of slag. The predicted 651 

compositions of the end slag lie within the composition range of sampled slags. The 652 

predicted slag composition for heat #1 and heat #2 are about 49 CaO, 22.5 SiO2, 17 Al2O3, 653 

8.5 MgO, 3 CaS in wt %.  654 
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 655 

4.4. Roles of Magnesium and Lime Particles and Top Slag in Desulfurization Process 656 

The contribution of magnesium, lime and top slag to the sulfur removal process was 657 

separately calculated from the present process model. Three simulations were performed 658 

based on heat #1 operational conditions assuming (i) only Mg injection without lime and 659 

top slag, (ii) only lime addition without Mg and top slag, and (iii) top slag without any flux 660 

addition. In the simulations (i) and (ii) without top slag, the desulfurization products such 661 

as MgS and CaS were allowed to stay at the top of HM and still react with HM.  The 662 

calculated results are presented in Figure 9. Considering the simulation results for all three 663 

contributions, addition of only Mg can lead to 77 % of final desulfurization level. Addition 664 

of only lime, 43% of final desulfurization level can be achieved. Having only top slag can 665 

result in slight re-sulfurization of HM because of a decrease in sulfur distribution (LS = 666 

(%S)slag / [%S]HM) with decreasing temperature from BF tapping (about 1550 oC) to 667 

desulfurization station (about 1400 oC). It is also interesting to note the slight increase of 668 

sulfur in the case of only Mg addition after 6 min. This is due to the re-equilibration of HM 669 

by MgS products after the end of desulfurization in the transitory zone. That is, the 670 

desulfurization in the transitory zone under ferrostatic pressure of HM is stronger than the 671 

sulfur equilibration with MgS product at 1 atm, which indicates that the stabilization of 672 

MgS by CaO explained in Eq. [2] is important to enhance the Mg desulfurization 673 

efficiency.  674 
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 675 

Fig. 9–Separate contribution of magnesium, lime and top slag to the sulfur removal 676 

process, calculated from the present process model. Three simulations were performed 677 

based on heat #1. 678 

 679 

Although solid CaO powder can directly react with the solid MgS desulfurization product; 680 

molten slag enriched with CaO has a more effective role in stabilization reaction of MgS. 681 

Once solid MgS particles resulting from the chemical reaction of Mg and S at the transitory 682 

zone float up to the surface of HM, liquid slag dissolves the solid particles and stabilizes 683 

them. Without liquid slag, the solid MgS particles could bounce back into HM following 684 

the fluid flow of liquid metal, and desulfurization would be less efficient. Therefore, the 685 

presence of even small amount of liquid slag can be important. Formation of a complete 686 

solidified slag for a short period of time during the desulfurization process would be 687 

acceptable but not ideal. On the other hand, for skimming the final slag with minimum HM 688 

entrainment loss after the end of process, having a slag with high solid fraction is more 689 

preferable. To meet both these requirements, top slag composition should be carefully 690 
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determined. As can be seen from the two industrial cases, proper amounts of lime were 691 

added to top slag to control the volume of slag liquid fraction.  692 

 693 

5. Applications of Model to the Optimization of Desulfurization Process 694 

It was shown that the developed model can reasonably predict the chemical composition 695 

of HM during the desulfurization process (see Figures 7 and 8).  Therefore, the present 696 

kinetic model can be utilized to optimize the process conditions.  697 

A common belief at HM desulfurization station is that often more than adequate amounts 698 

of Mg and lime are injected at steel plant because penalty to be paid for high final sulfur 699 

contents are higher than the costs of extra reagents (the costs associated to increased iron 700 

losses due to higher volumes of top slag are often ignored).[54] Therefore, optimization of 701 

amount of added flux is important to reduce the process cost. For this purpose, the present 702 

model was used at Tata Steel IJmuiden along with many plant campaigns. Only one case 703 

study of the simulation results is presented here.   704 

Seven scenarios of HM desulfurization with different added amounts of flux were 705 

simulated and the sulfur profile results are plotted in Figure 10. In the simulations, all the 706 

process conditions with the exception of flux amounts were kept the same as that of heat 707 

#1 in Table III. Scenario 1 represents the original practice of heat #1. Scenarios 2 and 3 708 

present the cases with addition of half of and twice of the flux amount at the original 709 

Mg/CaO ratio, respectively. Scenarios 4 and 5 represent the cases of half of and twice of 710 

the amount of Mg with a fixed original amount of lime, respectively.  711 
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712 
Fig. 10–Variation of sulfur contents in HM during powder injection process, simulated 713 

with different flux addition scenarios. The general process conditions with the exception 714 

of the added amount of flux are the same as that of heat #1 (see Table III). 715 

As can be seen in scenarios 1 and 4, the soluble sulfur content in HM largely varies with 716 

the amount of Mg flux. The difference in final sulfur content between scenario 1 (original 717 

amount of Mg) and 4 (50% of original Mg) is very large. The final sulfur content in 718 

scenarios 1 and 4 are 25 and 75 ppmw [S]. On the other hand, scenario 5 (200% Mg) 719 

reaches to 20 ppmw [S]. This means that Mg is very important for desulfurization but there 720 

is a certain maximum amount of Mg which is effective. Beyond this level, Mg addition is 721 

unnecessary. This is easily understood from the chemical reaction of dissolution of Mg(g) 722 

to Mg(l): Mg(g) = [Mg]. The maximum dissolution amount of Mg in plume zone of HM, 723 

[Mg]max, is dependent on the ferrostatic pressure at a given temperature.  724 
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Scenarios 1, 6 and 7 show the effect of the lime addition at a fixed Mg amount. As shown 725 

in Figure 10, decreasing lime content by half (scenario 6) increases the sulfur content to 69 726 

ppmw, compared to 25 ppmw [S] produced from the original process condition (scenario 727 

1). On the other hand, twice of lime addition (scenario 7) only slightly further decreases 728 

the sulfur content to 15 ppmw [S], but the difference is not very significant compared to 729 

the original operation condition. Scenarios 2 and 4, and scenarios 5 and 3 can also show 730 

the influence of lime amount at fixed Mg contents. In general, when Mg injected amount 731 

is smaller than the optimum quantity, the influence of lime on sulfur removal is significant, 732 

but when enough Mg is added to HM, the influence of lime on the final sulfur content is 733 

insignificant. These results support that Mg is a more effective desulfurization agent than 734 

lime, but lime itself can still contribute to a certain degree of desulfurization at plume zone, 735 

as also discussed above (see Figure 9 for contribution of three separate parameters, Mg, 736 

lime and top slag to desulfurization of HM). 737 

In the injection process, the phase evolution of top slag is also important, as mentioned 738 

before. The final slag volume and final sulfur content of HM for different scenarios are 739 

plotted in Figure 11. As seen, scenarios 3 and 7 with the highest flux addition, respectively, 740 

have the lowest sulfur content of HM but simultaneously highest volume of top slag 741 

produced. The scenarios 5, 1, 4, 6 and 2 with the lowest amount of added flux, respectively, 742 

have higher sulfur content but simultaneously the lowest slag volume produced. 743 

Considering a specific target final sulfur of HM, scenarios 2, 4, and 6 are not acceptable. 744 

On the other hand, scenarios 3 and 7 have the highest slag volume, 100% and 86% more 745 

than heat #1 (scenario 1), respectively. Therefore, scenario 1 (the current operation) and 746 

scenario 5, which are very similar, seem to be the optimum cases. 747 
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748 
Fig. 11–Variation of slag volume (mass percent) in the final top slag (right axis) 749 

depending on the amount of flux added along with final sulfur content of hot metal (left 750 

axis). 751 

 752 

Average liquid slag volume (mass percentage) of top slag during the process is plotted in 753 

Figure 12 for all the scenarios. It is seen that scenarios 2 and 6 with the lowest amount of 754 

added lime have the highest amounts of liquid slag volume however, the final S content of 755 

HM is not acceptable. Considering all the scenarios with desirable sulfur content of HM 756 

(1, 3, 5, 7), the scenarios 5 and 1 have the highest volume of liquid slag on the contrary to 757 

scenarios 3 and 7. Often colloid loss of iron is inversely related to the volume of liquid 758 

slag. That is, less iron is lost in the form of colloid to the top slag with high volume of 759 

liquid slag. On the other hand, it is projected that more iron is lost in the form of 760 

entrainment to the top slag with high volume of liquid slag. However, it has been reported 761 

that entrainment loss is often minimized via increasing the accuracy of the skimmer 762 

control, cleaning the skimmer paddle more often, or training the operator.[54] Therefore, 763 
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scenarios 1 and 5 are preferred to the scenarios 3 and 7 (i.e. less iron loss is estimated for 764 

the former ones).  765 

 766 

Fig. 12–Liquid slag volume (mass percentage) for various hot metal desulfurization 767 

scenarios (the description of each scenario has been given in figure 10). 768 

In summary, considering the four criteria of target final sulfur content of HM, slag volume, 769 

amount of flux added, and iron loss; the scenario 1 (the current practice) can be concluded 770 

to be already quite an optimum condition. It should be noted that the current process 771 

conditions were obtained as the result of numerous trials and errors at the plant operation 772 

over several years. But using the present process simulation model, we can quickly find 773 

such optimum conditions. Therefore, the present process model can be used to search new 774 

optimum desulfurization process conditions based on certain economic constraints, and 775 

also be further developed to find the optimum process conditions using other types of flux 776 

for new smelting scenarios having different contents of S, C and Si, and slag chemistry in 777 

future without trials and errors.  778 



46 
 

 779 

6. Limitations of the present model 780 

The present model assumed that there is no thermal gradient from the bulk HM to top slag, 781 

and both slag and HM are homogeneous in temperature. In reality, the temperature of slag 782 

and HM would not be homogeneous. In particular, the phase evolution of slag is very 783 

sensitive at around 1400 oC, the proper consideration of temperature would be necessary 784 

to describe the slag phase evolution in future. It is assumed that all reaction products 785 

including MgS and CaS and unreacted lime particles are absorbed by the top slag 786 

instantaneously. But in reality, there would be a delay of particle dissolution depending on 787 

temperature and slag composition, which would produce different type of sulfide and oxide 788 

reaction inclusion products. In the present model, we did not consider the occurrence of 789 

Ti(C,N) phase. Characterization of HM samples showed the accumulation of Ti(C,N) 790 

particles enriched in V in the HM top layer at the slag interface,[10] which also inhibit the 791 

assimilation of MgS to the top slag. In spite of such limitation, the desulfurization process 792 

was still reasonably taken into account in the present model, as demonstrated in the sections 793 

4 and 5.  794 

 795 

7. Summary 796 

A kinetic model was developed for the hot metal pretreatment using submerged powder 797 

injection. All the general features of actual industrial operation were considered in the 798 

model. That is, the co-injection of magnesium and lime and the role of top slag during the 799 
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desulfurization process were modeled. The model was constructed based on the effective 800 

equilibrium reaction zone approach using the full power of FactSage thermochemical 801 

databases and macro processing code. Mathematical equations and empirical relations 802 

from the literature were critically evaluated and applied to the model to consider the process 803 

kinetics. The chemical evolution of hot metal and slag during the co-injection of lime and 804 

magnesium, predicted using the developed model based on initial conditions and process 805 

parameters, reasonably agreed with the plant data. The change in top slag chemistry during 806 

the process was estimated using the current model. The model was leveraged to investigate 807 

the possibility of further improving the desulfurization route at Tata Steel Europe. It was 808 

revealed the existing process is already close to an optimum condition. This model can be, 809 

therefore, used to optimize the process conditions and flux addition for hot metal with 810 

different qualities and sulfur, silicon and carbon contents, which is emerging in the coming 811 

decade.   812 
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Nomenclature  

ΔGo standard Gibbs energy of reaction (kJ) 

A interface area between top slag and metal (m2) 

pA  surface area of one flux particle (m2) 

C Plume constant 

pd  particle diameter (m) 

D metal bath diameter (m) 

mD  
diffusion coefficient in metal (m2/s) 

g Acceleration due to gravity (m2/s) 

H metal bath depth (m) 

Hp plume height (m) 
t
mk  overall mass transfer coefficient in metal for transitory reaction zone (m/s)  
t
pk  

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

p
mk  overall mass transfer coefficient in metal for permanent contact reaction zone (m/s) 
p
sk  overall mass transfer coefficient in slag for permanent contact reaction zone (m/s) 

L lance immersion depth (m) 

pn  number of flux particles in plume 

Po pressure on bath surface (atm) 

P overall pressure at the injection point 

PMgS MgS solubility product 

Q gas flow rate (Nm3/min) 

R gas constant (J/K-mol) 

pt  particle residence time (s) 

∆t calculation time step (s) 

tmix time for 95% mixing 

T metal bath temperature (K) 

Tm metal melting temperature (K) 

TQ gas temperature (K) 

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

mU  
metal mean rising velocity (m/s) 

t
mV  metal effective volume in transitory reaction zone (kg)  
t
pV  

flux particle effective volume in transitory reaction zone (kg) 

p
mV  metal effective volume in permanent contact reaction zone (kg) 
p
sV  slag effective volume in permanent contact reaction zone (kg) 

Vp plume volume (m3) 

Wm metal mass (ton) 

WP particle injection rate (kg/s) 

x Plume vertical coordinate (m) 

Greek symbols 
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 934 

  935 

β fractional depth of lance submergence 

δ plume radius (m) 

ε mixing energy (W/kg) 

μm metal viscosity (pa-s) 

m  
metal density (kg/m3)  

o
m  metal density at melting point (kg/m3) 

p  flux particle density (kg/m3) 

s  
top slag density (kg/m3) 

𝜌𝑤 water density (kg/m3) 
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Table I. 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 & Guthrie[5,6] No Mg 

Ohguchi & Robertson[7,13] Yes (no phase evolution) CaO-Al2O3-CaF2 

Kitamura[8] Yes (no phase evolution) CaO-FeOx-CaF2 

Yang et al.[9] No Mg 

Visser[10] No Mg + CaO 

This Work Yes Mg + CaO 

 936 

 937 

Table II. 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 - Δt (s) 60 

 938 

 939 

Table III. Process conditions and parameters used in the present simulation, taken 

from the reference.[10] 

Plant data Heat 1 Heat 2 

Hot metal mass (ton) 288 283 

Hot metal average temperature (oC) 1370 1399 

Initial / final S content (ppm) 203 / 7 229 / 7 

Slag mass* (ton) 2 2 

Slag density (g / cm3) 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/cm3) 3.3 3.3 

Average lime particle diameter (μm) 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 (Nm3/s) 0.28 0.28 

Gas feeding temperature (oC) 25 25 

Average mass transfer coefficient in metal - Dm (m2/s) 10-9 10-9 

Plume mass exchanged (%/Δt) 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) – Al2O3 (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 (m3) 17.1 17.1 

Mixing energy - ɛ (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 - 𝑘𝑚
𝑡 (m/s) 5.37E-04 5.41E-04 

Mass transfer coefficient in metal - 𝑘𝑚
𝑝

 (m/s) 3.43E-03 3.49E-03 
 942 

 943 

 944 

  945 
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Tables captions 946 

Table I. Summary of the existing desulfurization models in comparison to the actual 947 

industrial practice. 948 

Table II. Model variables fitted to plant data. 949 

Table III. Process conditions and parameters used in the present simulation, taken from 950 

the reference.[10] 951 

Table IV. Calculated parameters using the present model. 952 
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Figures captions 969 

Fig. 1–Schematic diagram of hot metal pretreatment with powder injection.  970 

Fig. 2–Effective equilibrium reaction zone (EERZ) concept for slag – metal reaction. 971 

Fig. 3–Schematic diagram of the reaction zones in the present model of hot metal 972 

pretreatment (powder injection process). 973 

Fig. 4–The overall calculation procedure of the presented model.  974 

Fig. 5–Schematic presentation of the bubble plume. 975 

Fig. 6–Solubility product of MgS, PMgS = [ppmw Mg] [ppmw S], in hot metal calculated 976 

using FactSage 7.3. Compositions of heat #1 and heat #2 are given in Table III. 977 

Fig. 7–Simulated heat #1 (a), (b) hot metal composition, and (c) phase distribution in top 978 

slag. The symbols are plant data.[10] The lines were calculated from the present model. L, 979 

Mel, aC2S and C3MS2 stand for liquid slag, melilite, -C2S and Ca3MgSi2O6, respectively. 980 

Fig. 8–Simulated heat #2 (a), (b) hot metal composition, and (c) phase distribution in top 981 

slag. The symbols are plant data.[10] The lines were calculated from the present model. L, 982 

Mel, aC2S and C3MS2 stand for liquid slag, melilite, -C2S and Ca3MgSi2O6, respectively. 983 

Fig. 9–Separate contribution of magnesium, lime and top slag to the sulfur removal 984 

process, calculated from the present process model. Three simulations were performed 985 

based on heat #1.   986 

Fig. 10–Variation of sulfur contents in HM during powder injection process, simulated 987 

with different flux addition scenarios. The general process conditions with the exception 988 

of the added amount of flux are the same as that of heat #1 (see Table III). 989 

Fig. 11–Variation of slag volume (mass percent) in the final top slag (right axis) depending 990 

on the amount of flux added along with final sulfur content of hot metal (left axis). 991 

Fig. 12–Liquid slag volume (mass percentage) for various hot metal desulfurization 992 

scenarios (the description of each scenario has been given in figure 10). 993 


