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 30 

Abstract 31 

A multi-zone kinetic model coupled with a dynamic slag generation model was developed for 32 

the simulation of hot metal and slag composition during the BOF operation. The three 33 

reaction zones, (i) jet impact zone (ii) slag-bulk metal zone (iii) slag-metal-gas emulsion zone 34 

were considered for the calculation of overall refining kinetics. In the rate equations, the 35 

transient rate parameters were mathematically described as a function of process variables. A 36 

micro and macroscopic rate calculation methodology (micro-kinetics and macro-kinetics) 37 

were developed to estimate the total refining contributed by the recirculating metal droplets 38 

through the slag-metal emulsion zone. The micro-kinetics involves developing the rate 39 

equation for individual droplets in the emulsion. The mathematical models for the size 40 

distribution of initial droplets, kinetics of simultaneous refining of elements, the residence 41 

time in the emulsion, dynamic interfacial area change were established in the micro-kinetic 42 

model. In the macro-kinetics calculation, a droplet generation model was employed and the 43 

total amount of refining by emulsion was calculated by summing the refining from the entire 44 

population of returning droplets. A dynamic FetO generation model based on oxygen mass 45 

balance was developed and coupled with the multi-zone kinetic model. The effect of post-46 

combustion on the evolution of slag and metal composition was investigated.  The model was 47 

applied to a 200-ton top blowing converter and the simulated value of metal and slag was 48 

found to be in good agreement with the measured data. The post-combustion ratio was found 49 

to be an important factor in controlling FetO content in the slag and the kinetics of Mn and P 50 

in a BOF process. 51 
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Introduction 53 

The basic oxygen furnace (BOF) has been a leading route of steel production for more than 54 

six decades and become mature in terms of safety, stable operation and maximization in 55 

productivity. However, nowadays it faces different challenges e.g. strict quality control, 56 

minimizing energy cost, maximizing yield and reducing environmental pollution. Focusing 57 

on improving the process by developing fundamental understanding and enabling dynamic 58 

correction is the crucial step to optimize the BOF process. A dynamic model that can explain 59 

the changes in the critical process parameters based on the events taking place in the furnace 60 

operation is a must-have tool for the operators. It can be a base to develop an automatic 61 

control system of the process. Therefore, in the recent years, there has been an increasing 62 

amount of literature focusing on developing computer based dynamic models for the BOF 63 

process. 
[1-13]

 64 

Kattenbelt et al.
 [9]

 developed a dynamic model for BOF based on the measured step response 65 

of control variables such as oxygen flow rate, lance height and flux addition. Although the 66 

authors discussed the mechanism of decarburization reaction based on the work of droplet 67 

generation, the size of droplets and residence time in the emulsion, no fundamental 68 

relationship to include these parameters was employed in this work.  Li et al.
 [12] 

applied the 69 

three-stage decarburization theory and applied three separate equations to simulate the 70 

decarburization rate. The rate equations were modified with the bath mixing degree, which 71 

was described as a function of dynamic lance height. The rate constants of the equations were 72 

derived by fitting the data from 67 heats. Similar to Kattenbelt et al.
 [9]

, the dynamic model 73 

developed by Li et al., cannot provide a physical insight of the BOF process due to the 74 

empiricism involved in deriving the rate parameters.  75 
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Understanding that the BOF process rarely attains thermodynamic equilibrium 
[14]

, the 76 

principle of chemical kinetics has appealed to many researchers in quantitative prediction of 77 

the refining rates. Several researchers
 [6, 7, 10]

 have applied the “coupled reaction mechanism” 78 

developed by Robertson et al.
 [15]

 to simulate the slag-metal reactions. Pahlevani et al.
 [6]

 79 

employed the coupled reaction mechanism in a single zone kinetic model with the flux 80 

dissolution model to simulate the BOF refining reaction. Ogasawara et al.
[7]

 constructed a 81 

dynamic model for dephosphorization by combining coupled reaction model with a dynamic 82 

FetO generation model. An oxygen balance method combined with the off-gas data was used 83 

to predict FetO in the slag during the blow. In the model built by Lytvynyuk et al. 
[10]

 the 84 

coupled reaction model was combined with the thermodynamics and kinetics of involved 85 

phases (interfacial surface of iron melt and slag) in one reaction zone to simulate the BOF 86 

process. Scrap melting model and flux dissolution model were included in the simulation. 87 

The simulated behaviour of metal and slag compositions by the model was validated with the 88 

industrial converters of different sizes.  89 

While the above dynamic models based on coupled reaction model found some success in 90 

simulating the slag-metal reactions, the biggest challenge in this type of approach is to 91 

quantify the rate parameters, especially the slag-metal interfacial area that is a strong function 92 

of dynamic process conditions. Due to lack of fundamental basis to quantify rate parameters 93 

such as interfacial area, the above kinetic models employed fitting parameters in the model 94 

which are derived from the plant-specific data.
 [8, 10,11, 12]

 95 

The major reactions of BOF process are schematically presented in Fig. 1. Based on the 96 

difference of reaction environments and mass transfer conditions, the primary reactions zones 97 

are divided as: (i) jet impact area where the direct reaction between oxygen gas and melt 98 

takes place in an extremely hot environment (ii) slag-metal emulsion phase, where the 99 
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reaction between metal drops and slag takes place (iii) slag-bulk metal zone, where a 100 

permanent phase contact between the slag and bulk metal is realized. Kinetic parameters of 101 

the reactions in a zone can be described as a function of interfacial area, temperature and 102 

physicochemical nature of phase interactions. Brooks et al.
[16]

 argued that the use of simple 103 

first order rate is not appropriate for modeling the BOF process and a transient kinetics 104 

approach is necessary to describe the multi-phase heterogeneous reactions. A recent 105 

publication by Hewage et al. 
[17]

 by analysing the IMPHOS pilot plant data
[18]

  showed that a 106 

single zone with the first order rate equation may be applicable for the simple reaction like Si 107 

oxidation, but the compositional change of P, Mn and C cannot be explained by a simple first 108 

order kinetics with constant rate parameters. Similarly, Rout et al.
[19]

 analyzed the rate of 109 

dephosphorization for a 200-tonne converter data
 

and found that the kinetics of 110 

dephosphorization depends on the rate at which the droplets refined in the emulsion and 111 

therefore considering the interfacial area at the bulk metal and the slag, cannot simply explain 112 

the dephosphorization behaviour. 113 
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 114 

Figure 1: Schematic representation of reactions in BOF converter 115 

Several other researchers developed multi-zone models for BOF process by dividing the 116 

converter into several reaction zones.
 [2, 4, 5]

 Jalkanen
[2]

 developed a physicochemical model 117 

for the BOF process by considering the reaction in three different zones of the converter. In 118 

the computational model, the three reaction zones were replaced by a generalized reaction 119 

zone and the distribution of oxygen among the various impurities was simulated by their 120 

individual reaction affinities expressed by Gibb’s reaction energies. The model uses several 121 

fixed parameters derived from the plant data and the simulated results are only able to capture 122 

the qualitative representation of metal and slag compositions. Dogan et al.
 [6]

 developed a 123 

comprehensive model for decarburization by considering the refining of C in the jet impact 124 

and the emulsion zone. The theory of bloated drops in the emulsion and the residence time of 125 

the metal drops are successfully incorporated in the model and the model C prediction was 126 

found to be consistent with the industrial converter data. However, no FeO prediction model 127 

was employed in their study. Sarkar et al.’s[8]
 dynamic model focused on developing a kinetic 128 

treatment to the reactions in the emulsion zone. The Gibb’s free energy minimization was 129 
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applied for simultaneous oxidation kinetics of elements in the metal droplet. In common with 130 

Dogan et al., the model was able to incorporate the phenomena of droplet generation, 131 

bloating and residence time model in the overall kinetic equation. However, the model 132 

prediction of reactions other than C removal was poor, particularly the reversion of Mn and 133 

P. A more recent study by Sasaki et al.,
 [13]

 a three zone kinetic model for industrial BOF 134 

operation was employed to predict the metal and slag composition successfully. However, the 135 

key model details are not available in the open literature. 136 

The present work has been undertaken to develop a dynamic model for BOF process using 137 

the multi-zone kinetic theory. The model attempts to capture most of the physiochemical 138 

phenomena of the process by considering three primary refining zones commonly observed in 139 

a top blowing process. The ejection of droplets, phenomena of droplet “bloating” due to 140 

nucleation of CO gas, and detailed reaction kinetics of droplets for a multicomponent system 141 

in the emulsion phase were successfully taken into account in the dynamic model. The 142 

overall model was validated with the measured data of a 200-ton industrial converter. The 143 

details of the development of the global model and its validation with the industrial data are 144 

presented in this paper, while the kinetic models of decarburization and demanganisation are 145 

described in separate papers. 
[20, 21]

 146 

1. Model concepts and mathematical formulation 147 

Mathematical treatment to the kinetics of the reactions occurring in each reaction zone has 148 

been developed to simulate the overall refining rate of liquid metal. Table 1 shows reaction 149 

zones considered for refining of individual impurities in the converter. It is well understood 150 

that the removal of phosphorus needs a basic slag due to thermodynamic instability of P2O5 at 151 

steelmaking temperature. Due to the large impact force exerted by the gas jet on the bath 152 

surface, the slag beneath the jet is entirely pushed away from the jet impact zone to the 153 
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periphery region and the oxygen gas directly reacts with the hot metal.
[22]

 Therefore P 154 

removal in the jet impact zone is ignored in this study. 155 

The rate equations that describe the refining in the different zones of the converter and the 156 

transient kinetic parameters are listed in Table 2. 157 

The overall rate of refining can be described by the following equation: 158 

 𝑑(𝑊𝑚𝐶𝑗𝑚)𝑑𝑡 |𝑜𝑣𝑒𝑟𝑎𝑙𝑙
𝑡 =  𝑑(𝑊𝑚𝐶𝑗𝑚)𝑑𝑡 |𝑡

𝑖𝑧 +  𝑑(𝑊𝑚𝐶𝑗𝑚)𝑑𝑡 |𝑡
𝑠𝑚 + 𝑑(𝑊𝑚𝐶𝑗𝑚)𝑑𝑡 |𝑡

𝑒𝑚  (11) 

1.1. Jet impact zone 159 

The kinetics of oxidation of Si, Mn in jet impact zone was assumed to be controlled by mass 160 

transport in the liquid phase. It is due to rapid dissolution of oxygen in the melt as a result of 161 

high temperature prevailing in the hot spot region. The mass transfer coefficient of Si, Mn 162 

(𝑘𝑚𝑔𝑚
) in the metal phase has been calculated as a function of stirring energy and geometrical 163 

parameters of the furnace (see Appendix A.1).
[23]

 The interfacial concentration 𝐶𝑖𝑚 has been 164 

calculated assuming dynamic equilibrium between the reactants and products at the gas/metal 165 

interface. The rate  parameters for carbon oxidation (ka and kg in Eq. 3 and Eq. 4) has been 166 

simulated by  mixed controlled kinetics, including the gas phase mass transfer and chemical 167 

reaction kinetics as rate determining steps.
[24]

 Below a critical level of C the rate of 168 

decarburization was assumed to be controlled by carbon diffusion in metal phase. 
[25,26]

 It has 169 

been reported that the value of critical carbon may lie between 0.3 to 0.8 wt pct depending on 170 

the oxygen flow rate. In the present study, a fixed value of critical carbon of 0.3 wt pct was 171 

considered.
 [25,26]

 The detail mathematical model for C, Si and Mn oxidation kinetics in jet 172 

impact zone can be found elsewhere. 
[20, 21, 27]

 173 
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The interfacial area was assumed to be the area of the cavity created by the top jet. The 174 

surface area of the jet impact was considered to be paraboloid in shape
[28]

 and was calculated 175 

as a function of lance height and oxygen flow rate. 176 

 

Acav= ∫ 2π𝑟𝑐𝑎𝑣  (1+ (dh
dr)2)r

0
dr  (12) 

 

Where Acav is the area of the individual cavity, h is the height and rcav is the radius of the 177 

cavity.  The analytical solution to Eq. 12 can be expressed as: 178 

 

Acav= 
π𝑟𝑐𝑎𝑣4

6h2 [(1+
4h2𝑟𝑐𝑎𝑣2)3/2

-1] 

(13) 

 

The height and radius of the cavity were calculated by using the dimensionless correlations 179 

suggested by Koria and Lange.
[29]  

The detailed calculation regarding the cavity dimensions is 180 

given in Appendix A.2. 181 

It has been observed that the jet cavity formed by each nozzle does not overlap each other 182 

when the jet angle exceeds 10 degree. Therefore, in the present work (nozzle angle of 17.5 183 

degree), the total cavity area has been estimated by multiplying individual cavity area by the 184 

number of nozzles in the lance tip.  185 

 Aiz=𝑛𝑛𝐴𝑐𝑎𝑣 (14) 

Here nn is the number of nozzles and Aiz is the total surface area of jet impact. The change of 186 

cavity shape due to surface oscillation was neglected since it exerts little effect on the final 187 

area calculation.
[28]

  The rate equations 1 to 4, described in Table 2,  has been employed to 188 

determine the weight of refining of C, Si, Mn in the jet impact area. 189 
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1.2. Emulsion zone 190 

Many researchers suggested that rapid refining of hot metal in a BOF process proceed via the 191 

formation of slag-metal-gas emulsion zone.
[18, 30, 31]

 However, the proportion of refining 192 

brought by emulsion zone to the overall bulk metal refining is not clear from the past studies. 193 

The mechanism of refining of hot metal by the metal droplet circulation in emulsion zone is 194 

schematically illustrated in Fig. 2. The droplets ejected from the liquid metal, initially carry 195 

the melt concentration and once it remains in contact with the oxidising slag, refining of 196 

impurity elements begin to take place. From the laboratory scale study of droplets, it has been 197 

observed that the formation of CO either inside or on th surface of the drops as a result of the 198 

decarburisation reaction, makes the droplet buoyant and increase the residence time in the 199 

emulsion. Fruehan and co-workers
[31]

 were able to capture the phenomena of “bloating” of a 200 

metal droplet in a steelmaking type of slag by X-ray fluoroscopy technique. The important 201 

aspect of “bloating” is that it increases the residence time of metal droplets in the emulsion, 202 

which allows the metal droplets to react with slag for a long period. The continuous creation 203 

of large surface area by the formation of small size drops and high reaction time in the 204 

emulsion is believed to be a prominent mechanism of BOF refining process. .
[18, 30, 31]

 205 

The process of refining by emulsion can be visualized in two stages: refining of a single 206 

droplet and overall refining by all the droplets. Note that the droplets present in the emulsion 207 

at a given blowing time can undergo different physicochemical process depending on their 208 

time of the ejection, initial size and residence time. The mathematical treatment to model the 209 

refining of bulk metal by the emulsion zone has been divided into two stages: 210 

1. Rate of  refining between an individual  metal droplet and slag – Microkinetics 211 

approach 212 
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2. Overall rate of refining by the entire population of  the metal droplets – Macrokinetics 213 

approach 214 

 215 

Figure 2: Schematic representation of the refining mechanism in the emulsion zone 216 

1.2.1 Microkinetics of droplet refining in emulsion 217 

The rate equation for refining of elements of a single droplet during the time of residence 218 

inside the emulsion can be presented by a first order rate law as presented in Eq. 6 in Table 2. 219 

The mathematical treatment to simulate the transient rate parameters such as interfacial area, 220 

mass transfer coefficient and interface concentration in the rate equation is presented in the 221 

following sections.  222 
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1.2.1.1 Simultaneous refining kinetics of impurities  223 

The kinetic model suggested by Brooks et al,
[32]

 which uses surface renewal method of 224 

carbon diffusion, has been applied to simulate the rate of decarburisation of droplets in the 225 

emulsion zone. This approach has been found to be mathermatically reliable in connecting 226 

the bloating behaviour of droplets to the overall decarburisation kinetics in the emulsion 227 

zone.  As suggested by Dogan et al.,
[6]

 since there are plenty of oxygen available in the 228 

system, the rate of CO formation may be rapid and carbon diffusion can be the rate 229 

controlling step for a bloated droplet. While there is no collective agreement regarding the 230 

rate determining step of the decarburisation kinetics of droplet, the authors have used the 231 

above mentioned approach to connect the bloating phenomena of the droplets to the overall 232 

refining of the BOF process. However, further work is necessary to establish an accurate 233 

kinetic model for decarburisation.  234 

The fundamental understanding of the simultaneous mass transfer of Si, C, Mn and P across 235 

the boundary between the metal droplet and slag interface is limited in the steelmaking 236 

literature. There are only a few laboratory scale studies on the kinetics of Fe-C-S
[33]

, Fe-C-237 

P
[34, 35]

, Fe-C-P-S 
[36]

and Fe-C-Si-Mn
[37]

. The following observations regarding the kinetics of 238 

metal droplets in the slag can be made from the past studies: 239 

1. The rate of C removal slows down in the presence of Si and Mn in the droplet.
[37]

 240 

2. The rate of phosphorus removal is very rapid in the presence of C in the droplet. 241 

Phosphorus in the droplet reaches the equilibrium concentration within a few seconds 242 

after it enters into the oxidising slag.
[34, 35,36]

 243 

3. Internal nucleation of CO gas increases the kinetics of P transfer and an increase of S 244 

level in the droplet influences the CO formation rate.
[38]

 245 
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Based on these observations, a mechanism of the simultaneous kinetics of C, Si, Mn and P at 246 

droplet and slag interface was proposed. According to the proposed reaction mechanism, 247 

shown in Fig. 3, the oxidation kinetics of Si, P, and Mn proceeds at rapid rate and approaches 248 

the equilibrium within a few seconds after the metal drops enters into the emulsion phase. 249 

Gaye et al. 
[34]

Geiger et al.
[35]

  and more recently Gu et al.
[36]

 observed that the kinetics of P 250 

for Fe-C-P is very rapid and attains the equilibrium value in 10 s. It is further proposed that 251 

the quick formation of surface active oxides like SiO2 and P2O5 slow down the kinetics of 252 

decarburisation by blocking the reaction sites for C and FeO reaction. The detail calculation 253 

of mass transfer coefficient of carbon in the presence of surface active oxides is discussed 254 

elsewhere.
[20]

 Carbon refining in a bloated droplet continues until it attains the equilibrium 255 

and once the CO gas escapes, the dense and refined drops return to the metal bath.  256 

 257 

 258 

Figure 3: Proposed refining mechanism of metal droplets in the slag-metal emulsion 259 

1.2.1.2 Mass transfer coefficient 260 

Several researchers suggested that Higbie’s penetration theory can be used to model the mass 261 

transfer coefficient of decarburization rate of a moving metal droplet in the slag-metal 262 

emulsion.
[32, 39]

 According to Higbie’s theory, it has been assumed that when a metal droplet 263 
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moves (ascends, descends or floats) in the slag-metal emulsion domain, the slag packets are 264 

brought into contact by turbulent eddy and undergo unsteady state diffusion or penetration by 265 

the transferred species during its contact time. For a bubble-agitated stirring system, the 266 

calculation of contact time is uncertain, and there is apparently no reliable method available 267 

to estimate it. However, for a simple geometry like a spherical droplet which ascends or 268 

descends in the slag layer, the contact time can be assumed to be the ratio of diameter to the 269 

velocity of the spherical bubble.
 [39]

 The mass transfer coefficient in the metal phase can be 270 

calculated as: 271 

 𝑘𝑗𝑚𝑑 = 2 × √ 𝐷𝑗𝜋 𝑡𝑐 =  2 × √ 𝐷𝑗𝑢𝜋 𝑑𝑝 (15) 

Where kjm
d
 is the mass transfer coefficient in metal phase, Dj is the diffusion coefficient of 272 

the  j
th

 element in metal drop, 𝑡𝑐 is the contact time of the slag packet with the metal drop, u 273 

is the velocity of the drop and dp is the average diameter of the drop corresponding to the size 274 

class p. The diffusion coefficient of C, Si, Mn and P has been taken from the reported data of 275 

solute diffusivity values of elements in the liquid Fe-C alloy at 1873K (see Table 4). Further, 276 

the temperature and viscosity effect on mass diffusivity was taken into account by applying 277 

the Stokes- Einstein equation. 278 

𝐷𝑇 = 𝐷1873( 𝑇1873) × (𝜇𝑚,1873𝜇𝑚,𝑇 )  #(16)  

Where 𝐷𝑇 is the diffusivity at temperature T (m
2
/s),  𝐷1873 is the diffusivity of species at T 279 

=1873K (m
2
/s), T is the temperature (K), 𝜇𝑚,1873 and 𝜇𝑚,𝑇 are the viscosity of hot metal at 280 

1873K and T respectively. In the present work the effect of temperature on viscosity has been 281 

neglected. 282 
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On the slag side, it is assumed that the metal droplet is a rigid sphere with the stream of slag 283 

surrounding it. Due to high Schmidt number prevailing in steelmaking systems, the boundary 284 

layer is considered laminar and the effect of turbulence on mass transfer coefficient can be 285 

neglected. According to Oeter
[40]

, the mass transfer coefficient in slag phase (k
d

s) can be 286 

determined by the following equation: 287 

 𝑆ℎ = 2 + 0.6𝑅𝑒1/2𝑆𝑐1/3  (17) 

Where Sh is the Sherwood number, Re is the Reynold number and Sc is the Schmidt number. 288 

The ion diffusivity in slag, Dslag (in Sherwood number calculation) was taken to be 5×10
-10

 289 

m
2
/s. 

[40]
  290 

Liquid phase mass transfer control has been assumed for decarburization reaction in the 291 

droplets. However, the reactions of Si, Mn and P were assumed to be controlled by both mass 292 

transfers in metal and the slag. The overall mass transfer coefficient (𝑘𝑑𝑒𝑚 ) of the metal 293 

droplet in slag, assuming a mixed transport controlled reaction kinetics can be written as: 
[41]

 294 

 1𝑘𝑑𝑒𝑚 = 1𝑘𝑗𝑚𝑑 + 𝜌𝑚𝑘𝑠𝑑𝜌𝑠𝐿𝑗  (18) 

Here kdjm and kds are the mass transfer coefficient in metal and slag phase respectively. ρm 295 

and ρs are the densities of metal and slag respectively. Lj is the equilibrium distribution ratio 296 

between the slag and metal droplet. 297 

1.2.1.3 Interfacial concentration 298 

The instantaneous equilibrium between the reactants and products has been assumed at the 299 

metal drop and slag interface. Slag-bulk metal equilibria were applied to estimate the 300 

equilibrium concentration of each component at the metal drop interface. The equilibrium 301 
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concentration of carbon was determined by calculating the activity coefficient, concentration 302 

and the equilibrium value. It has been observed that both temperature and composition have 303 

strong effect on the activity coefficient of C and therefore a polynomial equation of fc as a 304 

function both C and temperature proposed by Chou et al.
 [25]

  has been used in this work. The 305 

raoulitian activity of iron oxide has been simulated as a function of slag composition and 306 

temperature by applying regular solution model.
[42]

 In the case of Si, Mn and P, the 307 

equilibrium distribution ratio as a function of the composition and the temperature  has been 308 

used for the estimation of interfacial concentration  309 

[𝑤𝑡 𝑝𝑐𝑡 𝐶𝑗𝑖] = (𝑤𝑡 𝑝𝑐𝑡 𝐶𝑗)𝐿𝑗 #(19 ) 

where [Cji] is the concentration (wt pct) at the slag/metal interface, (Cj) is the concentration 310 

(wt pct) in the slag and Lj is the equilibrium partition ratio between the metal and slag. 311 

The experimental data reported by Narita et al.
[43]

, were used to develop a linear correlation 312 

of interfacial Si concentration between the metal and slag as a function of slag FeO (< 40 wt 313 

pct). The equilibrium distribution ratio suggested by Suito et al.
[44]

, which is valid for CaO-314 

SiO2-FeO type slag with MnO concentration varying up to 16 wt pct was used to calculate the 315 

interfacial manganese concentration. Cicutti et al.
[45]

 reported that the equilibrium value of P 316 

predicted by the regular solution model agrees well with the oxidation and reversion 317 

behaviour of P in an industrial furnace. Thus, in the present work, the P partition ratio was 318 

determined by regular solution model. The evaluation of interfacial concentration at the metal 319 

drop and slag boundary for various impurities (C, Si, Mn and P) is illustrated in Table 3. The 320 

equilibrium distribution ratio models are illustrated in Appendix A.3. 321 
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1.2.1.4 Dynamic interfacial area of the droplet 322 

The change in the area and volume of the metal droplet due to bloating phenomena have been 323 

estimated by an empirical correlation for density variation as a function of decarburization 324 

rate, suggested by Brooks et al.
[32]

, based on the experimental measurements by Molloseau 325 

and Fruehan
[32]

: 326 

 𝜌𝑑 = {𝜌𝑑0 𝑟𝑐∗𝑟𝑐 , 𝑟𝑐 > 𝑟𝑐∗𝜌𝑑0 , 𝑟𝑐  ≤ 𝑟𝑐∗ (20) 

Where, 𝜌𝑑0 is the initial droplet density before bloating, 𝜌𝑑 is the droplet density during the 327 

decarburisation reaction,  𝑟𝑐 is the decarburisation rate and 𝑟𝑐∗ is the critical decarburisation 328 

rate, which is empirically correlated with the iron oxide concentration in the slag. The critical 329 

decarburisation rate (𝑟𝑐∗) has been evaluated by the following empirical relationship.
[37]

 330 

𝑟𝑐∗ = { 2.86 × 10−4 ×  20, 𝑤𝑡 𝑝𝑐𝑡 𝐹𝑒𝑂 > 202.86 × 10−4 ×  (𝑤𝑡 𝑝𝑐𝑡 𝐹𝑒𝑂), 𝑤𝑡 𝑝𝑐𝑡 𝐹𝑒𝑂 ≤ 20 #(21 ) 

Assuming the droplets are spherical in shape, the following equations have been used to 331 

calculate the evolution of the surface area of a droplet as a function of residence time in the 332 

emulsion phase: 333 

 𝑑𝑝(𝑡) =  (6𝜋 × 𝑚𝑑𝜌𝑑(𝑡))1/3  (22) 

 𝐴𝑑(𝑡) = 𝜋 × 𝑑𝑝(𝑡)2  (23) 
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where md is the mass of the ejected droplet and dp(t) and 𝜌𝑑(𝑡)are the time varying diameter 334 

and density of droplet in the emulsion .  335 

1.2.1.5 Size distribution of droplets 336 

The size of ejected droplets can exert significant influence on reaction kinetics in the 337 

emulsion. 
[18] 

Therefore, a size distribution model was applied to calculate the diameter of 338 

droplets at the place of their birth from the bath. The model assumes that the size distribution 339 

of metal droplets follow Rosin-Rammler-Sperling (RRS) distribution function.
[45, 46]

  340 

 𝑅𝑠 =  100 𝑒[−( 𝑑𝑑′)𝑛]
  in wt % (24) 

where Rs is the quantity of screen oversizes with diameter d. n and 𝑑′ are parameters of 341 

distribution function, which represent homogeneity of distribution and the measure of 342 

fineness respectively. 343 

The granules of metal droplets collected from the emulsion by Cicutti et al.
[45]

  was found to 344 

vary between 2.3× 10
-4

 m to 3.35× 10
-3

 m. In this work, the similar droplet size spectrum has 345 

been used to determine the initial size distribution of ejected droplets. The total range of 346 

droplet size has been divided into ten classes with a mean diameter of dp for each size class. 347 

The average diameter increment between two adjacent classes was taken to be 3.12× 10
-4 

m. 348 

The proportion of droplet weight Wd,p corresponds to class p, was obtained by applying the 349 

RRS distribution function as follows: 350 

 𝑊𝑑,𝑝 = 𝑊𝑑,𝑡𝑜𝑡𝑎𝑙 (exp [− (𝑑𝑝+1𝑑′ )𝑛 −  exp [− (𝑑𝑝𝑑′ )𝑛) (25) 
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Where Wd, total is the total number of droplets ejected at a time interval of Δt which has been 351 

calculated by Eq. 26: 352 

 𝑊𝑑,𝑡𝑜𝑡𝑎𝑙 =  𝑅𝐵,𝑇 × ∆𝑡 (26) 

Where RB,T is the modified droplet generation rate (kg/s), defined by author’s previous work
 

353 

[45]
: 354 

𝑅𝐵,𝑇𝐹𝐺,𝑇 = (𝑁𝐵,𝑇)3.2[2.6 × 106 + 2.0 × 10−4(𝑁𝐵,𝑇)12]0.2 #(27)  

 Where FG,T and NB,T are the temperature corrected volumetric flow rate and modified 355 

blowing number respectively and RB,T is the amount of droplet generated per volume of gas. 356 

The detail calculation of temperature modified blowing number (𝑁𝐵,𝑇) and gas flow rate ( 357 𝐹𝐺,𝑇) can be found elsewhere.
[47]

 358 

The parameters of the distribution function n and d' were chosen such a way that about 95% 359 

of the particles lie between 2.3×10
-4

 m to 3.35× 10
-3

 m. By using the nonlinear least square 360 

fitting, the values of n and d' are estimated to be 1.75 and 1.26 respectively. The parameters 361 

in the RRS distribution function presented here may not be universal as the value of d', is a 362 

function of blowing conditions. 
[46,48]

 The present value of n falls in the same range 363 

(1.44±0.43) suggested by Subagyo et al.
 [48]

  364 

1.2.1.6 Residence time of the droplets 365 

The mathematical model for the residence time of the metal droplets was based on the 366 

principle of ballistic motion, as proposed by Brooks et al.
[32]

 The trajectory of a droplet in 367 

both vertical and horizontal direction was calculated by the force balance method with taking 368 
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into account the dynamic change in density under the influence of bloating. Thus, the 369 

decarburisation rate was coupled with the equation of motion to estimate the density change 370 

in the emulsion.   In the present model, it has been assumed that the droplets are ejected into 371 

the emulsion with a certain angle with respect to the melt surface. The following force 372 

balance equations have been solved in a two dimensional coordinate ( r,z) to determine the 373 

trajectory of a metal droplet: 374 

Force balance along the vertical direction (z-axis): 375 

𝜌𝑑𝑉𝑑 𝑑𝑢𝑧𝑑𝑡 = 𝐹𝐵 − 𝐹𝐺 − 𝐹𝐷,𝑧 − 𝐹𝐴,𝑧#(28 ) 

Force balance along the horizontal direction (r-axis): 376 

𝜌𝑑𝑉𝑑 𝑑𝑢𝑟𝑑𝑡 = −𝐹𝐷,𝑟 − 𝐹𝐴,𝑟#(29 ) 

where uz and ur are the velocity of the drop in z and r directions. The forces FB, FG, FD,Z, FA,Z 377 

are buoyancy force, gravitational force, drag force and added mass force respectively. 378 

Assuming the droplets to be sphere of diameter dp, the motion of the droplets can be 379 

described by the following differential equations: 380 

𝑑𝑢𝑧𝑑𝑡 = 2(𝜌𝑠 − 𝜌𝑑)𝑔𝜌𝑠 + 2𝜌𝑑 − 𝜌𝑠𝐶𝐷,𝑧𝐴𝑑  (𝜌 𝑠 + 2𝜌𝑑)𝑉𝑑 𝑢𝑧2#(30)  

𝑑𝑢𝑟𝑑𝑡 = − 𝜌𝑠𝐶𝐷,𝑟𝐴𝑑  (𝜌 𝑠 + 2𝜌𝑑)𝑉𝑑 𝑢𝑟2#(31)  

The drag coefficient CD,z and CD,r in both z and r direction are calculated as a function of 381 

Reynolds number. 382 
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The initial velocity at the place of birth of the droplet was calculated by applying energy 383 

conservation principle suggested by Subagyo et al.
[49]

: 384 

𝐸𝑘𝑑𝐸𝑘𝑔 = 0.00143𝑁𝐵,𝑇0.7#(32)  

where Ekd is the total kinetic energy absorbed by the droplets by the blowing gas per unit time 385 

and Ekg is the amount of energy created by the blowing gas per time. The equation of motion 386 

of droplet in both horizontal and vertical directions described by Eqs. 29 to 31 with Eq. 20 387 

and 21 have been solved simultaneously to determine the trajectory and residence time of the 388 

bloated droplets. The residence time model determines the total time the droplet resides in the 389 

emulsion as a function of initial size, ejection angle, initial velocity and the slag properties. 390 

1.2.1.7 Temperature at metal drop-slag interface 391 

During the oxygen blowing process, the metal droplets are ejected from a localized 392 

superheated zone underneath the oxygen jet. Doh et al.
[50]

, by coupling chemical reaction of 393 

post-combustion with computational fluid dynamics, reported that the maximum temperature 394 

of the flame front (as a result of post-combustion reaction) is located near to the bath surface. 395 

Since the metal drops are ejected from the jet impact area, the temperature of the droplet 396 

interface is expected to experience higher temperature than the bulk melt. During the flight 397 

time of drops in the emulsion, a gradual decreasing in temperature can be expected due to 398 

heat dissipation to the surrounding. Since temperature exerts a significant effect on the mass 399 

transfer coefficient and the equilibrium concentration at the reaction interface, a model has 400 

been proposed to estimate the interfacial temperature of the metal droplet in slag.  It was 401 

assumed that the metal droplets are rigid spheres and are more likely to exhibit hot spot 402 

temperature at the time of ejection.  According to Chao
[51]

, the surface temperature of a 403 
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spherical metal drop having an initial temperature, T0 and a uniform temperature of   T∞, 404 

when enters inside the emulsion, can be calculated as: 405 

 𝑇𝑑𝑟𝑜𝑝 = 𝑇0 + 𝑇0 − 𝑇∞1 + 𝛽  (33) 

 406 

 𝛽 = (𝜆𝑚𝐶𝑝,𝑚𝜌𝑚𝜆𝑠𝐶𝑝,𝑠𝜌𝑠 )1/2
 (34) 

where 𝜆 is the conductivity (W/mK), 𝐶𝑝 is the heat capacity (J/kg). The subscript m, s 407 

corresponds to hot metal and slag. 𝑇𝑑𝑟𝑜𝑝, 𝑇0 and T∞ represents the temperature at the droplet 408 

interface in the emulsion, temperature of the droplet at the time of ejection and the emulsion 409 

temperature respectively. 410 

Here we assumed T0 = Tiz and T∞ = Ts for the calculation of the temperature at the droplet 411 

interface. The heat capacity of the slag was calculated by the weighted average of the heat 412 

capacity of the individual oxide species in the slag. 413 

 𝐶𝑝,𝑠 =  ∑ 𝑦𝑖𝐶𝑝,𝑖𝑛
𝑖=1   (35) 

Where yi is the wt pct and Cp,i is the heat capacity of oxides in the slag. The values of thermal 414 

conductivity and heat capacity of steel and slag used for this model are given in Table 4. 415 

1.2.2 Macrokinetics- Estimation of total refining rate by the emulsion 416 

The difference between the total weight of impurities (C, Si, Mn and P) ejected into the 417 

emulsion and returning to the bath, as represented by Eq. 7, was calculated at each time step 418 

to determine the overall refining rate by the emulsion zone. The total weight of impurities in 419 

the ejected metal droplets in the time step, t was determined by estimating the droplet 420 
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generation rate and the bath concentration as presented in Eq. 8 (Table 2).  The total mass of 421 

impurities (in the droplets) returns to the bath at time t, was calculated from the refined 422 

concentration, a number of droplets, the weight of droplet and residence time for all the size 423 

groups, described by Eq. 9 (Table 2). The number of droplets returning to the bath for a 424 

particular size class was calculated from the proportional weight and average size of the 425 

droplets in the same size class. In a particular group, a uniform droplet size of all the ejecting 426 

droplets was assumed in the model calculation. 427 

1.3. Slag-bulk metal zone 428 

Due to the impact force of the top gas jet, the slag formed in the jet impact is likely to be 429 

pushed outwardly from the cavity and a region of permanent contact between the slag and 430 

metal can establish in the region near to the refractory wall of the vessel. This region was 431 

considered as slag-bulk metal zone and the impurities in the hot metal react with the slag to 432 

form their respective oxides. The condition of mixed controlled mass transfer was applied to 433 

estimate the reaction kinetics at the slag-bulk metal interface. Overall mass transfer 434 

coefficient was determined by Eq. 18. Similar to the jet impact zone, the mass transfer 435 

coefficient in the metal phase was calculated by using the correlation suggested by Kitamura 436 

et al.
[23]

 as a function of bath geometry, temperature and stirring energy.  The slag side mass 437 

transfer coefficient was determined as a function of stirring power and temperature. 
[7] 

The 438 

mathematical expressions for the mass transfer correlations are presented in Appendix A.1. 439 

The area of slag metal (Asm) interface was calculated by subtracting the cavity area from the 440 

geometrical area of the bath surface. For non-coalescence cavities, the area of slag-bulk metal 441 

interface can be expressed by the following equation: 442 

 𝐴𝑠𝑚 = 𝜋(𝐷𝑏24 − 𝑛𝑛 × 𝑟𝑐𝑎𝑣2 ) (36) 
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Here Db is the diameter of the bath surface (m), nn is the number of nozzles in the lance tip 443 

and rcav is the radius of the jet cavity (m). 444 

In this study, the effect of surface oscillation was neglected in the calculation of the 445 

interfacial area between slag and bulk metal. The instantaneous equilibrium between the 446 

reactants and products was assumed at each computational time step and the interfacial 447 

concentration was determined from the partition ratio correlations described for slag-metal 448 

drop interface Table 3. The temperature and the concentration of bulk metal instead of metal 449 

droplet were applied in evaluating the interfacial concentration at the slag-bulk metal phase 450 

boundary. 451 

1.4. Dynamic slag generation model 452 

The rate equations for C, Si, Mn and P described in Table 2 need the dynamic input of slag 453 

oxide compositions to evaluate the kinetic parameters such as interfacial concentration and 454 

residence time of metal drops in the emulsion phase.  A dynamic slag generation model was 455 

coupled with the multi-zone kinetic model for simultaneous estimation of slag and hot metal 456 

composition during the blow. Modeling of lime and dolomite dissolution was developed as a 457 

function of temperature, slag composition and stirring intensity as proposed by Dogan et 458 

al.
[55]

 The saturation concentration of CaO and MgO was calculated as a function of slag 459 

composition and temperature using Factsage 7.1
[56]

  thermodynamic package and were given 460 

as dynamic input to the model.  461 

1.4.1 FetO generation model 462 

The FetO generation model was developed by the method of oxygen balance inside the 463 

converter.
[7]

 It was assumed that every mole of oxygen injected into the converter consumed 464 

by the chemical reactions. The difference between the mass of oxygen input and the oxygen 465 

consumed by oxidation of Si, Mn, P, C and CO,  was used to calculate the oxygen available 466 
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for iron oxide formation in slag. The weight of oxygen injected into the furnace via top 467 

blowing and the oxygen contained in the iron ore was considered as model inputs. Oxygen 468 

consumption by C, Si, Mn, P and CO was evaluated from the kinetic models at each time 469 

step. Figure 4 shows the schematic of dynamic FetO calculation in slag by the method of 470 

oxygen balance. A fixed ratio of FeO/Fe2O3 = 0.3 was considered at the slag and hot metal 471 

phase boundary.
[57]

 The total iron oxide (%FetO) in slag, at a given time step, was estimated 472 

from the avilable oxygen (kg) and the slag weight. The weight of slag was calculated by 473 

adding individual oxide components in slag, generated from oxidation reactions and 474 

dissolved flux at each computational time step. 475 

 476 

Figure 4: Model for  FetO evolution during blowing period 477 

 478 

The oxygen mass balance equation for the calculation of iron oxide concentration in slag can 479 

be expressed by the following equation: 480 
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 0.01 × 1671.5 ×  𝑊𝑠𝑡 × 𝑑(%𝐹𝑒𝑂)𝑑𝑡  =   (𝑑𝑊𝑂2𝑑𝑡 + 48159.7 × 𝑑𝑊𝑜𝑟𝑒𝑑𝑡 ) − 0.01 × 1612  𝑊𝑚𝑡 × (1 − 𝑃𝐶𝑅) × 𝑑[%𝐶]𝑑𝑡 − 0.01 × 1612  𝑊𝑚𝑡 ×   𝑃𝐶𝑅 × 𝑑[%𝐶]𝑑𝑡 − 0.01 ×  3228  𝑊𝑚𝑡 × 𝑑[%𝑆𝑖]𝑑𝑡  −0.01 × 1655  𝑊𝑚𝑡 × 𝑑[%𝑀𝑛]𝑑𝑡 − 0.01 × 8062  𝑊𝑚𝑡 × 𝑑[%𝑃]𝑑𝑡 -0.01 × 𝑊𝑚𝑡 × 𝑑[%𝑂]𝑏𝑑𝑡  

(37) 

where WO2 is the weight of injected oxygen, Wore is the weight of ore and PCR denotes the 481 

post combustion ratio. W
t
m and W

t
s are the hot metal and slag weight respectively, expressed 482 

by Eq. 38 and 39. 483 

 𝑊𝑚𝑡 = 𝑊𝑚𝑡−Δ𝑡 − Δ𝑊𝑚,𝑟𝑒𝑓𝑡 + (𝑑𝑊𝑠𝑐𝑚𝑑𝑡 ) Δ𝑡 + 2𝑀𝐹𝑒𝑀𝐹𝑒2𝑂3 (𝑑𝑊𝑜𝑟𝑒𝑑𝑡 ) Δ𝑡 (38) 

 484 

 𝑊𝑠𝑡 = 𝑊𝑠𝑡−Δ𝑡 + Δ𝑊𝑀𝑂𝑥 + (𝑑𝑊𝐿𝑑𝑡 ) Δ𝑡 + (𝑑𝑊𝐷𝑑𝑡 ) Δ𝑡 (39) 

Where, Δ𝑊𝑚,𝑟𝑒𝑓𝑡  is the weight of refined hot metal, 
𝑑𝑊𝑠𝑐𝑚𝑑𝑡  is the scrap melting rate, 𝑀𝐹𝑒 and 485 𝑀𝐹𝑒2𝑂3 are the molar mass of iron and iron (III) oxide. In Eq. 39,  Δ𝑊𝑀𝑂𝑥 is the sum of all the 486 

oxide, 
𝑑𝑊𝐿𝑑𝑡  and 

𝑑𝑊𝐷𝑑𝑡  are the dissolution rate of lime and dolomite respectively. 487 

In the above calculation, it was assumed that the top gas contains 100% oxygen and the iron 488 

ore was considered to be pure hematite (Fe2O3). The dissolved oxygen concentration in the 489 

bulk metal has been calculated from the equilibrium value with the slag ((FeO) = [Fe] +[O]). 490 
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1.5. Post-combustion  491 

 492 

Figure 5: Post-combustion profile used for FetO generation model. PCR- (post-combustion 493 

ratio) 494 

As can be seen from Eq. 37, the estimation of wt pct FetO in the slag needs the quantitative 495 

information of how much oxygen consumed by CO to form CO2. It has been observed that 496 

the mechanism of post-combustion in the converter is complex, resulting from heterogeneous 497 

chemical reactions occurring in the unsteady state. The dynamic process variables like the 498 

change in lance height, scrap characteristics, oxygen flow rate and the height of slag foaming 499 

exert a substantial effect on the post-combustion ratio.
[58]

These variables change rapidly 500 

particularly during the initial stage of blowing. Due to the above complexity, a simplified 501 

approach was considered in order to investigate the effect of post-combustion on FetO 502 

evolution during the blowing process. Two profiles of post combustion ratio (PCR), based on 503 

the observed plant data were considered in the model calculations. In profile 1, a dynamic 504 

PCR profile in which the concentration CO was assumed to change linearly during 0 to 20% 505 
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and 80 to 100% of blowing time.
[59]

 In profile 2, a constant PCR value of 0.08 was taken 506 

throughout the blow. The two different PCR profile employed in the model calculations are 507 

illustrated in Fig. 5. 508 

2. Computation model development 509 

 510 

Figure 6: A three zone kinetic model for prediction of metal and slag composition during 511 

blowing period of a top/combined blowing steelmaking converter process 512 

For better representation of overall process model and interaction between various phases, the 513 

system has been divided into three reaction zones and several sub-models are developed to 514 

estimate the thermodynamic and kinetic parameters of refining reactions in each zone. Figure 515 

6 illustrates the schematic of the three reaction zones and the sub-models in each zone. The 516 

reaction zones are connected each other by material and heat flow. Metal and slag transfer 517 

takes place at jet impact and slag-bulk metal boundary whereas metal drops and slag transfer 518 

takes place between the emulsion and hot metal. The mass flows such as hot metal, scrap, and 519 

iron ore are given as input to the hot metal reaction zone. The dynamic parameters such as 520 

oxygen flow rate, lance height, bottom blowing rate, and flux addition were given as input to 521 
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the sub-models in each reaction zone. Each submodel is built separately and finally connected 522 

each other to simulate the overall process. For example, a droplet generation model was built 523 

separately and connected with micro-kinetic model for the droplet to estimate the total rate of 524 

refining in emulsion zone.  525 

2.1. Assumptions 526 

The following assumptions were taken during the formulations of the dynamic model. 527 

1. The reactions in the BOF were confined to three primary regions. The possibility of 528 

several other reactions such as between the refractory material and slag/metal, reverse 529 

emulsification (slag drops inside bulk metal) were ignored in this study. 530 

2. A heat balance model to calculate the temperature of metal and slag has not been 531 

included in this study. A linear temperature profile, which varies between 1623K 532 

(1350 °C) to 1923K (1650 °C) during the blowing period, was used for the calculation 533 

of hot metal temperature. The slag temperature was considered 100 °C higher than the 534 

hot metal temperature.
 [5]

 The authors are aware that a linear temperature profile is 535 

simplified assumption, may be ideally suited for the Cicutti’s heat data (measured 536 

bath temperature varies linearly during the blow). However, in real steelmaking 537 

practice, the type and amount of scrap or flux addition practice can have a significant 538 

impact on the thermal profile of hot metal, which need to be taken into account in the 539 

dynamic model. 540 

3. It was assumed that 30 ton of scrap had been melted entirely during first 7 minutes of 541 

the blow. A linear scrap dissolution rate, based on the model result by Dogan et al.
[5]

 542 

was used. The linear melting rate assumption may not be necessarily correct since the 543 

melting (and dissolution) of scrap proceeds with the formation of solidified pig iron 544 

layer on the top at the beginning period and it delays the melting process. In the 545 
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present work, a simplified assumption of rapid melting of the shell is considered to 546 

demonstrate the general principle of the multi-zone kinetic model in a BOF process. 547 

4. Iron ore was charged into the furnace during the initial stage of furnace operation. It 548 

was assumed that the dissolution of iron ore completes during the first 2 minutes of 549 

the blow. 550 

5. The lime and dolomite particles added into the furnace are assumed spherical having 551 

diameter 0.045 m and 0.03 m respectively. One ton of lime and 1.7 ton of dolomite 552 

were added before the start of the blow. The remaining amount of lime was added in a 553 

continuous interval within 7 minutes of the blow. The remaining dolomite was added 554 

7 min after the start of the blow. 555 

6. The droplets ejected from the melt were assumed as spherical in shape. The angle of 556 

inclination of the droplets is assumed 60° with respect to the bath surface. In a 557 

practical BOF operation, a small fraction of metal fragments are escaped from the 558 

mouth of the converter and some are caught by the jet and return to the melt phase. 559 

However, in the present model, it was assumed that all the droplets ejected from the 560 

melt participate in the reactions in the emulsion zone. The effect of bottom flow rate 561 

on droplet generation was ignored in this study. 562 

7. While discretizing the continuous process of droplet generation, it was assumed that 563 

all the droplets in a given time step Δt are ejected simultaneously at the start of each 564 

computational step.  565 

8. The motion of metal droplets in the emulsion is influenced by the density and 566 

viscosity of the slag-gas continuum. Ito and Fruehan reported that the gas volume 567 

fraction in the emulsion varies from 0.7 to 0.9. 
[60]

 The average value of 0.8 has been 568 

adopted in the model. 569 
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2.2. Computational strategy 570 

 571 

Figure 7: Algorithm for BOF dynamic model 572 
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The numerical program uses explicit finite difference method, which marches forward with 573 

time, solving for the bath and slag composition at next time step by using the input 574 

parameters calculated in the previous time step. The solution starts at the second time step 575 

based on the initial conditions, which were given as an input to the model. The computational 576 

platform uses a central model where the calculation of liquid metal concentration, slag 577 

composition, slag weight and hot metal weight takes place and several sub-models to evaluate 578 

the transient rate parameters. The central model has been connected in parallel with the sub-579 

models. 580 

Figure 7 demonstrates the flowchart of the computation program of the complete 581 

mathematical model. Initially, the value of the global parameters such as constants, properties 582 

of slag and metal (e.g., density, molecular weight) were given as input to the model. At the 583 

start of the program, the parameters such as slag compositions, metal chemistry, hot metal 584 

weight, slag weight, the temperature of metal and slag have been given as initial input to the 585 

computational program. 586 

The simulation starts after 2.2 minutes of the blow, as the data of slag and metal became 587 

available after this time. Once, the step size was selected, the dynamic process variables such 588 

as lance height, oxygen flow rate, bottom blowing flow rate were given as input to the model 589 

at each time step by predefined functions obtained from converter operation. The flux 590 

dissolution models compute the amount of lime and dolomite dissolved in slag at each time 591 

based on the dynamic flux addition inputs. The amount of droplet generated from the melt 592 

was calculated by the modified droplet generation sub-model and has been used to estimate 593 

the total refining by the emulsion zone. In the emulsion zone, a time step of 0.0001s was 594 

chosen to calculate the trajectory of metal drops. The rate of refining of hot metal from the 595 

different zones was computed at each time step. The overall rate of C, Si, Mn and P in the 596 
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previous time step was used to calculate the weight of iron oxide (WFeO) generated at each 597 

blowing time. The weight of slag evolution at each time step was evaluated by summing all 598 

the oxides of Si, Mn, P and Fe with the dissolved amount of flux. Once the weight of metal 599 

and slag are known, mass balance is performed to predict the wt pct of metal and slag 600 

composition at t+Δt. The calculation continues until the time reaches the total blowing time 601 

of BOF operation.  602 

2.3. Input data 603 

The initial input and the process parameters used for the model were taken from a 200-ton 604 

LD converter studied by Cicutti et al
.[45]

 Table 5 shows the complete list of parameters used 605 

to develop the model. The metal and slag sample in their work was collected from the mouth 606 

of the converter by use of a special sampling device. The initial value of slag and metal 607 

compositions were taken as the input to the model.  The measured slag and metal 608 

composition at different intervals of blowing time were used to validate of the model 609 

predictions. The blowing profiles (both top and bottom) employed in the converter operation 610 

were given as dynamic input to the model. The other parameters used for calculating the 611 

physicochemical properties of slag, metal and gas are listed in Table 5.   612 

2.4. Steady state solution 613 

To establish the optimal solution, a mathematical convergence analysis was performed for 614 

different iterative time steps. Numerical stability of the solution is reached when the solutions 615 

for various time steps are converged. Figure 8 shows the predicted value of carbon 616 

concentration in the bath as a function of blowing time for the different value of computation 617 

time. The time step (Δt) was varied from 0.5 to 10 second and the decarburisation profile was 618 

produced for each time step. As can be seen from Fig. 8,  when the time step becomes 619 

smaller, the solution for 0.5 and 1s was identical, which proves the computational accuracy of 620 

the computer program. To reduce the computational time, the time step of 1 s was selected in 621 
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the present model calculations. The total computation time for the dynamic slag and metal 622 

prediction for one blowing period using Matlab© 2016a on a Windows PC has Intel(R) 623 

Core(TM) i5-4570 CPU @3.20GHz with 8GB RAM is approximately 20 minutes. 624 

 625 

Figure 8: Model prediction of carbon concentration variation as a function of blowing time 626 

with different computational time steps 627 

3. Model validation and discussions 628 

3.1. Temperature at the reaction interfaces 629 

A thermal gradient can exist inside a BOF converter due to the formation of localized 630 

reaction zones. Numerous researchers attempted to measure the temperature at different 631 

zones of the converter.
[63, 64]

 Chiba et al.
[63]

 reported that the temperature of the hot spot 632 

jumps suddenly to 2273 K (2000 °C) at the beginning stage of the blowing, then fluctuates 633 
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between 2373 K (2100 °C) to 2773 K (2500 °C) during the main blow period and finally 634 

equals to the hot metal temperature. Rote and Flinn observed that the temperature difference 635 

between the top surface and bottom of the vessel varies between 200 and 400 K depending on 636 

the blowing type (soft or hard blowing).
[64]

  Since the temperature is an essential factor in the 637 

equilibrium partitioning of refining elements, the model calculations for interfacial 638 

temperature in different reaction zones were developed.  639 

In common with Chiba et al., it was assumed the temperature in the hot spot increases 640 

linearly from 2273 K (2000 °C) to 2573 K (2300 °C) during the first 25% of the blow. During 641 

the main blow, between 25 to 80 % of the blow, the temperature was maintained at a constant 642 

value of 2573 K (2300 °C). Finally, the temperature gradient between the hot spot and the 643 

liquid bath begins to disappear and hot spot temperature gradually decreases after 80% of the 644 

blow.
[65]

 Industrial measurements indicated that the temperature of slag is generally 20 to 100 645 

K hotter than the hot metal during the blowing period.
[66]

 The temperature difference between 646 

the metal and slag was reported to be high during the initial period and the gradient becomes 647 

smaller towards the end blow period. In the present work, for the sake of simplicity, the 648 

average temperature of the slag was assumed to be 100 K higher than the hot metal 649 

temperature.  650 
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 651 

Figure 9: Temperature change across various reaction interfaces inside the furnace during the 652 

blowing time 653 

The surface temperature of the moving droplets in the slag-metal emulsion was calculated by 654 

applying Eq. 33. The variation of temperature in different zones of the converter used in the 655 

model is shown in Fig. 9.  It was observed that the surface temperature of the droplets is 90 to 656 

200 K higher than the metal bath temperature. The temperature profile of droplet surface 657 

varies linearly with the blowing time during almost all the part of the blow. Toward the end 658 

of the blow, there is a decreasing trend observed which is due to a reduction in the hot spot 659 

temperature as a result of slowing down of the decarburization reaction. It should be 660 

acknowledged that the current procedure for estimation of interfacial temperature is based on 661 

several simple assumptions and no rigorous heat balance model was applied in the 662 

calculation. A dynamic heat balance model focusing the micro and macrokinetics of heat 663 

transfer in the recirculated metal drops in the emulsion, coupled with the present multi-zone 664 

model can provide a clear insight of reactions in a BOF process. 665 
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3.2. Kinetics of refining of droplet in the emulsion 666 

The model predictions of the compositional change of two classes of droplets having average 667 

diameter 6×10
-4

 m (0.6 mm)  and 9×10
-4

 m (0.9 mm) at 2.5
th

 minutes of blowing time are 668 

shown in Fig. 10. The reaction rate of Si, Mn and P in the droplet are found to be rapid and 669 

reaches the state of equilibrium within a few seconds in the emulsion. In the 0.6 mm droplets, 670 

the concentration of Si, Mn and P approaches its equilibrium value within 2 seconds. In 671 

contrast, the refining of C continues during the entire 27 seconds of residence in the emulsion 672 

phase. It was also observed that the refining rate of droplets, particularly decarburisation is a 673 

function of droplet size. The droplets in the lower region of size spectrum exhibit high 674 

efficiency of refining and make a greater contribution to the conversion process of Si, C, Mn 675 

and P during the reaction in the emulsion. About ~60% of decarburization was observed for 676 

0.6 mm droplet in contrast to ~18% when the droplet size was increased by 0.3 mm. The may 677 

be due to a shorter reaction time (~10 s) of 0.9 mm diameter droplet as compared to 0.6 mm 678 

droplets (~27 s). Here the extend of decarburisation reaction is limited by the time of reside 679 

of droplet in emulsion. The model prediction of the droplet refining kinetics has been found 680 

to be consistent with the observed refining of metal drops reported by IMPHOS pilot plant 681 

experiments.
[18]

 The measurements of droplet composition collected from the emulsion 682 

sample shows a high depletion of Mn, P and Si but the C concentration is more than 1 wt pct 683 

during the initial blowing period. The rapid removal rate of Si, Mn, and P during the opening 684 

stage of oxygen blow is thought to be the result of high thermodynamic driving force and 685 

large surface area created by small size metal drops in the emulsion. 686 
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 687 

Figure 10: Removal kinetics of C, Si, Mn and P of a single metal drop in emulsion (a) Initial 688 

droplet diameter = 6x10
-4

 m (b) Initial droplet diameter = 9x10
-4

 m 689 

3.3. Validation 690 

The variation of bath concentration was simulated by the three zone kinetic model with the 691 

dynamic change of process variables for a 200 ton LD-LBE converter. Figure 11 illustrates 692 

the simulated profile of C, Si, Mn and P as a function of blowing time for the predefined PCR 693 

profiles. As can be seen from the figure, the model predictions of bath composition with PCR 694 

profile 1 agree well with the measured solute concentrration during different intervals of the 695 

blowing period. It was observed that changing the post combustion ratio does not have much 696 

influence on the predictions of C and Si, albeit the reversion behaviour of Mn and P are 697 

highly influenced by post combustion ratio. This is most likely due to the strong dependence 698 

of the equilibrium concentration of Mn and P on the change of slag chemistry (slag FetO), 699 

which in turn is controlled by the amount of oxygen consumed in the process of post-700 

combustion reaction. 701 
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 702 

Figure 11: Model prediction of hot metal composition (wt pct) during the blowing period. (a) 703 

Carbon, (b) Silicon, (c) Manganese, (d) Phosphorus 704 

The model prediction of decarburization has been found to be in excellent agreement with the 705 

plant data. The three distinct region of decarburization profile, commonly observed in a BOF 706 

process, was distinguished in the model prediction. The Si refining predicted by the model 707 

was found to be consistent with the measured values. As reported in the previous publication, 708 

the refining of Si can be explained by a three-zone approach where a significant fraction of 709 

refining is observed to take place by the droplets mechanism.
[27]

 In the case of Mn removal, 710 

the high rate at the beginning of the blow, reversion during the middle of the blow and again 711 

increase in rate towards the end blow was captured by the model. It was observed that the 712 

oxidation and reversion of Mn from slag to metal is primarily caused by the droplet 713 

recirculation by the emulsion zone. The equilibrium concentration of Mn at the metal drop-714 

slag interface, which is strongly dependent on temperature and slag chemistry, was found to 715 
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be the deciding factors for reversion of Mn. The details about the mechanism of Mn refining 716 

and the role of different reaction zones on the rate will be discussed separately.
[21]

 The rate of 717 

P refining predicted by the model shows a similar oxidation and reversion behaviour as Mn. 718 

The reversion of P predicted by the model shows a similar behaviour as the actual process. 719 

However, a slow removal rate of P as compared to the actual process was noticed. The 720 

mismatch between the Mn and P predictions may be caused by the error in evaluation of rate 721 

parameters and estimation of equilibrium concentration at the metal drop and slag interface. 722 

An increase in slag-bulk metal interfacial area as a result of surface oscillation could be 723 

another reason for the deviation. Further experimental work of the reaction kinetic study of 724 

Fe-C-Si-Mn-P drops in steelmaking slag is essential to evaluate the kinetic parameters 725 

associated with the simultaneous oxidation/reduction reactions. 726 

The evolution of slag during the blowing process for the predefined two post-combustion 727 

profiles are illustrated in Fig. 12, and the results are compared with the measured slag data. 728 

As can be seen from the figure, the concentration of oxides in the slag is in consistency with 729 

the measured values in both the PCR profiles. However, it can be noticed that the level of 730 

FetO is sensitive to the oxygen consumed by post combustion reaction. The PCR profile 1 731 

where a dynamic post-combustion ratio was adopted has been found to produce better results 732 

for FetO prediction than a constant PCR. During the initial part of the blow, i.e. after one 733 

minute from the start of computation, the weight of FetO was found to increase with time. It 734 

might be due to the slow decarburization rate and FetO was not consumed entirely during the 735 

initial stage. After approximately 5 minutes of the start of the blow, the FetO percentage starts 736 

to decrease because the rapid rate of decarburization begins to take place and FetO was 737 

largely consumed by carbon. Until 10 min or so, FetO reaches the lowest value and after that, 738 

it increases due to decreasing in hot metal weight in the emulsion phase. This results in 739 

slowing down the FetO consumption rate by the droplets. A deviation of FetO between the 740 
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model and the measured value was observed during the end blow period. In the present 741 

calculation of FetO, when the impurity level reaches to the low level, virtually all the injected 742 

oxygen ends up in forming iron oxide and thus a sharp rise in slag iron oxide was observed. 743 

The kinetics of FetO formation with regard to saturation of FetO (the equilibrium driving 744 

force of FeO between the bulk and interface) in slag and the loss of Fe as dust was not 745 

considered in the present work. Also an inaccuracy in post combustion ratio may introduce 746 

some error in oxygen balance equation. The above factors may be responsible for the 747 

deviation observed in the simulated iron oxide profile, particularly during initial and end 748 

blow period. Due to the overestimation of FetO in the end blow period, the model prediction 749 

of slag weight and CaO concentration finds some deviation from the measured values. 750 

 751 

Figure 12: Evolution of slag composition (wt pct) during blowing period. (a) SiO2, (b) FetO, 752 

(c) MnO, (d) P2O5, (e) CaO, (f) MgO. 753 
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The evolution of hot metal weight and the slag during the blowing period for PCR 1 profile is 754 

shown in Fig. 13.  The change in the weight of the melt is calculated using the amount of 755 

scrap melted, the amount of droplet generated and fall back and the weight of metal loss by 756 

forming slag during time step Δt. It can be observed that the weight of the hot metal increases 757 

gradually due to the gradual melting of the scrap until 7 minutes of the blow. After this 758 

period, the bulk metal weight decreases till the end of blow due to oxidation loss of various 759 

impurities from the melt. Similarly, the weight of slag increases initially due to the 760 

dissolution of lime and dolomite continuously. The deviation of slag weight after 10 minutes 761 

of the blow is due to the overestimation of FetO calculated by the model. 762 

 763 

Figure 13: Variation of hot metal and slag weight during the blowing period as predicted by 764 

the model for PCR profile 1 765 

It should be acknowledged that the current study does not include the effect of bottom 766 

blowing on droplet generation. While there is evidence that bottom blowing affects the 767 
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droplet generation rate in a combined blowing converter, none of the predictive models yet 768 

incorporated the bottom blowing effect on the estimation of the droplet generation rate in 769 

oxygen steelmaking process. Due to unavailability of quantified models, the authors have 770 

ignored the effect of bottom blowing in the present work.   771 

4. Conclusions 772 

A three-zone kinetic model has been developed to predict the metal and slag compositions 773 

during the BOF process. The converter was divided into three reaction zones and kinetics of 774 

refining in each zone has been estimated by providing mathematical treatment to the 775 

physicochemical process occurring in different zones of the converter. The fundamental 776 

understanding of BOF process such as bloating and refining of metal droplets in the slag-777 

metal emulsion, the reaction taking place in the jet impact zone and slag-bulk metal region 778 

were successfully incorporated into the mathematical model. A FetO generation model was 779 

developed and coupled with the kinetic model for simultaneous prediction of slag and metal 780 

during the blowing process. The following conclusion can be made based on the present 781 

study. 782 

1. A multi-zone kinetic model can be useful to simulate the reactors where the reactions 783 

occur with multiple interfaces with transient rate parameters. In the BOF process, it is 784 

evident that the overall kinetics can be successfully simulated by a multiple zone 785 

reaction approach by use of time variant rate parameters as a function of process 786 

dynamics. 787 

2. The model predicts that the significant share of refining in a BOF process is caused by 788 

the recirculation of metal fragments through the emulsion zone. The number of metal 789 

droplets ejected, size and time of residence of droplets in the emulsion and the 790 

equilibrium concentration at the interface of the droplet are the primary factors that 791 
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decide the refining kinetics in the emulsion phase. The large thermodynamic driving 792 

force of droplets during the initial stage of blowing is responsible for high refining 793 

rate of Si, Mn and P. 794 

3. It is predicted that the reaction rates of Si, Mn and P refining in the droplet are fast 795 

and approaches equilibrium within a few seconds inside the emulsion. The oxidation 796 

rate of C is influenced by the initial droplet size. 797 

4. The metal drops in the lower region of size spectrum make a significant contribution 798 

to the conversion process in the emulsion zone.  799 

5. The formation of FetO in the slag is highly interlinked with the post combustion ratio. 800 

A dynamic post-combustion model, particularly during the early and end blow period 801 

is useful for accurate prediction of FetO evolution in slag. 802 

We recommend that experimental work on studying the detailed kinetics of the reactions of 803 

Fe-C-Si-Mn-P in an oxidising slag will provide greater knowledge of kinetics of steelmaking 804 

process. Future work on developing a heat balance model, focusing on evaluating the 805 

macroscopic heat transfer of recirculating metal drops and coupling with the present kinetic 806 

model can provide a detailed insight of the BOF reactions. 807 
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List of symbols and abbreviations 812 

A-Interfacial area (m
2
) 813 

Cjm – Concentration of j
th

 component in metal, j = Si, C, Mn and P (wt %) 814 

Cji – Concentration of j
th

 component on the reaction interface (wt %) 815 
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𝐶𝑗𝑑𝑟𝑒𝑡𝑢𝑟𝑛 – Concentration of j
th

 component of refining droplets (wt %) 816 

Cp,m – Heat capacity of bulk metal (J/kg) 817 

Cp,s – Heat capacity of slag (J/kg) 818 

dp – Diameter of the droplet (m) 819 

D– Diffusion coefficient of slag (m
2
/s) 820 𝐹𝐺,𝑇- Temperature corrected oxygen flow rate (Nm

3
/min) 821 

h- Height of the cavity (m) 822 

ka- Apparent rate constant (mole/m
2
.s.atm) 823 

kg- Gas phase mass transfer coefficient (mole/m
2
.s.atm) 824 

kd
em

- Overall mass transfer coefficient of droplet (m/s) 825 

kjm
d
- Mass transfer coefficient in metal side of droplet (m/s) 826 

ks
d
- Mass transfer coefficient in slag side of droplet (m/s) 827 

km
sm

- Overall mass transfer coefficient  at slag-bulk metal interface (m/s) 828 

km
gm

-  Mass transfer coefficient in the melt in jet impact area (m/s) 829 

Lh – Lance height (between lance tip and bath surface (m) 830 

md- Mass of a single droplet (kg) 831 

md,p- Average mass of droplets belongs to p
th

 size class (kg) 832 𝑚𝑑𝑟𝑒𝑡𝑢𝑟𝑛- Weight of a single droplet returns to the bath (kg) 833 

M – Molecular weight (g/mole) 834 𝑁𝑝𝑒𝑗𝑒𝑐𝑡,𝑡
 – Number of droplets of p

th
 class size ejects to the bath at blowing time t (-) 835 𝑁𝑝𝑟𝑒𝑡𝑢𝑟𝑛,𝑡

 – Number of droplets of p
th

 class size returns to the bath at blowing time t (-) 836 𝑁𝐵,𝑇- Modified blowing number (-) 837 

P
b

CO2
 –Partial pressure of CO2

 
(atm) 838 

P
b

O2
 –Partial pressure of O2

 
(atm)

 
839 

PCR- Post combustion ratio (-) 840 

Re- Reynolds number (-) 841 𝑅𝐵,𝑇- Droplet generation rate (kg/min) 842 

Sh - Sherwood number (-) 843 

Sc- Schmidt number (-) 844 

rc – Decarburization rate of the droplet (wt pct/s) 845 

rc
*
 – Critical decarburization for bloating (wt pct/s) 846 

rcav – Cavity radius (m) 847 

tc – Contact time between the metal droplet and slag (s) 848 

tres – Residence time of droplet in emulsion (s) 849 

Ts- Interface temperature at slag-metal (K) 850 𝑇∞- Temperature in the emulsion medium (K) 851 𝑇0- Initial temperature of the metal drop at the time of ejection (K) 852 

u – Velocity of the droplet (m/s) 853 

Vd- Volume of droplet (m
3
) 854 

Wc- Weight of carbon (kg) 855 

WCj- Weight of impurity (kg)] 856 

WD- Weight of dolomite (kg) 857 

Wd,p- Weight proportion of droplet belongs to p
th

 size class (kg) 858 

WL- Weight of lime (kg) 859 

Wm- Weight of hot metal, (kg) 860 Δ𝑊𝑚,𝑟𝑒𝑓𝑡 - Weight of refining hot metal in a numerical time step (kg) 861 Δ𝑊𝑀𝑂𝑥 – Sum of oxide mass in a numerical time step (kg) 862 

Ws- Weight of slag, (kg) 863 
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𝑊𝑗𝑚𝑒𝑗𝑒𝑐𝑡
- Weight of j

th
 element in the hot metal ejected to the emulsion (kg) 864 𝑊𝑗𝑚𝑟𝑒𝑡𝑢𝑟𝑛- Weight of j
th

 element in the hot metal return to the bath (kg) 865 𝑊𝑠𝑐𝑚  - Weight of the melted scrap (kg) 866 

 867 

Greek symbols 868 

ρd – Density of droplet (kg/m
3
) 869 

ρd,0 – Initial density of droplet (kg/m
3
) 870 𝜌𝑚  – Density of the bulk metal (kg/m
3
) 871 𝜌𝑠  – Density of slag (kg/m

3
) 872 𝜆𝑚- Thermal conductivity of liquid metal (W/mK) 873 𝜆𝑠- Thermal conductivity of slag (W/mK) 874 

 875 

Subscripts and Superscripts 876 

cav- Cavity 877 

d- droplet 878 

m- Hot metal 879 

P- Number of classes in the droplet size spectrum 880 

eq- Equilibrium 881 

hs- Hot spot 882 

iz- Impact zone 883 

em- Emulsion 884 

sm- Slag/metal 885 

gm- Gas/metal 886 

 887 
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Appendix: 999 

A.1. Mass transfer coefficient in hot metal and slag 

1000 

The mass transfer coefficient in the hot metal has been calculated by the following 1001 

relationship
 [23]

,  1002 

 

log km=1.98+0.5 log ( εH2

100L) - 
125000
2.3RT  

(A1) 

 

where km is the mass transfer coefficient in metal phase (cm/s), ε is the stirring energy (W/t), 1003 

H and L are the bath depth (cm) and diameter of the furnace respectively and T is the 1004 

temperature in the impact zone (K). The total stirring energy was calculated by using the 1005 

combined effect of the top and bottom gas injection in the BOF.
 [67] 

1006 

The slag phase mass transfer coefficient was given by:
 [7]

 1007 
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 𝑘𝑠 =  𝑎 exp (− 37000𝑅𝑇 ) . 𝜀𝑏 (A2) 

Where ks is the mass transfer coefficient in slag phase (cm/s), R: gas constant (J.mol
-1

K
-1

),  a 1008 

and b are the empirical parameters, assumed to be 1.7 and 0.25 respectively.
[7]

 1009 

A.2. Calculation of cavity height and radius: 1010 

The height and radius of the individual cavity formed by the top jet can be expressed 1011 

as: 1012 ℎ = 4.469 𝑀̇ℎ0.66𝐿ℎ#(𝐴3)  1013 𝑟𝑐𝑎𝑣 = 0.5 × 2.813𝐿ℎ𝑀̇𝑑0.282#(𝐴4)  

Where Lh is the lance height (m) and the dimensionless momentum flow rate  and is 1014 

defined as: 1015 

 1016 

𝑀̇ℎ = 𝑚𝑛̇ cos(𝑛𝑎𝑛𝑔𝑙𝑒)𝜌𝑚𝑔𝐿ℎ3 #(𝐴5)  

𝑀𝑑̇ = 𝑚𝑡̇ (1+sin(𝑛𝑎𝑛𝑔𝑙𝑒))𝑔𝜌𝑚𝐿ℎ3 #(𝐴6)   1017 

Where 𝑚̇𝑛  is the momentum flow rate of the each nozzle, which is related to the total 1018 

meomentum flow rate, 𝑚̇𝑡 by the following equations: 1019 

𝑚𝑛̇ = 𝑚𝑡̇𝑛𝑛 #(𝐴7)  

Total momentum flow rate: 1020 

𝑚𝑡̇ = 0.7854 × 105 × 𝑛𝑛 × 𝑑𝑡ℎ2 × 𝑃𝑎 (1.27𝑃0𝑃𝑎 − 1) #(𝐴8)  

Where, nn is the number of nozzles in the lance tip, nangle is the nozzle angle (rad), dth is the 1021 

throat diameter of the lance (m), P0 is the top supply pressure (Pa) and Pa is the ambient 1022 

pressure (Pa).  1023 

A.3. Calculation of equilibrium distribution ratios 

1024 
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Silicon distribution ratio
[42]

: 

1025 

 𝐿𝑆𝑖 = {1 − (%𝐹𝑒𝑂)40 , (%𝐹𝑒𝑂) ≤ 400, %𝐹𝑒𝑂) > 40  (A9) 

Manganese distribution ratio: 
[43]

 

1026 

 log 𝑘′𝑀𝑛 = −0.0180[(𝑤𝑡 𝑝𝑐𝑡 𝐶𝑎𝑂) + 0.23(𝑤𝑡 𝑝𝑐𝑡 𝑀𝑔𝑂)+ 0.28(𝑤𝑡 𝑝𝑐𝑡 𝐹𝑒𝑡𝑂) − 0.98(𝑤𝑡 𝑝𝑐𝑡 𝑆𝑖𝑂2)− 0.08(𝑤𝑡 𝑝𝑐𝑡 𝑃2𝑂5)] + 7300𝑇 − 2.697 
(A10) 

Where the apparent equilibrium constant 𝑘𝑀𝑛′  is defined as: 1027 

 𝑘𝑀𝑛′ = (𝑤𝑡 𝑝𝑐𝑡 𝑀𝑛𝑂)(𝑤𝑡 𝑝𝑐𝑡 𝑇.𝐹𝑒)×[𝑤𝑡 𝑝𝑐𝑡 𝑀𝑛] = 
𝐿𝑀𝑛× 𝑀𝑀𝑛𝑀𝑀𝑛𝑂(𝑤𝑡 𝑝𝑐𝑡 𝑇.𝐹𝑒) (A11) 

T.Fe- total Fe and MMn and MMnO are the molar mass (g/mol) of Mn and MnO respectively. 1028 

Phosphorus distribution ratio: 

1029 

The phosphorus equilibrium distriburtion ratio at the slag-metal interface can be written as
[68]

: 1030 

 𝐿𝑝 = 𝐾𝑝𝑓𝑝ℎ𝑜2.5𝐶𝛾𝑃𝑂2.5  (A12) 

Where, Kp is the equilibrium constant, fp is the activity coefficient of P, ho is the heneraian 1031 

activity of oxygen, C is the conversion factor which related (%P) with the mole fraction of 1032 

PO2.5 and γp2o5 is the activity coefficient of PO2.5 1033 

The equilibrium constant for the phosphorus oxidation reaction can be expressed as
[63]

: 1034 

 log(𝐾𝑝) = 17060𝑇 − 8.51 (A13) 

Here, ho is the henerian activity of oxygen, determined by assuming FeO-O equilibrium. 1035 
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 ℎ𝑜 = 𝛾𝐹𝑒𝑂𝑋𝐹𝑒𝑂𝐾𝐹 (A14) 

KF is the equilibrium constant for reaction [Fe] +[O] = (FeO), ΔGo
 = -128090+57.99 T.

[63]
 1036 

γFeo and γp2o5 are the activity coefficient of FeO and PO2.5, determined by Regular solution 1037 

model proposed by Ban-Ya.
[40]

 Henerian activity coefficient fp was determined by employing 1038 

the first order interaction parameter.log(𝑓𝑝) = 𝑒𝑝𝑝[%𝑃] + 𝑒𝑝𝑐  [%𝐶] 1039 

Where 𝑒𝑝𝑝 = 0.063 and 𝑒𝑝𝑐 =0.19.
[7]

 1040 

 

1041 

 

1042 

 

1043 

Caption List 

1044 

Figure Captions 1045 

Figure 1: Schematic representation of reactions in BOF converter 1046 

Figure 2: Schematic representation of the refining mechanism in the emulsion zone 1047 

Figure 3: Proposed refining mechanism of metal droplets in the slag-metal emulsion 1048 

Figure 4: Model for FetO evolution during blowing period 1049 

Figure 5: Post-combustion profile used for FetO generation model. PCR- (post-combustion 1050 

ratio) 1051 

Figure 6: A three zone kinetic model for prediction of metal and slag composition during 1052 

blowing period of a top/combined blowing steelmaking converter process 1053 

Figure 7: Algorithm for BOF dynamic model 1054 

Figure 8: Model prediction of carbon concentration variation as a function of blowing time 1055 

with different computational time steps 1056 

Figure 9: Temperature change across various reaction interfaces inside the furnace during the 1057 

blowing time 1058 
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Figure 10: Removal kinetics of C, Si, Mn and P of a single metal drop in emulsion (a) Initial 1059 

droplet diameter = 6×10
-4

 m (b) Initial droplet diameter = 9× 10
-4

 m 1060 

Figure 11: Model prediction of hot metal composition (wt pct) during the blowing period. (a) 1061 

Carbon, (b) Silicon, (c) Manganese, (d) Phosphorus 1062 

Figure 12: Evolution of slag composition (wt pct) during blowing period. (a) SiO2, (b) FetO, 1063 

(c) MnO, (d) P2O5, (e) CaO, (f) MgO. 1064 

Figure 13: Variation of hot metal and slag weight during the blowing period as predicted by 1065 

the model for PCR profile 1 1066 

 1067 

 1068 

 1069 

 1070 

 1071 

List of Tables: 1072 

Table 1: Impurities removed in different zones of a BOF converter 1073 

Reaction zone Impurities removed 

Jet impact (hot spot) C, Si, Mn 

Slag-bulk metal C, Si, Mn, and P 

Slag-metal emulsion C, Si, Mn and P 

 1074 

 1075 

Table 2: Rate equations in three different zones of the converter 1076 

Reaction zone Rate equations Model parameters  

Jet impact 

zone  

(gas-metal) 

𝑑(𝑊𝑚𝐶𝑗𝑚)𝑑𝑡 |𝑖𝑧 = −𝐴𝑖𝑧𝑘𝑚𝑔𝑚𝜌𝑚( 𝐶𝑗𝑚 − 𝐶𝑗𝑖𝑔𝑚)   (1) 

j = Si, Mn, P and C ≤ 0.3 wt pct. 
For C oxidation, C > 0.3 wt pct: (𝑑𝑊𝑐𝑑𝑡 )𝑖𝑧 =  (𝑑𝑊𝑐𝑑𝑡 )𝐶𝑂2  𝑖𝑧 + (𝑑𝑊𝑐𝑑𝑡 )𝑂2  𝑖𝑧           (2) (𝑑𝑊𝑐𝑑𝑡 )𝐶𝑂2  𝑖𝑧 =  −100 × 𝑀𝐶𝐴𝑖𝑧𝑘𝑎𝑃𝐶𝑂2 𝑏              (3) 

Jet impact area – Aiz , 

gas/metal interface concentration- 𝐶𝑗𝑖𝑔𝑚
, mass transfer coefficients -𝑘𝑚𝑔𝑚
, 𝑘𝑔, 𝑘𝑎 
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(𝑑𝑊𝑐𝑑𝑡 )𝑂2  𝑖𝑧 =  −200 × 𝑀𝐶𝐴𝑖𝑧𝑘𝑔(1 +  𝑃𝑂2 𝑏 )     (4) 

Slag-bulk 

metal  

(slag-metal) 

 𝑑(𝑊𝑚𝐶𝑗𝑚)𝑑𝑡 |𝑠𝑚 = −𝐴𝑠𝑚𝑘𝑚𝑠𝑚𝜌𝑚( 𝐶𝑗𝑚 − 𝐶𝑗𝑖𝑠𝑚)     (5) 

Slag-bulk metal area – Asm
 
, 

slag/metal interfacial 

concentration- 𝐶𝑗𝑖𝑠𝑚, mass transfer 

coefficient -𝑘𝑚𝑠𝑚 

Slag-metal 

emulsion 

(slag-metal 

drops) 

Rate of mass transfer between metal drops and slag: 𝑑(𝑚𝑑𝐶𝑗𝑑)𝑑𝑡 |𝑒𝑚 = − 𝐴𝑑𝑘𝑑𝑒𝑚𝜌𝑚( 𝐶𝑗𝑑 − 𝐶𝑗𝑖𝑒𝑚)       (6) 

  Rate of refining of bulk metal by emulsion: 𝑑(𝑊𝑚𝐶𝑗𝑚)𝑑𝑡 |𝑒𝑚 = − 𝑊𝑗𝑚𝑒𝑗𝑒𝑐𝑡,𝑡−𝑊𝑗𝑚𝑟𝑒𝑡𝑢𝑟𝑛,𝑡Δ𝑡                    (7) 

𝑊𝑗𝑚𝑒𝑗𝑒𝑐𝑡,𝑡 = (∑ (𝑅𝐵,𝑇)𝑝 × Δ𝑡𝑃𝑝=1 ) × 𝐶𝑗𝑚𝑡100              (8) 

𝑊𝑗𝑚𝑟𝑒𝑡𝑢𝑟𝑛,𝑡 =   ∑ 𝑁𝑟𝑒𝑡𝑢𝑟𝑛,𝑡𝑃𝑝=1 𝑝 × (𝐶𝑗𝑑𝑟𝑒𝑡𝑢𝑟𝑛,𝑡𝑚𝑑𝑟𝑒𝑡𝑢𝑟𝑛,𝑡)𝑝100  (9) 

  𝑁𝑝𝑟𝑒𝑡𝑢𝑟𝑛,𝑡 = 𝑁𝑝𝑒𝑗𝑒𝑐𝑡,𝑡−𝑡𝑟𝑒𝑠 = 𝑊𝑑,𝑝𝑡−𝑡𝑟𝑒𝑠𝑚̅𝑑,𝑝  (10) 

Interfacial area of droplet− 𝐴𝑑, 

residence time of drops in 

emulsion- tres, mass transfer 

coefficient−𝑘𝑑𝑒𝑚, droplet 

generation rate- 𝑅𝐵,𝑇 ,metal 

droplet concentration- 𝐶𝑗𝑑  

interfacial concentration at metal 

drop/slag interface-𝐶𝑗𝑖𝑒𝑚, 𝑚̅𝑑,𝑝-

average droplet mass of size class 

p 

 

(p – droplet size class, P -total 

number of classes in the droplet 

size spectrum; Please refer section 

1.2.1.5) 

 

Table 3: Estimation of interfacial concentration at slag-metal interface 1077 

Reactions Interface concentration 

at slag/metal phase 

boundary 

Method 

Carbon [𝐶] + (𝐹𝑒𝑂) = {𝐶𝑂} + [𝐹𝑒] [%𝐶]𝑒𝑞= 𝑃𝐶𝑂 × 𝑎𝐹𝑒𝑓𝑐 × 𝑎𝐹𝑒𝑂 × 𝐾𝑐 

PCO- 1.5×10
5
 Pa, aFe = 1,  

fc- empirical correlation
[25]

, aFeO- 

Regular solution model
[39]

, 

Equilibrium constant: 

log(𝐾𝑐) = 5.096 − 5730𝑇𝑚  

Silicon [𝑆𝑖] + (𝐹𝑒𝑂) = (𝑆𝑖𝑂2)+ [𝐹𝑒] 
[%𝑆𝑖]𝑖 =  𝐿𝑆𝑖∗ × [%𝑆𝑖] 𝐿𝑆𝑖∗ − Narita et al.

[41]
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Manganese [𝑀𝑛] + (𝐹𝑒𝑂) = (𝑀𝑛𝑂)+ [𝐹𝑒] 
[%𝑀𝑛]𝑖 = (%𝑀𝑛)𝐿𝑀𝑛  

LMn- Suito et al.
[42]

  

Phosphorus 2[𝑃] + 5(𝐹𝑒𝑂)= (𝑃2𝑂5)+ 5[𝐹𝑒] 
[%𝑃]𝑖 = (%𝑃)𝐿𝑝  

𝐿𝑝-Regular solution model
[39]

 

 1078 

Table 4: Thermal properties of steel and slag used in the model for the calculation of surface 1079 

temperature of metal droplet 1080 

 Steel Slag 

FeO SiO2 CaO MnO 

Heat capacity (J/kg 

K)
[52]

 

821 947            1429.5          928            854.5 

Thermal conductivity 

(W/mK) 

40
[53]

 1.7
[54]

 

 1081 

Table 5: Model input parameters 1082 

Input parameters Value 

Initial hot metal composition  

(Blowing time = 2.2 min) 

170000 kg, wt pct C= 3.86, wt pct Si = 0.19,  

wt pct Mn = 0.29, wt pct P = 0.065 

Scrap composition  30000 kg, wt pct C = 0.08, wt pct Si = 0.001,  

wt pct Mn = 0.52 

Hot metal temperature  1623- 1923 K (1350- 1650 °C) 

Initial slag composition and 

weight 

Initial slag weight at 2.2 min = 5200 kg, total lime added = 

7600 kg, Iron ore = 1900 kg, Quartzite = 800 kg  

Slag composition : wt pct CaO = 27, wt pct FeO = 33, wt pct 

SiO2 = 17, wt pct MnO = 13.5, wt pct MgO = 5, wt pct P2O5= 

3.5 

Oxygen blow 620 Nm
3
/min, six hole lance 

Bottom blow (Ar/N2) 2.5 – 8.33 m
3
/min 

Lance height 2.5, 2.2, 1.8 m 
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Steel density 7000 kg/m
3
 

Slag density  Partial molar volume method 
[61]

 

Surface tension of steel 1.7 N/m 

Viscosity of slag  Modified Urbain model 
[62]

 

Diffusion coefficient in 

metal phase at 1873K (1600 

°C) 

C- 2.0 × 10
-9

 m
2
/s , Si – 3.8× 10

-9
 m

2
/s, Mn – 3.7× 10

-9
 m

2
/s,  

P-4.7× 10
-9

 m
2
/s 

Gas fraction in emulsion 0.8 

Diameter of initial droplets 0.00023 - 0.00335 m, 10 classes  

Angle of droplet ejection  60 degree 

 1083 


