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Abstract

In modern steelmaking, the decarburisation of hot metal is converted into steel primarily in
converter processes, such as the basic oxygen furnace (BOF). The objective of this work was to
develop a new mathematical model for top blown steel converter, which accounts for the complex
reaction equilibria in the impact zone, also known as the hot spot, as well as the associated mass and
heat transport. An in-house computer code of the model has been developed in Matlab. The main
assumption of the model is that all the reactions take place in a specified reaction zone. The mass
transfer between the reaction volume, bulk slag and metal determine the reaction rates for the
species. The thermodynamic equilibrium is calculated using the partitioning of Gibbs energy (PGE)
method. The activity model for the liquid metal is the unified interaction parameter (UIP) model
and for the liquid slag the modified quasichemical model (MQM). The MQM was validated by
calculating iso-activity lines for the liquid slag components. The PGE method together with the
MQM was validated by calculating liquidus lines for solid components. The results were compared
with measurements from literature. The full chemical reaction model was validated by comparing
the metal and slag compositions to measurements from industrial scale converter. The predictions
were found to be in good agreement with the measured values. Furthermore, the accuracy of the
model was found to compare favourably with the models proposed in the literature. The real time

capability of the proposed model was confirmed in test calculations.

Keywords: steelmaking, basic oxygen furnace, mathematical modelling, thermodynamic

equilibrium.
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1 Introduction

In modern steelmaking, the decarburisation of hot metal is converted into steel primarily in
converter processes, such as the basic oxygen furnace (BOF). The BOF process is characterised by
a high oxygen supply rate through a supersonic top lance and by the resulting high rate of
decarburisation. The most common type of such processes is the Linz-Donawitz converter, i.e. the
Basic Oxygen Furnace, and its numerous variants. During the BOF process, the carbon content of
the metal bath decreases from approximately 4-4.5 wt-% to 0.02-1 wt-%, depending on the final
carbon target, while the temperature of the metal bath increases from 1473-1573 K (1200-1300 °C)

to 1873-1973 K (1600-1700 °C) due to exothermic oxidation reactions.*’

1.1 Dynamics of the BOF process

The interaction of the gas jet with metal bath is a complex phenomenon® 3. The momentum of the
gas jet induces a cavity, which is in continuous oscillating motion. The quasi-steady state geometry
of the cavity surface can be described as a paraboloid of revolution.* The behaviour of the cavity
can be categorised into dimpling, splashing and penetrating modes.® If the shear force at the
interface becomes sufficiently large, metal droplets are detached from the edges of the cavity. For a
given cavity mode, the amount of metal droplets generated increases as a function of the so-called
blowing number, a dimensionless property which describes the ratio of gas jet inertia to surface
tension forces of the metal bath. © The size distribution of the metal droplets can be described using
the Rosin-Rammler-Sperling distribution.” ® Through their vast interfacial area, the metal droplets

play an important role in the decarburisation® and dephosphorisation™® reactions.

A large body of experimental literature®**2!31415 has heen dedicated to the kinetics of the BOF
process. With the help of the knowledge obtained, a considerable progress has been made in the

mathematical description of individual aspects of the process. Nowadays, the greatly increased

I16,17,18,19,20,21,22,23,24,25,26

computational resources permit both detailed mathematica and data-driven
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models?"?293%3L The former type of models aim to account for all the dominating mechanisms and
phenomena and to provide insight on the dynamics of the process, while the latter type of models

aim to provide accurate predictions based on statistical analysis of measurement information.

The main aspects to be covered by the mathematical models are the dynamics of decarburization
reaction and the accompanying oxidation reactions of species in the metal bath and their effect on
the evolution of the composition and temperature of the metal and slag phases. The dynamics of
decarburization in the BOF process are characterized by three distinctive periods: “start”, “linear
decline” and “phasing out”.**'3 In the early part of refining, most of the oxygen injected is
consumed for oxidation of minor elements, such as Si, Mn, P, Ti and V, and therefore the
decarburization rate is low.****%%" |n the subsequent period the carbon content decreases linearly
and the decarburization rate is controlled by oxygen supply.**** When a critical value of carbon
content reached, the mass transfer of dissolved carbon becomes the rate-limiting step and the
decarburisation rate starts to decrease linearly as a function of the carbon content.**** Because
carbon is no longer able to reduce all the FeO formed, the FeO content of the slag starts to increase

192533343631 A characteristic feature of the dynamics of the BOF process is the partial

rapidly.
reduction of oxidized P and Mn back to the metal bath during the period of “linear decline” and

subsequent oxidation in the period of “phasing out”.**#33%3" The description of the dynamics of

the process is complicated further by melting of scrap and dissolution of slag formers.

1.2 Mathematical modelling of the BOF process

Mathematical models, which are the primary interest of this work, are indispensable in designing of
new production and operating practices without a priori experimental data. Dynamic mathematical
models can be divided loosely into two main categories: reaction interface models and reaction
volume models. The reaction interface models make use of the boundary layer approach and assume

that the overall reaction rates are controlled by the mass transfer resistance in the diffusion
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boundary layers. For example, in the case of a non-emulsified system with permanent phase

contact, the rate expression of species i then expressed according to a first-order scheme:

dmi
dt

= —hyAp(y; — ¥{), 1)

where y denotes the mass fraction, hy is the mass transfer coefficient, A is the interfacial area, p is
the density volume, and y* is the interfacial mass fraction. While the reaction interface models offer
interesting information on the microkinetic behavior of reaction systems, the main difficulty
associated with such models is the very definition of the reaction interfaces and mass transport
coefficients that govern the overall rate. Further complexity is induced by the treatment of parallel
mass transfer limited reactions; an exhaustive discussion on the available approaches has been
presented in earlier work®. Numerous examples on the application of the reaction interface

approach for modelling of the BOF process are available in the literature®®!71819.2021,22.2324,25.26

The reaction volume models, on the other hand, focus on mass exchange between passive bulk
volumes and active reaction volumes, which are assumed to reach their thermodynamic equilibrium
composition at every instant. The rate expression corresponding to Eg. 1 can be expressed as

follows:

dml-
dt

= —MinYiin T MjoutYiout » (2)

where m;, and m,,,; denote the mass fluxes into and from the reaction volume, respectively. The
reaction equilibrium model approach is in many ways analogous to the control volume methods
employed in computational fluid dynamics. On the other hand, the reaction equilibrium approach is

naturally compatible with computational thermodynamics software. So far, there have already been
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successful attempts®*4°

to couple computational fluid dynamics with thermodynamic software in
the context of basic oxygen steelmaking. A practical limitation of such models, however, is their
relatively high computational expense, even in the case of a pre-calculated or time-averaged fluid

flow field. Therefore, more research is required in order to derive models, which provide detailed

information, but are sufficiently fast for industrial applications.

1.3 Objectives of this work

42 and bottom stirring® in

In earlier work, mathematical models were developed for scrap melting
the BOF process. The objective of this work was to develop a detailed mathematical model, which
accounts for the complex reaction equilibria in the impact zone, also known as the hot spot, as well
as the associated mass and heat transport. Because of the complicated phenomena present in the
process, it is important to validate the different areas of physics separately so that the final model
could be as reliable as possible. The aim of this model is to achieve real time calculation of the
actual process using a desktop computer. In this work, a chemical reaction part of the process model
is developed and validated using plant data from an industrial scale BOF converter. The chemical
reactions are modeled using in-house program for the determination of thermodynamic equilibrium.
A program code was developed during this work in Matlab for the full chemical reaction model.
The thermodynamic equilibrium is calculated for the reaction zone and for the bulk slag phase.
Mass transfer from the bulk phases determines the reaction zone mass and volume. The novelty of
the model lies in the fast, yet detailed calculation of reaction equilibria in the BOF process. The
thermodynamic equilibrium method provides the possibility of predicting the solidification of

components in the slag and it also automatically takes into account simultaneous reactions taking

place in the converter.
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2  Algorithm for Gibbs Energy Minimization

An in-house Matlab code was developed for the computation of the thermodynamic equilibrium in
this work. The algorithm used for Gibbs energy minimization is the Partitioning of Gibbs energy
(PGE) method***. The starting point for the method is the definition of the chemical potentials of
all species and phases by the chemical potentials of the system components. The Gibbs free energy
is then divided among the system components in a way that progressively reduces the residuals of
the mass balance equations. A brief description of the method is provided in the following. The

integral Gibbs free energy of a multicomponent multiphase system G is expressed by

G L Ny K
RT Z n Z Xi() Ui T Z Ny U, 3)
=1 i=1 k=1

where R is the universal gas constant, T is the absolute temperature, L is the number of solution
phases, K is the number of pure phases and N, is the number of constituents in a phase [. The

number of moles and the molar fraction of component i in phase [ are denoted by n; and x;(;),

respectively. The dimensionless chemical potentials of a constituent i in a solution phase [ and pure
phase k are p; and p;, respectively. The dimensionless chemical potential of a pure phase in a

standard state is 9;(1)- The dimensionless chemical potential of an ideal phase is

A o
Wi=pr=giot In(x;p)), (4)

where the second term on the right hand side is the dimensionless entropy of ideal mixing and f; is
the dimensional chemical potential. To account for the non-ideal behaviour of species the excess

Gibbs energy gf’(’j) is added to the chemical potential:

H

M= oo = g:(z) +1In(x;q)) + Jitty (%)

The thermodynamic equilibrium must be subjected to the mass balance constraints
Ny K

L
b] =Zn12xi@ aij+2nkakj, (6)

=1 =1 k=1
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where a;; and a, ; are stoichiometry matrices containing the coefficients for the species and system

components j. The sum of mole fractions of all constituents in a solution phase [ is

Ny

X, = Z Xi(1)» (7)

i=1
which at convergence must be equal to one. The thermodynamic equilibrium must also be subjected
to the Gibbs phase rule

F=C-®+2, (8)
where F is the number of degrees of freedom, C is the number of components and ® = (L + K), is
the number of phases. In the chemical reaction model during time-integration pressure and
temperature have a singular value at each time step. This means that for every converged result at
every time-step the computed thermodynamic equilibrium is considered as isothermal and isobaric
system. The Gibbs phase rule is then

F=C—-9, 9)

which means that the number of stable phases cannot exceed the number of components. The final
condition for equilibrium is that global minimum has been found for the system Gibbs energy. In

other words the chemical potentials of the system components I; multiplied by the stoichiometric
coefficients a;; and summed together must equal the constituent chemical potentials:
Hi = Z a;;l;. (10)
j=1

In the PGE method Eqgs. (5) and (10) are set to be equal. Then the mole fractions are solved
according to

Xi(1) = €Xp a;iTy = iy = 950 | (11)

j=1

and they are substituted into the mass balances



Ny

L (o K

b; = Z n Z exp Z ayTy — giy — 956 | @i + Z Ny Ay, (12)
=1 i=1 j=1 k=1

171 which are now dependent on the component potentials I;. The system of equations to be solved

172 consists of Egs. (7), (10) and (12). These equations are solved using Newton-Raphson method and

173  thus they are reorganized to be equal to zero:

L Ny c K
fo = 2 nfz exp Z ayl; = giwy — 90 | tiw + Z My Gy = by =0,
=1 =1 j=1 k=1
Ny C
h = Z exp Z a;l; = gy — 95y | = 1=0, (13)
i=1 j=1
Cc Cc
P =Zak11} — Hi =Zak1FJ ~ 9k =0,
Jj=1 j=1

174  The h; equations cover the solution phases and the g, equations the pure phases, hence p, = gp.
175  The number of equations in the system is C + L + K. When Newton-Raphson is applied, the system
176  of non-linear equations becomes

Jd iy F,
XJ = _ X] = —r

0x; 14)
Fi = (fll"'!fC! hl)""hL' CI1;"‘,CIK),

dx; = (dFl, -, dlg,dng, -+, dnj, dnf, e dnﬁ),
177  where ] is the Jacobian matrix, while superscripts p and s denote pure and solution, respectively.

178  The Jacobian matrix

of, of, o (
af; on} onf |

L N; N;
Z n; Z A;jAiyXi(1) Z AipXi) akj\l

ahl ahl 0hl =1 Nilzl i=1 .
J=10n anf on? |T W)

dq, 0dq, 0q Z dij*im 0 0

k k k —

ar; onj onk A 0 0

179  is symmetric. The system is solved for dx; and the solution is updated

x/*t = x} + adyx;, (16)

180  where a is an under-relaxation factor. The problem is determined by the mass constraints b; and
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temperature. In the current algorithm in this work the problem is scaled as follows:

b= (17)
T Xk b

which means the sum of b; always equals one. The factor a is chosen such that the maximal change
for phase mole amount in single iteration can be only 10% of the maximal value that the phase can

contain. Factors for all phases are calculated from

0.1n/"%*
aj = m1n< dn, 1), (18)

and the smallest factor is chosen from a; for all variables in Eq. (16). n"®* is calculated by
assuming all possible components in b; are in the particular phase. This is an estimate for the

maximal molar amount for the particular phase. The PGE method requires good initial values at the

start of the iterations; these can be generated using the Leveling and Post-Leveling methods*®.

During the course of iterations, a phase can have a negative molar amount. At convergence this
means that the phase is unstable and should be removed from the stable phase collection. A pure

phase is added to the phase collection if its driving force

c
D=g;~ Z a;;ly, (19)
=

is negative. A solution phase is added to the collection if the sum of hypothetical molar amounts of

the phase [ is equal or greater than one:

N; N Cc
X, = Z Xy = Z exp Z ayT; — giy = 90 |» (0)
i=1 i=1 Jj=1

In the current model, only one phase can be removed or added at the same time. For the current
problem, this approach satisfies the Gibbs phase rule automatically. If more phases are added or

removed simultaneously, the stability of the PGE algorithm weakens.

Since the sum of the mole fractions of the solution phases can be far from unity during iterations,

10
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the update of the excess Gibbs energies for the non-ideal phases is not conducted in every iteration.
As a rule, the excess Gibbs energies are calculated only if the sum of the mole fractions is less than
1.001. This is important especially in the case of the quasichemical activity model, which assumes
that the sum of the molar fractions is equal to one. When new values g;;, for excess Gibbs free
energies are calculated, the values used in the PGE algorithm are updated with

giay = giny + (i — 9iw); (21)
where the update is under-relaxed. This type of under-relaxation is important to achieve stability

and convergence for PGE.

11
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3 Activity Models

The steel converter application contains two non-ideal phases. These are the slag and the steel
phases. The activity model for the steel phase is the unified interaction parameter (UIP)
formalism*’. The modified quasichemical model (MQM) was applied to calculate activities of slag

components.

3.1 Activity of species in the metal phase

In the UIP formalism, the temperature dependent molar first-order parameters from Sigworth* are

used unless otherwise mentioned. The excess Gibbs energy can be calculated for element i from

iLT = In(y) = ln(y:) + In(¥solvent) + Zj &;jX; = giSl + In(¥solvent) + Zj & Xj, (22)
where ¢ denote the molar first-order interaction parameters. Here, the solvent is iron and the sum

term loops over every element except iron. The solvent activity coefficient can be calculated from

1
m(¥sotvent) = — EZ z Sijij . (23)
ko j

For the oxygen interaction parameter &, , a fit was made to match the activity model of Miettinen®.

The interaction parameter is a linear function of temperature as follows:

e=A+B/T (24)
In the case of oxygen the coefficients A = 100 and B = —115400 are used. Coefficients
A = —46.8and B = 107000 are used for the C-Si interaction parameter below T = 1627°C

(1900 K). The rest of the parameters can be found from Table 1.

3.2 Activities of species in the slag phase

The modified quasichemical model for ternary case is employed for the slag phase. In the
quasichemical approach, the atoms of molecules of a solution are distributed over the sites of a

quasi lattice. In the pair approximation pair exchange reactions are considered as follows:

12
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g—q)+Ww-—w)=2(q—w), Agqw (25)
where g and w represent the nearest neighbour pairs. The nonconfigurational Gibbs energy change

for the formation of two moles of (g — w) pairs is Ag,,,. The molar amounts of components n, and

pairs n,,, are connected according to
anq = anw + Z Ngw, (26)
qEwW
where Z, is the coordination number of component g. Pair fractions X,,,, mole fractions X, and
coordination equivalent fractions Y, are as follows:

Nqw Ng Zgng
- X, = , Y, = \ 27
Xn; T ¥ WA P @7)

Xqw =

The Gibbs energy of solution in the ternary case (A,B,C) is

Ag Ag Ag
ZAB + Nyc ZAC + Npc ZBC, (28)

G =nyg, +nggp +ncge — TASOE + 1, p

where the configurational entropy of mixing is approximately as follows:

ASconflg
R

%) o

Xaa X
= nuIn(Xy) + ngln(Xg) + neln(Xe) + nyyln < 7 > + nBBIn< ;B> + nCCln<
A B
XAB XAC XBC
(o) + et (i) + meetn ()
+nypIn AR + nycln 2V, Y, + ngcin 2Y, Y,
For the binary system (A-B) the pair Gibbs energy is expanded as an empirical polynomial in the

component fractions

Agap = Agap + Z 42, YAYS, (30)

i+j=21

where the empirical coefficients qi{B are in the general case functions of temperature

qAB = ‘”,1413 ni{BT (31)

The chemical potentials for components (A,B,C) can be derivated from Eq. (28) as follows:

7,/ 3G 7, @

Ua = 7(@) ga + RTIn(X,) + ZARTln +— 2 on, (nABAgAB + npcAgpc + MacAgac)
Z G X Z a

Up = 73 (anBB> 9s + RTIn(Xp) + ZzRTIn ( vz ) + fﬁ (MupAgap + npcAgpc + NacAgac) (32)
7./ 3G 7, @

He =~ (%) gc + RTIn(X;) + ZcRTln + 2 ane (MapAgap + npcAgpc + NacBgac)

13



239  The derivatives of the pair Gibbs energies depend on the exact polynomial approximations used and
240  the interpolation method used to approximate the binary energies in the ternary system. The ternary
241  system in this work is CaO-SiO,-FeO system. The pair Gibbs free energies for the binaries are as
242 follows™:
Agcao-sio, = (—185912 + 25.104T) — 72814.2Ys}o, + (213710.4 — 41.84T)Ys} ,
Agreo-sio, = (13886.7) + (—86889.1 + 29.29T) Y50, + 951483.4Y55ioz - 17863461@6i02 (33)
+(1086614 — 62.76T) Yo,
Agcao-reo = —26447.1 — 18756.9Y%0,
243 where the accompanying coordination numbers are Zsio, = 1.3774, Zca0 = Zpeo = 0.6887. The
244 binary Gibbs free energies are interpolated to the ternary system using the asymmetric
245  approximation called the Kohler-Toop method. In the asymmetric approximation, one of the three
246  components is considered asymmetric. Since SiO, is acidic and the two other components are basic,
247  the Si0, component is considered as asymmetric in this work. After the asymmetric interpolation
248  the Gibbs energies are
Agcao-sio, = (—185912 + 25.104T) — 72814.2Y}o, + (213710.4 — 41.84T)Ys}o,
Agreo-sio, = (13886.7) + (—86889.1 + 29.29T) Y50, + 951483.4Y55iO2 - 1786346YS"’102,
+(1086614 — 62.76T) Yo, (34)
A — 264471 — 187569 —T0__
9ca0-FeO : Yoo + Yeao
249  Now that the Gibbs energies for binary pairs are known in the ternary system, the derivatives in the
250 chemical potentials of the components can be computed:
Zy 0 2y 0Agap 0Agpc Ye 0Agac
7% (MupAgap + npcAgpc + NacAgac) = Y [YB (XAB W + Xz W) + Xy A A Yc)] )
Zy 0 Z aA aA
YB@(YLABAQAB + ngcAgpc + NacAgac) = 78(1 —Yg) (XAB ag:B + Xpc aijc) ) (35)
Zc 0 _Zc 0Agap dAgpc Yy 0Agac
2 onge (napAgap + NpcAgpc + NucAgac) = > [_YB <XAB v, + Xpc¢ W) + Xuc Un+ Y20V, /0, + Y0l
251  where = CaO, B = Si0, and C = FeO.
252 3.2.1 Equation system for pair fractions
253  The six pair fractions (X4, Xgs, Xcc, Xap Xac, Xzc) N EQs. (32) and (35) have to be solved separately

14
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using an iterative algorithm. First equations for pair fractions have to be formed. This can be done
by minimizing the solution Gibbs energy algebraically at constant composition (n4, ng,ng; =

const.). The three equations

Xip = 4exp <_AgAB)
X44XpE RT )’

Xsc = 4 exp <_AgBC) , (36)
XgeXce RT

Xic — 4exp (_AgAC>
XaaXce RT )’

can be obtained by derivating the solution Gibbs energy, Eq. (28), with respect to nyp, ngc and nyc,

respectively and by setting the derivatives equal to zero. Additional three equations

Xap + Xac

Xaa =Yg — T;
X5 +X

Xgp = Yg — %, (37)
Xac + Xpe

Xee =Ye — — 5

can be formed using Egs. (26) and (27).

3.2.2 Iterative Newton-Raphson algorithm for pair fractions

Newton-Raphson algorithm is used for the solution of the pair fraction equations, which require a

simultaneous solution. First Eqgs. (36) are reorganised into Eq. (38).

Xup — 2 KA_Bl XaaXpp =0,

XBC - 2 KEEXBBXCC = O, (38)

i

Xac = 2 |Kac XaaXce = 0,

:

Some of the mathematical solutions to the pair fraction equations contain values outside of the
permitted range [0,1]. Negative solutions can be avoided by changing of variables. One of the ways
this can be achieved is by making a substitution Z? = X for all pair fractions. Now the Z variables
can have negative solutions, but the real pair fractions X will have only positive values. By

summing Egs. (37) and invoking Y, + Yz + Y. = 1, it can be seen that the sum of all pair fractions

15
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equal unity. This means that if the negative solutions can be avoided, automatically greater than one
values can be avoided at the same time. The final system of equations for Newton-Raphson

algorithm is

-1/2
fi = Zip — ZZAAZBBKAB/ =0,
f, = Z3c — 2ZgpLecKpe’? = 0,
-1/2
fs = Zjc — ZZAAZCCKAC/ =0,

1
fo = Zfa—Ya + > (Zip +Z3c) =0, (39)
1
fs = Zgp — Yp + E(Z/%B +Z%c) =0,
1
fe = Z&c — Yc + E(ch +Z%c) =0,
The system JAZ = —f is solved and the solution is updated with Eq. (16). After the solution has

converged the pair fraction values can be calculated using substitution X = Z2. More about

generating a good quality initial value for the method can be found from the Appendix 1.
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4

Description of the BOF model

The steel converter model contains three main bulk phases, which are gas, slag and metal. Inert

bottom gas stirring mixes the liquid metal, while the top lance provides the oxygen required by the

refining reactions. Furthermore, the top lance contributes to the mixing of slag phase. The mass

from the bulk phases flow to the interfacial area between them. Here is a list of the main

assumptions in the model:

a single reaction zone for all reactions

three main bulk phases, gas (ideal), liquid slag (MQM activity), liquid metal (UIP activity)
gas phase components: O,, CO, CO;

metal phase components: Fe,C,Si

slag phase components: SiO,, CaO, FeO

all mass in the reaction zone reaches thermodynamic equilibrium

mass transfer between the bulk phases and the reaction zone determines the evolution of the
reactions

constant pressure 1 atm at the reaction zone

top lance gas jet affect only the mass transfer between the bulk slag and the reaction zone
bottom gas stirring affects only the mass transfer between the bulk metal and the reaction
zone

constant heat and mass transfer coefficients between the scrap and the bulk metal

no heat transfer between the melt and the furnace lining

no heat transfer between the gas injected from the furnace bottom and the metal phase

4.1 Reaction zone

The volume close to the interfaces is called a reaction zone. The mass inside the reaction zone is

assumed to reach a thermodynamic equilibrium at any instant. The phases at the equilibrium flow

17
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from the reaction zone back into the respective bulk phases. The mass transfer parameters between
the bulk phases and the reaction zone determine the amount of mass and energy that is transported
into the reaction zone. The mass fluxes from the bulk phases are
Mm = PV, s = psVs, g = po,Vo, (40)
where p is the density and V is the volume flux. Subscripts m, s and g denote metal, slag and gas,
respectively. The volume fluxes contain empirical functions. The total mass flux to the reaction
zone is
Mz = My + ms +my, (41)
and the corresponding equilibrium mass fluxes are
My = e, + e + m, (42)
The heat fluxes transported from the bulk phases into the reaction zone are
Hgz = Hy + Hg + Hg = 1y hpy + Mshg + hghy, (43)
where h is the specific enthalpy. The total energy before and after equilibrium must be equal. The
equilibrium enthalpies are

HE, = HS + HE + Hg, (44)

Since the equilibrium temperature at the reaction zone is not known a priori initially the equilibrium
temperature has to be guessed. Because the equilibrium enthalpy is not yet matching the initial
enthalpy there exists an enthalpy difference between them:
Hg; — Hrz = HS + HE + HE — Hpy = AHgg, (45)

To make the enthalpies equal the specific heat capacity functions c;, of the phases are integrated
with

M& CpmAT + ey AT + hc, (AT = —AHgg, (46)
so that the enthalpy change equals the difference in Eq.(45). The heat capacities are evaluated as

derivatives of the specific enthalpies of the phases:
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hy dh .
AT + e —— AT + hE—= P EAT = —AHg,. (47)

M ™S 37

The derivatives are estimated numerically

hy(T) — (T hy(T,) = hy(T, hy (T5) = hy(T1) :
e m( 2? Tn( 1)AT+m§ 5 2,) f( 1)AT+Thg - AT = —Aflgg, (48)
T, —T, T, =T, T =Ty

where T, = Tgz + 0.01 and T{ = Tgz — 0.01 are close to the current estimate for the reaction zone
equilibrium temperature T5,. The masses are multiplied with the specific enthalpies and the
enthalpies are summed

H,,(T3) — H, (T} H(T;) — Hy(T{ H,(T;) — Hy(T{ H(T)) — H(T{ .
m( 2), :n( 1)AT+ s( 2), ’s( 1)AT+ g( 2), ,g( I)AT — ( 2)’ ’( 1)AT — _AHRZ, (49)
Tz - T1 Tz - T1 Tz - T1 Tz - T1

where the temperature difference between the current equilibrium temperature and the new estimate

can be solved:

AT = _AHRZ
~H(TY) - H(T)) (50)
T, — T,

The enthalpies in Eqg. (49) are estimated using the Gibbs-Helmholz equation for the total Gibbs

energy of the bulk phases. The Gibbs- Helmholz equations are estimated numerically using

0G/T _G(1)/T, - 6(T)/T,

“a1/T 1r,-11, (1)

The new equilibrium temperature is calculated by adding the under-relaxed temperature difference
to the last known value using similar kind of method as Eq. (16). The new temperature changes the
equilibrium composition at the reaction zone and thus a new equilibrium has to be determined using
PGE. The Gibbs energy minimization and the reaction zone temperature calculation are repeated
successively and iteratively until the temperature difference predicted by Eq. (50) is smaller than a

tolerance value.

4.2 Conservation of Energy and Mass

Mass and energy are conserved for the bulk liquid metal and slag phases in the converter model.
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The conservation equation is discretized for the entire metal and slag bulk phases. A conservation
equation for the enthalpy of the constituent mixture in phase is

d AnixPmixc?) " = (AixPmid)D™® .
afhmixpmix dV :( lemeX ) At ( lemeX ) :He —H—(ph :‘P’ (52)

where H€ is the enthalpy flux coming from the reaction zone and H is the enthalpy flux going into
the reaction zone. Superscripts n + 1 and n indicate a new and old time level values, respectively.
@y, 1S a phase specific additional source term. In the case of slag ¢y, is the heat source from lime
dissolution. In the case of metal ¢, is the heat sink due to scrap melting. Subscript “mix” denotes

component mixture. The mixture quantities are defined as

_ \hipiai _ _
h’mix - P » Pmix = P, My, = mi, (53)
7 mi ] 7

where the sums are over all constituents in the bulk phase and «; is the constituent volume fraction.

The temperature of the phase is solved using the enthalpy method®’. The mixture quantities are
inserted into the new time level values and the equation is manipulated as follows:

(MmixPmixV)™ = (MimixPmixV)™ _ Qi hipia; V)™ — (hpixMmix)" _ Qi hym)™t — HE (54)
At At At ’

Next iteration index v is introduced and the enthalpy is linearized as

ah hU+1 _ h'l?
n+l _ v+l _ v | Y (pvtl g
W xR = h 4 aT(T ),
which is substituted into Eq. (54):
Sohmt — . Zem? [+ G =] = Somp [ @ T+ B - (56
At N At - At

After further manipulation the new temperature value can be solved:
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v ah:] v+1 v v n
Zimi ﬁ(’r _T) +Hmix_Hmix

)

At
OR! o
my o7 (Tt = 1) = AtY — HY,, + HY,, (57)
i
1 Atqj - H;ix + H%ix
TV =T + —,
v ahl
Zimi oT

The enthalpy derivatives are multiplied with the masses and summed together

z mv ah:] _ aHLU — aHgIIX — Hgnx(TZI) - Hr%lx(Tll)
L oT 0T oT T, — T, '

i i

(58)

where the Gibbs-Helmholtz equation is again used to estimate the solution enthalpies. The

conservation equation for phase constituent k mass is

(arprV)™ 1 — (agpr VO™ _ mptt —mj

d e . .
gf agprdV = At Ar Mkkz T MRz — Pk (59)

where my, 7 is the mass flux of the component k coming from reaction zone, 1y, r, is the mass flux
of the component leaving the from the phase and ¢, is a phase specific additional source term. ¢,
is used for slag when adding lime during the process. ¢, is used for metal melt when scrap is

melting and components are added to the phase.

4.3 Scrap Melting

Scrap is added to the process to keep the temperature from rising too high. The importance of scrap
melting on the dynamcs of the BOF process is highlighted by the fact that the scrap weight is
typically 10-30 wt-% of the hot metal weight. Thus scrap melting is very important to take into
account. Since the scrap is usually low carbon steel, the carbon in the hot metal plays an important
role in the melting process. Namely carbon transports from the liquid to the surface of the scrap and
lowers the local melting point at the surface. Previously a scrap melting model with moving grid*
has been done. In this work a simplified version of this model is implemented. Instead of having a
1-d grid there is now a single balance area for the scrap enthalpy. Enthalpy balance equation for

scrap is given by
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(hm)n+1 _ (hm)n
At

= hA(Tmetal — Triq) — Max(0, =1ppase)H + max(0, Mphase ) Hiq = ¥,

port oy A H (60)
- ) ahv )
maT

where enthalpy method has been applied to solve the temperature. Details about this method in
relation to scrap melting is in previous work*. Eq. (60) is combined with balance equations for
enthalpy and carbon mass

oT

Urep(Hiiq = Hscrap) = ko~ hr(Tmetal = Tiiq)

aY
UIF(Yliq - Yscrap) = DY% - hY(Ymetal - Yliq) ~ _hY(Ymetal - Yliq)

(61)

at the solidus-liquidus interface which is located at the scrap surface. The carbon mass transfer from
the liquid phase is assumed to advance as a moving solidus-liquidus interface. Therefore, the
diffusion coefficient Dy is assumed to be zero. From interface equations (61) the interface velocity
Upr and liquidus temperature Yj;q are solved. Using Uyr the mass that is melting or solidifying is
calculated as:

Mphase = UIrpA4A, (62)
and the total scrap mass is updated with

m'™ = m" + At e - (63)

4.4 Thermodynamic Data and the Collection of Possible Stable Phases

The chemical reaction model contains three main bulk phases, which are liquid metal, slag and gas.

The metal phase contains also the solid scrap phase, which is exchanging heat and mass with it. The
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metal phase constituents are Fe,C,Si and O. The bulk slag phase contains a liquid solution
(Ca0(1), Si0, (1), FeO(1)) and possibly a number of solid phases (CaO(s),SiO,(s), CaSiO5(s),
Ca,Si0,(s), Ca3SiOs(s), CasSi,0,(s)) . The gas phase consists of following constituents:

0,(g),C0(g) and CO,(g). The reaction zone can contain all of the phases except the solid scrap.

The Gibbs free energies in standard state for compounds are calculated from heat capacity functions
that are presented in Table 2. The first four columns give the coefficients for the polynomial
functions that are from a publication of Taylor and Dinsdale®. The fifth and sixth columns give the
temperature ranges for the polynomial at that particular row. The seventh and eight columns give
for the first row the enthalpy and entropy of a reference state, respectively and for the sequential
rows the enthalpy and entropy of a phase transition. The rest of the polynomials are from HSC
software®®. The enthalpy, entropy and Gibbs free energy are computed from the polynomials as

follows:

T, T

CpdT + Hypy + ++ + Hypp + f C, dT,
Tn

H(T) = Href + j
To
T

Cp TCp (64)
_dT+StI‘1+'“+StI‘Tl+f _dT,
T ' mr )T

S(T) = Sper + f

To

G(T)=H-TS,

4.5 The Complete Algorithm

The solution of the mass and energy balances are advanced in time with the implicit Euler method.
Thermodynamic equilibrium is calculated for the bulk slag phase and for the reaction zone.
Flowcharts for time integration and for Gibbs energy minimization algorithms are presented in Fig.
1. In the beginning of time integration algorithm all necessary variables are initialized. Then
according to the initial slag temperature and initial component masses thermodynamic equilibrium
is calculated for bulk slag phase. Next for the initial time level the Gibbs energy is minimized as

well as temperature of the reaction zone are iterated in a loop until the absolute temperature change
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between iterations is less than 0.01 K. After initializations a loop begins for time integration. Inside
the time loop there is an iteration loop for implicit solution of the conservation equations. The
iteration loop continues until the absolute changes of the temperatures of the phases are less than
0.01 K. At the beginning of the iteration loop the mass constraints by, of the reaction zone are
updated. The mass fluxes coming into the reaction zone are calculated using Eq. (41). The masses

are transformed into molar amounts and divided into specific components of the reaction zone.

Next the Gibbs energies for the reaction zone and slag phase are minimized and the thermodynamic
variables are updated, respectively. For the reaction zone the temperature is updated according to
Eq. (50) and for the slag phase from conservation Eq. (57). The slag mass constraints are solved
from the mass conservation Eq. (59). Then the melting rate of the scrap is determined and the scrap
temperature, mass and melting mass rate are solved. Finally the thermodynamic quantities of the
metal phase are updated as well as the conservation equations for energy and mass are solved,
respectively. The iteration loop ends with the update of the new time level values. The time

integration loop ends when maximum time value has been reached.

The “Gibbs energy minimization” algorithm has a loop containing equilibrium calculation using
PGE and a subroutine for checking the stabilities of phases. If the algorithm is started for the first
time, the initial condition is calculated using the Leveling and Post leveling methods. The estimate
after Post leveling is improved in PGE by assuming that the solution phases are ideal. After
initialization the non-ideal PGE is used with the activity models for liquid steel and slag phases.
When the “Gibbs energy minimization” routine is called during time integration, the initial
condition for PGE is the result from the previous iteration or time step. The loop is exited after the

“Check phase stabilities” routine is not changing the list of active (i.e. stable) phases.
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Fig. 1. Algorithms for time integration and for minimizing Gibbs energy
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5 Validation and results

First the quasichemical model and pair fraction solution is validated by calculating iso-activity lines
for liquid slag components SiO, and FeO. Finally the steel converter model is validated by
comparing the metal and slag constituent concentrations to measurements of industrial scale

converter.

5.1 Validation of the thermodynamic models

In Fig. 2 the calculated iso-activity lines in temperature 1550°C (1823 K) are compared with

measurements™*. The agreement between the results is good.

Xsio,

X(.'u() 7 XF:?O XCuO XF('()
Fig. 2. Calculated iso-activity lines (solid green) compared with measurements (dashed black).

a) FeO activities, b) SiO; activities

Next the PGE-algorithm with the quasichemical activity model is validated by calculating liquidus
lines for Si0,(s), CaSiO5(s), CaO(s) and Ca,Si0,(s) compounds. The list of possible phases in the
PGE include the liquid slag solution (CaO(l), SiOz(l),FeO(l)) and a number of solid phases
(Ca0(s), Si0,(s), CaSiO5(s), Ca,Si04(s), Ca3SiOs(s), CasSi, 0,(s)). A composition curve is setup
inside the expected liquidus line and the PGE is started using the composition of the points of the
curve as mass constraints. Then the PGE-algorithm determines the stable phases and the

composition of the liquid phase, which forms the liquidus line. In Fig. 3 the calculated liquidus lines
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for phases SiO,(s) and CaSiO5(s) at three temperatures, 1300°C (1573 K), 1400°C (1673 K) and
1500°C (1773 K), are compared to measurements®. Also computed liquidus lines for CaO(s)
and Ca,Si0,(s) in temperature 1900°C (2173 K) are compared with assumed liquidus lines®. This
is an estimate for maximal range in CaO rich side of the ternary for liquid slag in steel converter
conditions. The accuracy for SiO,(s) liquidus lines is more accurate than for the CaSiO;(s)
compound. The worst accuracy appears to be for CaO(s) liquidus, although the exact liquidus in the
ternary is not known. For the current objective in simulating the steel converter the accuracy is good

enough. In future the phase diagram for the ternary will be improved.

Ysio,

-
..
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.
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CaSiO,(s) AN S e

Ca,5i0,(s) A

-
Y
.
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Fig. 3. Calculated liquidus lines for CaSiOj3 (solid cyan) and SiO, (solid green) compounds at
three temperatures (T = 1300°C (1573 K), 1400°C (1673 K), 1500°C (1773 K)) compared with
measurements (dashed black). Calculated liquidus lines for CaO(s) (yellow) and Ca,SiOu(s)
(red) at temperature T = 1900°C (2173 K) compared with assumed liquidus lines (dashed

black).

5.2 Application to modelling of industrial practice
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The converter model proposed in this work was validated using data published by Cicutti et al.*®.
They took several metal and slag samples from a 200 ton LD-LBE converter at different stages of
the process. The blow was interrupted for the duration of the sampling, and for this reason, only one
intermediate sample was taken per heat. At least five samples were taken per sampling point. The
size distribution and composition of the metal droplets extracted from the slag samples were also
analysed. The description of the blowing practice, additions and technical parameters of the vessel

are not repeated here.

5.2.1  Modelling parameters

One of the main adjustable parameters of the model are the mass flows of the metal, gas and slag
species. Only few correlations are available for mass transfer between hot metal and slag under
conditions comparable to those in the BOF process. The mass transfer models of Riboud and

59
l.

Olette®, Paul and Ghosh®®, and Hirasawa et al.> suggest that the proportionality of the mass

transfer coefficient to gas injection rate is to f « Vgl/z. In the BOF model of Kitamura et al.’®, the

mass transfer coefficient in the slag phase was expressed as a function of bath volume, slag volume,

argon flow rate, CO generation rate, and solid fraction of the slag.

To simplify the description of the model, the mass flow of metal phase into the reaction zone was
assessed based on the results of Chatterjee et al.”® from a 6 ton experimental BOF vessel. The
temperature of the metal bath was measured continuously and it was reported that under normal
blowing conditions, the temperature gradients in the metal bath varied from 10 to 40°C (10 to 40 K)
during the first part of the blow, although it was suggested that much higher temperature gradients

of 50 to 200°C (50 to 200 K) can exist under soft blowing conditions.

In addition to temperature measurements, Chatterjee et al.*® took metal samples during processing

from two different bath depths. The carbon content in the upper part of the vessel was found to be
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much lower than in the metal bath. The highest difference was measured between 25 and 50% of
the blow. As suggested by Sarkar et al.?®, the difference in carbon content was approximately 0.17
to 0.18 wt-% during the main blow and 0.06 to 0.07 wt-% towards the end of the blow. By
employing these values as the basis of their calculations, Sarkar et al.?® estimated that the mass
exchange rate between the lower and upper parts of the vessel should be in the order of 2500 kg/s

under the conditions of the experiments reported by Cicutti et al.*®.

The bulk slag and metal initial temperature is 1347°C (1620 K). The initial carbon content in the
bulk metal was taken as 4.5 wt-%, although Cicutti et al.>® had an initial carbon concentration of 4.0
wt-%. The 0.5 w-% increase is to compensate for the omission of the Mn and P components. The
slag components MnO, P,0s and MgO are also omitted from the model. Thus the liquid slag can

only contain FeO, CaO and SiO, components.

The top lance blow was continued for 16.5 minutes. The mass transfer parameter for bulk metal has
a very small value in the first 20 seconds. After 20 seconds the parameter is increased incrementally
to the steady-state value since it takes some time for the bulk metal phase to increase momentum
due to the buoyancy forces. This modification leads to the oxidization of the iron in the reaction

zone and very high temperatures during the first 20-30 seconds.

The mass transfer from metal phase due to bottom gas stirring is taken into account with

Rp — 1.79\/g—HpmAnf)zzle, (65)
PsVe

where g is gravitational accereleration, Ay, is the nozzle area and H is the plume height®. Eq.
(65) is the ratio of liquid momentum at the surface level and gas momentum at the nozzle. The
liquid mass transfer can be deduced from Eq. (65) and from plume momentum

L, = pmAvE = My, Uy, (66)

where A is the plume area, v, is the plume velocity and 1, is the plume mass flux. A coefficient
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of 0.554 was used instead of 1.79 in Eq. (65). The numerical results of Karna et al.®” suggest a linear
relationship between the heat transfer coefficient and the lance height. In this work, it was assumed
the relationship of the lance height and the mass transfer from the slag phase due to top-blowing is

also linear. More specifically, the mass transfer is proportional to the oxygen mass flow rate 7,

and linearly dependent on the lance height d from the melt:

moz
Py = ——%—(C + Dd),
s,initial
. ’ 7
ms = mgk, (©7)

The coefficient C = 1.13 as well as D = —0.29 1/, were fitted using the data of Cicutti et al.*®.
Due to the high initial temperatures radiation transport is added to the reaction zone temperature
iteration. Eq. (50) is modified into

AT = _hrad(Tv - Text) - AHRZ ,
Cp,RZ + hrad

hrad = Arado-E(Tv's + TV'ZText + TVTeZXt + Tgxt)t

(68)

where A is the radiation transport area, o = 5.67 X 1078 W/m?K* is the Stefan-Boltzmann
constant, ¢ is the surface emissivity and T,y IS the external temperature. Eq. (68) estimates the
radiation exchange between the reaction zone and the converter interior. Here, implicit
discretization has been applied to the radiation term. The heat radiation has a cooling effect on the

temperature of the reaction zone.

Table 3 shows the main process parameters employed in the simulations. More details can be found

|56

from the work Cicultti et al®. The results were calculated using 1s time-step. The calculations were

repeated using a 0.25 s time-step and the results were identical.

5.2.2  Modelling results

Fig. 5 shows the predicted carbon and silicon content in comparison to the experimental data of

Cicutti et al.®. The Si component concentrations have a second y-axis in the figure. The Si
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component is oxidised first as is suggested by the measurements. The Si concentration is somewhat
high compared to measurements during 200 and 700s, which can be attributed in part to the fact that
P and Mn are ignored in the system. Also the missing slag components MnO and MgO are known
to decrease the activity of SiO,® and thus can cause the difference in the results. The Si
concentration is lower at the end of the blow, which can be due to high oxygen content of the bulk

metal. The carbon concentration agrees very well with the measurements.

5 05
' C model
Si model
435 C Cicutti et al, 1€ DA%
Si Cicutti et al, (!
4P ~ 104
35} ~0.35
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Fig. 4. Carbon and silicon concentrations in bulk metal as a function of time.

The liquid slag composition as a function of time is presented in Fig. 5. The measurements of
Cicutti for CaO, FeO and SiO; have been normed to 100% to make the comparison with the model
more appropriate. At the initial stage iron is oxidized due to poor mixing in the metal phase.
Afterwards FeO oxidizes components from the metal and is decreasing in the liquid slag phase. The

SiO; concentration is noticeably increasing from 50 s to 250 s, when most of the Si is oxidized from
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the metal phase. CaO concentration starts to increase after 240 s, when constant 8 kg/s dissolution
rate is set to start in the model. The total lime (CaO) amount added during the process is approx.
6000 kg. The dissolved CaO is available in the thermodynamic equilibrium calculation for the bulk
slag phase. Around 900 s iron starts to oxidize due to the low carbon concentration in the bulk

metal. Overall the results match with the measurements very well.

The temperature evolution of the bulk metal and the reaction zone are presented in Fig. 6. In the
beginning the metal mass transfer to the reaction zone is very poor. This leads to high overall
oxidization of the components in the metal phase at the reaction zone resulting in very high
temperatures. After 20 s, the temperature of the reaction zone decreased rapidly, when the
momentum starts to build up in the metal phase. This is taken into account by increasing the mass
transfer coefficient incrementally. The metal phase temperature is decreasing due to the scrap
melting. After 100 s the temperatures start to increase up until to the end of the blow. At the 900 s
point the reaction zone temperature rise stalls due to the increased argon bottom stirring.

In many of the earlier-proposed mathematical models for the BOF process,'#202122232425.26 4,

e
fraction of solid compounds in the slag during the blow has been extracted from the kinetics of lime
dissolution without explicitly calculating the saturation of CaO. One of the advantages of the model
proposed in this work is that it calculated the precipitation of solid compounds based on Gibbs free
energy minimization. Fig. 7 shows the predicted solid mole fraction in the slag a) and the molar %
of solid component in the total moles of solids b). At the 580 s point solid components start to be
stable with the liquid slag. This happens because the FeO content is decreasing and the CaO is
dissolving continuously. The solid material in equilibrium increase until about 250 s and afterwards
decrease due to rising temperatures and rising FeO content in the slag. Two solid components

Ca0(s) and CasSiOs(s) are stable during the solidification as can be seen from Fig. 7 b). In the

beginning of solidification all of the solid is CaO(s). Between 715 s and 905 s also CasSiOs(s) is a
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Fig. 5. Bulk slag composition as a function of time.
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Fig. 7. Bulk slag solid mole fraction as a function of time a) and the amount of two solid

components b).

It should be noted that the data of Cicutti et al.’® has been employed by Dogan et al.” and Sarkar et
al.”® for the validation of their mathematical models, and therefore, a direct comparison with the

results obtained with their models is permissible. A comparison between the slag composition and

2
|26

the work of Sarkar et al.“” is presented in Fig. 8a to Fig. 8c. The data of Sarkar have been scaled so
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that the sum of the three components is equal to 100%. Here, considerable improvements have been
made in the accuracy especially for CaO and FeO concentrations. The carbon concentration in the
iron melt is compared with Sarkar et al. and with Dogan et al.?’ in Fig. 8d. Although the accuracy of
the models is similar during the middle stage of the process, the model proposed in this work

provides a better description of the latter part of the process.

W
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Fig. 8. Comparison of the slag composition (a,b,c) and comparison of the carbon content in

iron in fig. d with literature.

Table 4 shows a comparison of the predicted carbon contents with experimental data, as well as

1. and Dogan et al.®°. It can be seen that the error in the predicted

with the results of Sarkar et a
carbon content was lower than that obtained with the models proposed by Sarkar et al.?® and Dogan

et al.? both in terms of the mean absolute error (MAE) and the root-mean-square error (RMSE).

One of the objectives of the proposed chemical reaction model was the ability for real-time

calculation of a steel converting process. Therefore, the Matlab program was tested for computation
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time using two different time stepsdt = 1sanddt = 5s. The total calculation times for these
time steps were 48 min (dt = 1s) and 15 min 35 s (dt = 5s5). This indicates that real time
computation of the process is possible with the current Matlab implementation using the longer time
step. As was mentioned earlier, the implicit Euler method was employed for time integration. To
achieve an even faster computational speed, an explicit Euler time integration was also tested with
dt = 5s. The total computing time was 12 min, which suggests that the model is sufficiently fast
for online use. In Fig. 9 a comparison of these three different cases is presented. It can be seen that
there is virtually no difference in the composition evolution in metal and slag phases. Also, it should
be noted that since the model was executed in Matlab — a script language — the computing time
could be reduced considerably by executing the model in a compiled language such as C++. A four
core CPU was used to calculate the cases in this work. During the Matlab calculations according to
Windows Task Manager the CPU usage was in the range of 12-15% of total computing resources.
Therefore, if the cores of the processor can be utilized in full many reaction zones can be added into

the model without increasing the computing time.

Metal phase Slag phase
— ‘
3,
E BO._ i d
E )
o et ®*
c?2 e FUS
EMes

8 R
c
o I}
£, ¢
a -
(6] - ——r

o

‘o H'\! 00 o 4(0 oo o0 %0 No o -|I\') 'ﬂ 1o 0 o 40 un 0] 0 80 200 0
a) Time (s) b) Time (s)

Fig. 9. Comparison of the implicit and explicit Euler algorithm withdt = 1sanddt = 5s.
a) Comparison for carbon concentration in metal phase. b) Comparison for component
concentrations in slag phase.
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6  Conclusions

In earlier work, mathematical models were derived for scrap melting and bottom blowing in the
BOF process to provide a basis for a comprehensive BOF process model. In continuation of this
work, the present paper represents a first step towards mathematical modelling of reactions during
the top-blowing in BOF steelmaking. An implementation of the full chemical reaction model has
been developed in Matlab in this work. At this point, the model focuses on the oxidation of carbon
and silicon in the metal bath. The Partitioning of Gibbs energy method, in combination with
suitable descriptions for the excess Gibbs free energy, was found to provide robust solution of
complex metal-slag-gas equilibria under conditions of top blowing decarburisation. In the liquid
slag phase modified quasichemical model was applied to take into account the excess Gibbs energy
for the components. A method for the pair fraction calculation in MQM was introduced in the

paper. This method is readily expandable to increase the number of slag components.

The results from validation of the model with experimental data suggest that the model is able to
capture the main trends in the evolution of the metal and slag compositions with a reasonably good

degree of accuracy. Based on comparison of the results with those by Sarkar et al.?®

and Dogan et
al.?°, it was found that the model proposed in this work provides a higher degree of accuracy in
relation to composition trends. Making use of the reaction volume approach, the model can be
extended to include new reaction zones and reactions, such as the oxidation reactions of manganese
and phosphorous. The principles presented in this paper are readily applicable in many other high

temperature processes. The real time requirement of the proposed model was confirmed in test

calculations.

In future possible additional reaction zone could be between the argon gas bubbles and the metal
plume. In the second reaction zone solute oxygen from metal can transfer into the gas bubbles and

leave the metal phase. Also additional oxidation of carbon can be introduced in this way. A third
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651  reaction zone could be between the slag and the post combustion of the rising CO gas from the first
652  reaction zone. The third reaction zone would produce more heat into the slag phase.

653

38



654 7  Acknowledgements

655  This work was partly funded by the Finnish Funding Agency for Technology and Innovation
656 (TEKES). The research was carried out within the framework of the DIMECC SIMP research
657  program.

658

39



659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

Appendix 1. Initial values for pair fractions

Before starting the algorithm for the solution of the pair fractions a reasonably good initial guess
should be generated. This can be done by inserting the Eq. (37) into Eq. (36). After reorganizing

this produces three equations

Xi5(1 — Kyp) + Xap(Xac + Xpe — 2Y4 — 2Yp) + 4Y, Y — 2(XpcYa + XacYs) + XacXpe =0,
Xic(1 = Kyeo) + XacXap + Xpe — 2Y, — 2Y¢) + 4Y,Ye — 2(XpeYa + XapYe) + XapXpe =0, (69)
X5c(1 — Kpe) + Xpe(Xap + Xac — 2Yp — 2Ye) + 4YpYe — 2(XucYp + XagYe) + XapXac = 0,

Agap

where K,z = exp (?

), etc. These equations are only functions of (X,5,X4c, Xzc). By subtracting

the second row equation from the first row equation, subtracting the third row equation from the
first row equation and subtracting the second row equation from the third row equation again three
equations are obtained:

X/%B(l - KAB) + ZXAB(ZYC -1+ 4Y,Yp — X/%C(l - KAC) — ZXAC(ZYB -1) - 4Y,Y- = 0,
Xzg(1 — Kup) + 2X45(2Ye — 1) + 4Y,Yp — X5 (1 — Kpe) — 2Xpc(2Y, — 1) — 4YpY, =0, (70)
Xbc(1 — Kpe) + 2Xpc(2Y, — 1) + 4YpYe — Xic(1 — Kae) — 2X4c(2Yp — 1) — 4Y,Y, = 0,

The advantage of this manipulation is that now each equation is only dependent on two unknown
pair fractions. Also in Egs. (70) there are no terms in these equations where two pair fractions are
multiplying each other like in Egs. (69). By applying the solution of second degree polynomial

equation to the first row equation we get

—Bup £ /B2s — 4445(Cap — AacX2c — BacXac — Cac)

Xup =

2A,5
App = (1= Kyp),  Apc =1 —Kye) (71)
BAB = Z(ZYC —_ 1), BAC = Z(ZYB - 1)
CAB == 4YAYB! CBC = 4YAYC

where the coefficients are the terms multiplying the pair fractions in Eq. (70). So that X,z could
have any real solutions the determinant should be either zero or positive:

44,5(AscXic + BacXac + Cac — Cap) + Bip 20, (72)
Using Eq. (72) limits can be acquired for pair fraction X,.. In Fig. 10 all possible parabolas are

presented, which give limiting values for the pair fraction and have positive values for Eq. (72)
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688

689

between X = [0,1]. If product A,zA,. is negative, the parabola is opening down (Fig. 10a,b,c). If
the product is positive, the parabola is opening up (Fig. 10d,e,f). For clarification, there are more
possibilities for parabolas which give positive values when X = [0,1], but these will not give new
limits that are between [0,1]. It is now assumed that Eq. (72) has two solutions X; and X, as well as
X; < X,. If the parabola is opening down, the limiting values for X, must be between the two

solutions.

c)

NN A

d f)

Fig. 10. All possible parabolas from a) to f) for Eq. (72) that can give limiting values for pair

fraction.

Since fractions can have values only between zero and one, the new limiting values for X, can be
calculated as follows:

Lyc = max(X;,0) Uy = min(X,, 1), (73)
where L, is the lower limit and U, is the upper limit. The upward opening parabola can give two
ranges for limits that are between [0,1]. This happens when 0 < X;,X, < 1.The corresponding

situation is in Fig. 10d. Then the first limits are
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L}w =0 U[}C =Xy (74)
and the second limits are

Lic =X, Ui =1. (75)
The correct solution has to be between the first lower and upper limits or the second lower and
upper limits. Using the Eqgs. (70) similarly as above limits can be acquired for the three pair
fractions (X,g, Xac, Xgc) - Additional improvements in the initial guesses can be achieved by
inserting the limiting values for X, in Eq. (71) and studying whether the solutions for X, are even
more limiting than the previous limits. This second step was noticed to usually decrease the limits
from previous values. Finally the initial guesses are calculated as averages of the lower and upper
limits:

Xac = 0.5(Lac + Uac), Xap = 0.5(Lup + Usp), Xpc = 0.5(Lpc + Upc). (76)

Initial values for the three other pair fractions can now be calculated from Egs. (37).
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710

711

712

713

714

715

716

717

718

719

720

721

722

723

Nomenclature

Density (kg/m°)

Area (m?)

Volume (m®)

Mass (kg)

Mass flux (kg/s)

Time (S)

Gibbs energy (J/)

Universal gas constant (J/(mol*K))
Temperature (K)

Dimensionless Gibbs energy and gravitational acceleration (m/s?) in Chapter 0
Mole fraction

Mass fraction

Chemical potential of constituent (J/mol)
Molar amount (mol)

Mass constraint

Stoichiometric matrix

Number of degrees of freedom

Number of components

Total number of phases

Dimensionless chemical potential of component
Jacobian matrix

Dimensionless driving force

Activity coefficient

First order interaction parameter
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724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743
744

745

746
747

748

749

750

Ag

Subscripts

g

m

mix

Gibbs energy of pair formation

Coordination number

Mass fraction and coordination equivalent fraction in Chapter 3.2
Gibbs energy coefficient of the pair fraction polynomial (J/mol)
Temperature independent part of the Gibbs energy coefficient (J/mol)
Temperature dependent part of the Gibbs energy coefficient (J/(mol*K))
Volume flow rate (m%/s)

Enthalpy (J)

Entropy (J/(mol*K))

Enthalpy flux (J/s)

Specific enthalpy (J/kg)

Heat capacity (J/(kg*K))

Enthalpy or mass source (J/s), (kg/s)

Volume fraction

Heat transfer coefficient (W/(m**K))

Mass transfer coefficient (m/s)

Thermal conductivity (W/(m*K))

Momentum (kg*m)/s?

Velocity (m/s)

plume momentum ratio (dimensionless)

gas
metal
slag

mixture
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752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

Lj,Lk
A B,C
RZ

Liq

IF

ref

generic indices
components A, Band C
reaction zone

liquidus

temperature

interface

reference

Superscripts

ex

o

excess Gibbs energy
standrard state

pure phase

solution phase
iteration index

time level

equilibrium
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Table 1. Linear parameters A and B of the molar first-order interaction parameters for the
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Fig. 1. Algorithms for time integration and for minimizing Gibbs energy

Fig. 2. Calculated iso-activity lines (solid green) compared with measurements (dashed black).

a) FeO activities, b) SiO; activities

Fig. 3. Calculated liquidus lines for CaSiO3 (solid cyan) and SiO, (solid green) compounds at

three temperatures (T =1300°C (1573 K), 1400°C (1673 K), 1500°C (1773 K)) compared with

measurements (dashed black). Calculated liquidus lines for CaO(s) (yellow) and Ca,SiOq(s)

(red) at temperature T = 1900°C (2173 K) compared with assumed liquidus lines (dashed

black).

Fig. 4. Carbon and silicon concentrations in bulk metal as a function of time.

Fig. 5. Bulk slag composition as a function of time.

Fig. 6. The bulk metal and reaction zone temperatures as a function of time.
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Fig. 7. Bulk slag solid mole fraction as a function of time a) and the amount of two solid

components b).

Fig. 8. Comparison of the slag composition (a,b,c) and comparison of the carbon content in

iron in fig. d with literature.

Fig. 9. Comparison of the implicit and explicit Euler algorithm withdt = 1sanddt = 5s.
a) Comparison for carbon concentration in metal phase. b) Comparison for component
concentrations in slag phase.

Fig. 10. All possible parabolas from a) to f) for Eq. (72) that can give limiting values for pair

fraction.
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Algorithm 1: Time integration

v

No

» time < maxtime

Start program

v

| Initialize values GO, T9, ... |

y

Minimize bulk slag phase Gibbs energy -> g,

A Yes
> |ATg| > 0.01

v No

Minimize reaction zone Gibbs energy -> N2,

v

Update values Grz, Hrz, Cprz) Trz

Yes

No
itcount < maxiterations and AT >0.01

Minimize reaction zone Gibbs energy -> Ny,

v

| Update values Grz, Hrz, Cp rz, Trz |

| Minimize bulk slag Gibbs energy -> Ng;44 |

v

| Update values Gg;44, Hs1ag, Cp siag |

v

| Solve energy and mass balance -> Tg;q4, bsiag |

| Scrap melting -> Tscrap, Hscrap) Mscrap, Mphase |

| Update values GMetall HMetal: Cp,Metal |<'__

v

| Solve energy and mass balance -> Tyetat, Puetal |

. v

| Update itcount |

Algorithm 2:
Gibbs energy
minimization

Start program

Change phase
collection

Yes

{ Yes

Leveling

v

Post leveling

v

Ideal PGE

v

v

Check phase stabilities

| Update time and variables l:

v

| End program |

Non Ideal PGE |€¢—
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| End program |
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Table 1. Linear parameters A and B of the molar first-order interaction parameters for the UIP activity

model.

A 0 Si B (K) 0 Si

C 3.66 -21.7 -0.429 C 7824 0 18760
(0] -21.7 100 -14.7 (0] 0 -115400 0
Si -0.429 -14.7 10.8 Si 18760 0 3996




Table 2. Heat capacity functions for compoundssz.

Co(T) =A-10°T"2+ B+ C-1073T + D107°T? T, T, Hy, Sty
A B c D K K kJ/mol J/(mol-K)
Sio, (D -13.3110  52.1700  24.0040 -4.0680 298.15 2980
Si0,(s) 262.88 -1399.89  5715.82 -6244.89  298.15 373 -908.137  43.065
-582.0055 2178.36  -6987.2180 6457.28 373 453
-2550.05  7860.21 -23634.30  20191.10 453 543
-44.5425  77.5875  -6.0805 27187 543 3300
87.3730 3300 4000
Ca0(s) -9.3661 51.8583  2.4386 0.0001 298.15 3172 -634.92  38.1
CaSiO;(s) -13.6411  80.2293 83.7141 -38.55 298.15 800 -1634.6  81.479
-51.2087  117.28 18.0493 -5.2147 800 1398.15
-40.2891  113.25 12.0608 -1.9948 1398.15 3500 1.736 1.24164
Ca,Si0,.(s) -8.9137 100.48 133.78 -51.515 298.15 950 -2317.38  120.499
21.5445  71.2369 183.5875 -75.2890 950 1120
-0.0003 161.53 -0.0010 18.9499 1120 1710 14.162 12.6446
173.68 0.8873 1710 3500 14386  8.41287
CasSiOg(s) -23.9027 1613170 1423400  -59.15 298.15 850 -2933.21  168.604
-91.4586  224.09 35.3570 -7.2380 850 1550
226.5211  20.1100 1550 3500
Ca;3Si,0,(s) -31.0041 1984530  188.2052  -92.0488  298.15 800 -3954.05  210.543
-115.6638 283.2210  35.1320 -12.4937 800 1650
296.1880  4.0814 1650 3500




Table 3. Model parameters.

mass (kg) T (K, °C)
Hot metal 170000 1623 (1350)
Slag 6500 1623 (1350)
Scrap 30000 300 (27)
Oxygen mass flow 12 kg/s
Argon gas flow rate 150-500 m?/h NTP
time step 1ls
Scrap heat transfer
Coef$ b 20000  W/(m**K)
Scrap carbon mass
transfer coeff hy 0.0002 m/s
Scrap thickness 3.0 cm
Scrap Area 286 m’
Composition (wt-%) c Si
hot metal 4.5 0.35
scrap 0.25 0.1
FeO SiO, CaO
slag 42 17.5 40.5




Table 4. Comparison of the predicted carbon contents.

Carbon content [wt-%]

Time [min] Measured This work Sarkar et al.”®

Dogan ef al.”’

1.8 3.90 4.02 3.88
35 3.59 341 3.54 343
5.6 2.76 2.68 3.03 2.76
8.4 2.03 1.86 2.24 2.09
10.6 1.22 1.25 1.53 1.34
11.0 1.19 1.15 1.42 1.50
13.5 0.55 0.46 0.62 1.00
16.0 0.04 0.06 0.19 0.62
MAE [wt-%] - 0.09 0.16 0.24
RMSE [wt-%] — 0.11 0.19 0.31
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