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Abstract

In earlier work, a fundamental mathematical model was proposed for side-blowing operation in the
argon-oxygen decarburization (AOD) process. The purpose of this work is to present a new model,
which focuses on the reactions during top-blowing in the AOD process. The model considers
chemical reaction rate phenomena between the gas jet and the steel bath as well as between the gas
jet and metal droplets. The rate expressions were formulated according to a law of mass action based
method, which accounts for the mass transfer resistances in the liquid metal, gas and slag phases. The
generation rate of the metal droplets was related to the blowing number theory. This paper presents
the description of the model, while validation and preliminary results are presented in the second part

of this work.
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1 Introduction

The argon-oxygen decarburization (AOD) process is the most common process for the refining of
stainless steel.’! Owing to violent agitation caused by the high blowing rates, the AOD vessel has
very good mixing characteristics.[>®! Nowadays, top-blowing is employed in conjunction with side-
blowing in the early part of the decarburization stage in order to maximize oxygen delivery into the
melt.l®! Asillustrated in Figure 1, two main reaction areas can be identified during combined blowing:
1) inside the gas plume, and 2) on the surface of the bath, including metal droplets.["]

Figure 1

Numerous reaction models have been proposed for the decarburization®3" and nitrificationl” 2849 of
steel in an AOD vessel. The majority of the models applicable for side-blowing decarburization have
been reviewed elsewherel?>#, Despite the vast number of reaction models available, there are only
a few models that explicitly address the reactions during top-blowing in the AOD process. Arguably
the most relevant examples found in the literature are those proposed by Watanabe and Tohgel®],
Tohge et al.'™], Kikuchi et al.[2421 and Wei et al.[82222628]_ Some similarities in the modelling setting
can be found in the reaction models proposed for the VOD processi***3l. To summarize, it can be
stated that the top-blowing models proposed so far are capable of predicting the decarburization with
a reasonable degree of accuracy and have laid the basic foundations for further investigations.
However, more research is required along these lines in order to obtain information on the related

reaction interfaces and chemical reaction rate phenomena.

In our previous work,?°3% 3 fundamental model was proposed and validated for the reactions inside
the bath during side-blowing in the AOD process. Consequently, the aim of this work was to extend
the original model by developing a mathematical model for reactions during top-blowing. In order to
provide more information on the controlling mechanisms and dynamics of decarburization during
top-blowing, the model combines the transient solution of multicomponent equilibria with a
description of the constraining mass transfer. This paper presents the description of the model, while

validation and preliminary results are presented in the second part of this work41,

2  Derivation of the model

The model was programmed using C++ and its main assumptions can be summarized as follows:

1. The top-blown oxygen may react with iron and species dissolved in iron, dissolve in the steel
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bath, or escape through the gas exit.

2. Reactions between gas, metal and slag species take place simultaneously at the surface of the
cavity as well as at surface of the metal droplets generated due to top-blowing.

3. Owing to the high temperature, the reaction rates are assumed to be limited by mass transfer
onto and from the reaction interfaces and hence the reaction interfaces are able to reach their
constrained thermodynamic equilibrium at any given moment.

4. Conservation of mass and heat are solved successively.

The liquid metal phase is assumed to consist of Fe as the solvent and Cr, Mn, Si, C, O, N, Ni, Al and
S as solutes. The gas phase consists of Oz, CO, CO2, N2 and Ar. The slag phase consists of FeO,
Cr203, MnO, SiO2, CaO, MgO, Al>03, CaF2 and MeOy, which is a generic oxide and depicts the

residual species. The reaction system considered is defined by the following reactions:

(02} = 2[0] ()
[C]+ 502} = (€O}, @
[C]+ 0} = (€0, , @
Fe(l) + %{02} = (FEO) ) (4)
2fcr] +3(0,) = (@309 | ©)
[Mn] + %{02} = (MnO) , (6)
il + (0} = (SI08) )

The rate expressions were formulated as reversible according to a modified Law of Mass Action, a
method that has been discussed more comprehensively in our earlier work*>461, More specifically,
the rate expressions are defined so that concentrations are replaced with activities and partial

pressures, as illustrated below for the oxidation of dissolved carbon to carbon monoxide:

1/2 _Pﬂ) ’

RH = kf (a[c]poz K (8)

where k¢ is the forward reaction rate coefficient, a;c; is the activity of dissolved carbon, po, is the

partial pressure of gaseous oxygen and K is the equilibrium constant.
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2.1 Conservation of mass

The observed system consists of gas input, gas exit, two reaction interfaces and three bulk volumes,

as shown in Figure 2. It should be noted that the reaction interfaces have neither thickness nor mass.
Figure 2

It has been proposed that during simple side-blowing, post-combustion takes place in the off-gas flue,
but not in the AOD vessel itself.[*'l However, during combined top- and side-blowing a part of the
top-blown oxygen may be consumed in the post-combustion of CO to CO; before the gas jet impacts
the bath surface.”®! In order to simplify the modelling setting, the model proposed in this paper
considers post-combustion only at the reaction interfaces. Because the entrainment of cold air from
the atmosphere outside the vessel can be neglected under normal operating conditions,® the top-

lance and the tuyeres can be taken as the only gas inputs of the system. More specifically, it was
with the top-blown gas! The mass flow of gaseous species through the top lance into the observed

system is given by

9)

where Vg jance IS the volumetric gas flow rate through top lance (in Nm?/s) and p stp is the density

of the gas mixture under standard temperature and pressure according to the DIN 1343 standard!®!:

27315 K (0 °C) and 101325 Pa. [The model'is coupled with the'earlier-proposed model for Side:
blowing decarburization®*”), which calculates the mass flow of gaseous species from the plume eye (
into the observed system. In the case of inert gases, the mass flow rate of gas from the plume eye is
equal to the mass flow rate of gas from the tuyeres! Preventing the suction of atmospheric gas, the

mass flux of gas exiting the system is obtained from

MG, out = Max —MG,cav — MGmd, 0 |, (10)
gas consumption

the cavity interface and 1iG,ma is the mass flow of gas from the metal droplet interface. In order to

avoid the mathematical complexity of the Maxwell-Stefan equations and the generalized Fick’s law,
an effective diffusion model was employed®’. The conservation of species at the two reaction

4
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interfaces is defined by the reaction rates and mass transfer onto and from the reaction surfaces.
Employing a first-order upwind scheme for the Stefan flow, the conservation of species i in phase

at reaction interface w is given by

BispwPwo (Vi — Viw) + max(my, ,, 0) y; 5 — max(—my ,,0) y;,

mass transport Stefan flow

- _ (11)

chemical reactions

where S is the mass transfer coefficient, p is the density, y; 5 is the mass fraction of species i in-
bulk phase (i.e. steel bath, gas jet or top slag), y;,,is the interfacial mass fraction of species i, m" is

the total mass flux, R" is the reaction rate and v is the mass-based stoichiometric coefficient. lEshould

mass transport

+-
~—————

chemical reactions

|

Stefan flow
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(14)

where v; ;. is the stoichiometric coefficient of species i in reaction k, My is the molar mass of the
key component of reaction k and M; is the molar mass of species i. The key components of the
reactions shown in Egs. 1-7 are Oz, C, C, Fe, Cr, Mn and Si, respectively. The total mass flux of

phase 1 at reaction interface w is given by:

n T
Mo == > TR (15)

i=1k=1

where I, is a binary operator, which is defined as 1 if species i is in phase i and O otherwise. -

interfacial area 4, Employing the implicit Euler method for time integration, the conservation of

species i in the steel bath, top-blown gas and top slag is defined by Egs: 16, 17 and 18, respectively.

(16)

z [_ﬁi,G,pr,wAw (yi,jet - yiia)) - max(mg,w' 0) Awyi,jet
w

+ max(=mg o, 0) Awyiw| + ifiGinlanceViinlance G in plumeYiinplume an

t—At, t—At
. MjetYijet — Mjet Vijet
- mG,outyi,jet - At =0 ,

z [_ﬁi,S,pr,wAw(yi,slag - yi*,w) - max(mg,w' 0) Aa)yi,slag
? (18)

t—At, t—At
MslagYislag — Mslag Vi slag N

At

+ max(—méﬁw, 0) Awyl-’“w] — 0,

Where mp,eh, Mjer and mg,g are the masses of the steel bath, gas jet and top slag, respectively, and

At is the time step. The conservation equations for the total mass of the bulk phases (for the steel
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bath, gas jet and top slag) are defined correspondingly by summation of the mass transport terms and
fluxes of species that are relevant to the bulk phase in question. Metal losses to dust were not
accounted for as their effect on the composition of the steel bath is negligible.

2.2 Conservation of heat

Temperature increase is defined by the difference in heat generation and heat losses. While heat is

generated by exothermic reactions, it is consumed by endothermic reactions as well as heat losses

through the refractory lining, and top slag and exiting gas. [The conservation of heat at the cavity

Where T i the femperaiure of the metal droplets| Employing the implicit Euler method for time

integration, the conservation of heat in the steel bath, in the top-blown gas and in the top slag can be



170
171

172
173
174
175
176
177

178
179

180
181
182
183
184
185

expressed according to [EqS:22,28/and 24, respectively.

(22)
n r
z \—ac,wAw(Tjet —Ty) - Z Z T 6RE wVik AwCpi (Tiet — Tay)
w i=1k=1
T . — T_t—At
jet jet
- mjetcp,jetT =0,
n o r
Z [_as,wAa) (Tslag - TJ)) - Z Z I},SRl’c,,wVi,k chp,i(Tslag - TJ»)]
w i=1 k=1 (24)
Tslag - tl_At
_qslagAslag - rnslagcp,slagA—tsag =0,

where qiining is the heat flux through the refractory lining, Ajining is the surface area of the refractory
lining, gs1ag is the heat flux through the slag and Ay, is the cross-sectional surface area of the top
slag. The values of Ajining and Agjag are calculated based on the geometry of the simulated converter.

The heat flux through the refractory lining was set to gjining = 12500 W/m?as in our previous work],

‘
=
=

mouth i determined by
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5 1/2
— 2 2 2 2 % 2 2 2
= 212 [Z + Tslag + Tmouth — {(Z + Tslag + rmouth) — 4rslagrmouth} ] ) (26)
slag

where z is the distance between the top slag and the vessel mouth, 7y, is the radius of the top slag

and rmouth IS the radius of the vessel mouth! The cooling effect of the side-blown gas on the steel
bath temperature is calculated separately by the earlier-proposed model for side-blowing

decarburization? and is not repeated here.

2.3 Geometry of the cavity

The gas jet exits the lance nozzle at a supersonic velocity, but starts to spread and lose its velocity
after the supersonic core. The entrainment of gases from the ambient atmosphere affects the gas jet
not only by decreasing its velocity, but also by increasing its mass flow and — if the ambient
temperature is higher than that of the gas jet — by increasing its temperature.[? Considering that the
length of the supersonic region is typically 20-30 times the nozzle exit diameter at steelmaking
temperaturest™ it is apparent that the gas jet impacts the surface of the steel bath at subsonic velocity.
Upon impact, the momentum of the gas jet forms a cavity on the bath surface,’ while the liquid steel

outside the cavity is pushed towards the refractory walls of the vessel in the radial directionf®].

Molloy™®4 distinguished three cavity modes, namely dimpling, splashing and penetrating. Dimpling
refers to mere depression of the surface without droplet formation, while outwardly directed splashes
start to form the edges of the depression when the mode changes to splashing. In the penetrating
mode, the penetration depth is deeper and outwardly directed splashes are reduced. The different
modes can also be distinguished based on the frequency and amplitude of the cavity oscillation. !
Figure 3 presents a schematic illustration of the gas jet impact area with a one-hole lance in the

splashing mode.
Figure 3

In this work, the modelling setting was simplified by defining the reaction area between the gas jet
and the steel bath as the surface area of the cavity. Because the surface of the cavity is in oscillating
motion, the analysis must be based on quasi-steady state flow conditions.>*%6! It has been suggested
that chemical reactions®”%8! and the interference of top slagt®”! do not affect the geometry of the cavity
to a significant extent and on this account their effect was excluded in this work. In accordance with
Cheslak et al.®®, it was assumed that the geometry of the cavity follows the form of a paraboloid of

revolution with an impact radius of gy and an impinging depth of heay (See Figure 3). The surface
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area of the paraboloid of revolution, excluding its base, can be calculated as follows:(®"

T,
Acav,l = g% [(rczav + 4h§av)3/2 - rc:;v] . (27)

For a three-hole lance, the geometry is slightly more complicated. Depending on the inclination angle
of the gas jets, the gas jets may either coalesce and form only one large cavity, or penetrate the bath
surface as three separate jets, whereupon each gas jet will form its own cavity.-621 Even if the gas
jets do not coalesce, the cavities may still coalesce provided that they are sufficiently close to each
other!®® as shown in Figure 4. Observations with high-speed camerasf® suggest that the cavities
remain non-coalescing when the inclination angle is greater than 10°. In this work, it is assumed that
the gas jets do not coalesce and that the number of cavities is equal to the number of the gas jets (see
Figure 4A). Therefore, the total surface area of the cavities caused by a multi-hole lance can be
calculated simply by multiplying the surface area of a single cavity with the number of exit ports in

the top lance: 1526
Acay = Mance X Acav,l . (28)
Figure 4

The effects of various factors on the depth and form of the cavity have been studied extensively. In
this work, the correlations for the geometry of the cavity were taken from Koria and Langel®®l. The
equations required for calculating the depth and radius of the cavity are given in Table 1. These are
based on a dimensional analysis of experimental data on the penetration of oxygen jets in molten pig
iron and pure iron-carbon alloys with both single- and multi-hole lances.®®]. It'Should be noted that

Eq. 35 is applicable only for diatomic ideal gases (e.g. O or N2) and their mixtures. For other gas
mixtures, a more general expression for v, can be derived based on the equations presented by
Korial*,

Table 1 Ref.[63]

Eq. (29)
Eq. (30)
Eq. (31)
Eq. (32)
Eq. (33)
Eq. (34)
Eq. (35)
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2.4 Droplet generation

it brings about & consideable ncrease in the nterfacil area avalebl to chernical reactions 1 The

[71]

Fefered to as bubble bursting.” "1 This phenomenon occurs when a ising gas bubble reaches the
the bubble. ) A flated mechanism i th entrainment oflrge dropets cue ot formation, which
i cause by th collpsing o th cavty after the rupture ofth ion il

The secondary break-up of the metal droplets can occur due to various reasons, e.g. due to the
aerodynamic forces of the gas jetl’®l, impact on the slag layerl™ or bursting resulting from
spontaneous CO nucleation within the droplet(®. In the absence of suitable quantitative descriptions
for the break-up mechanisms and due to uncertainties related to the trajectories of the droplets, the
effect of the various break-up mechanisms on the droplet size distribution was not accounted for.

Based on the available knowledge, the lifespan of the metal droplets was assumed to consist of three
successive steps. At first, the metal droplets are generated at the vicinity of the cavity, from which
they are ejected onto a gas—metal-slag emulsion. This also includes metal droplets, which have been
ejected into the atmosphere and land on the emulsion. Thereafter, the metal droplets pass though the
emulsion layer, reacting simultaneously with gas and slag species. Finally, the metal droplets return
to the steel bath, where they mix with the steel bath immediately. Based on experimental findingst®"!
it was assumed that the initial composition of the metal droplets corresponds to the bulk composition.

11
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Furthermore, the metal droplets were assumed to be spherical in geometry. This assumption should
hold well for small droplets,®? which are expected to form the majority of the surface area.
Considering the distribution of emulsified metal droplets residing in the emulsion, their mass and

surface area are obtained from the following equations:

where my,q; and dmay are the mass and diameter of the droplet size class i, respectively. /AS'd

where fina.is fitma and €ma, are the mass fraction of size class i at place of birth, the metal droplet
generation rate and the residence time of size class i, respectively, and ¢ is the time. The Sauter mean

diameter of the metal droplets residing in the emulsion at a given moment is obtained from

2.4.1 Droplet generation rate

The blowing number, which relates the intensity of the jet momentum to the properties of the liquid

steel, is defined by!®7]

u? 2 u
5= PcUc _ MPd where n=_G, (40)

- 2,/oLgpL - VoLgpL Y

where ug denotes the critical gas velocity, gy, is the surface tension of the steel, n is a constant, pq IS
the dynamic pressure of the gas jet and w; is the axial velocity of the gas jet. The criterion for the

Kelvin—Helmholtz instability, and thus the onset of droplet formation, is represented with a value of

Ng = 1.I871 The experimental results of other studies suggest that n is not independent of the lance

12
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height!®-21 or the gas jet angle!®®l. Here, the variation of  as a function of the gas jet angle was
treated in a similar fashion as by Alam et al.®l, Making use of the concept of blowing number,
Subagyo et al.[*l proposed an empirical expression for droplet generation rate (-) in the splashing

cavity mode:

Mmd _ (NB)3'2
VG_lance [2.6 X 10 + 2.0 x 10~*(Npg)12]0-2

R? = 0.97, (41)

al ) and Rout et a1, Eq, 41 yields dropet generation retes which are corsicerably below the
valuesestirated from plant cata. According to Rout e al %, one reason for the ciscrepancy isthe
fat tht €6, 41 has been derived for conditons carresponding to foom terperature. Simila to Rout
et al", Eq. 41 was modified such that th blowing number Ny and the volumetic gas flow rate

The modifed gas flow ate i clculated a follows:

suggeste alo that due  lowlance heigh, the experiments conducte by Subagyo et al " i o

13
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The size distribution of the metal droplets at their place of birth was determined according to Koria

and Lange®, who proposed a formulation based on the Rosin-Rammler-Sperling (RRS) function:

RF = 0.001) dim) | (46)

where RF is the cumulative weight-fraction, d;n;; iS the limiting droplet diameter (which
corresponds to RF = 0.001) and n is the distribution exponent. Experimental studies indicate that the
parameter n is independent from the limiting diameter!®!, maximum impact pressure of the gas jet(®’]
and the blowing number!®l. The reported values for the parameter n vary in a relatively wide range
from 1.0 to 1.828.18%%% |n this work, a value of n = 1.26 was taken from Koria and Langel®, because
it represents an arithmetic mean for a relatively large amount of data. For non-coalescing jets, the

limiting diameter (in m) can be obtained from!®!

dz p 1.206
dyimir = 5.513 X 1076 x [10 (hz—t> Pamb (1.27 ° - 1) cos 9] , (4D

lance Pamb

where p, and p,mp are the lance supply pressure (in Pa) and the ambient pressure (in Pa),
respectively. This expression suggests that droplet sizes increase with increasing lance supply
pressure and decreasing lance height, and thus it appears to be in accordance with other studiest®”-%%:921,
Modifying the expression presented by Deo et al.[*®l to a more general form, the mass fraction of size
class i at place of birth can be obtained from

.= —1In(0.001) n RF n- : (48)

limit

14
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The average residence time of the metal droplets is obtained from

Ty = . . (49)

According to the results available in the literature, the average residence time of the droplets increases
with an increasing top gas flow rate!® and decreasing droplet sizel®*®%1. As shown by Urquhart and
Davenport!®®, the size distribution of the metal droplets in the emulsion is shifted towards smaller
droplets than the distribution of the generated droplets. The residence time of an individual droplet in
the emulsion can be defined as the ratio of the trajectory length to the average velocity.[”1 However,
for the simplified setting considered in this work, it is more convenient to define the residence time

of size class i through a constant x as follows:[¢"]

where hgp, is the height of the emulsion layer and - is the terminal velocity of size class i.

proposed by Subagyo and Brooks!®"). In the absence of suitable values, x was taken here as unity.

mem mem

= 2 )
Aslagpem (Abath — Mance X nrcav)pem

hem =

(51)

where m.p, is the mass of the emulsion, A, is the surface area of the top slag layer residing around

the cavities, per, IS the density of the emulsion and Ay, is the cross-sectional area of the steel bath.

The density of the slag-metal-slag emulsion is calculated according to:[*7]

Pem = pLdL + ps(1 — L), (52)

where ¢;, denotes the volume fraction of metal droplets in emulsion, and is obtained from

15
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%
L where Vg = _Pe L +Vs), (53)

¢L=VL+VG+VS 1— ¢g

where 1}, Vi and Vs denote the volumes of metal, gas and slag phases in emulsion, respectively. -

etal.:

2.5 Mass and heat transfer coefficients

The mass and heat transfer coefficients were defined according to Egs. 55 and 56, respectively.

D
B = Shz, (55)

A
_ 56
a—NuL, (56)

where Sh is the Sherwood number, D is the mass diffusivity, L is the characteristic length, Nu is the
Nusselt number and A is the heat conductivity. A detailed treatment of these parameters is provided

in the following subsections.

2.5.1 Cavity interface

At the cavity interface, the cavity radius (r.,,) was employed as the characteristic length. The mass
transfer correlations employed for the gas jet were taken from Oeters[®®l. These correlations are based

on the experimental data published by Lohel®! and can be represented as follows:

1.41 Re®515¢%33  when 2 x 10% < Re <3 x 104

| |
0.41 Re®7°Sc%33 when 3 x 10* <Re <2 x 10°

(57)

where Re is the Reynolds number and Sc is the Schmidt number. Similarly to Dogan et al.[**t the



417  values of Re and Sc were defined in relation to the properties of the gas film at the impact surface:
418

Re = 2elcavfe (58)
Ua
Ua
Sc = , 59
PcDg (59)

419
420  where ug is the critical gas velocity, . is the dynamic viscosity of the gas film and p¢ is the density

421  of the gas film. The critical gas velocity (ug) is calculated from the free axial velocity of the gas jet

422 ().

423

[99]
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439  2.5.2 Metal droplet interface

440 At the metal droplet interface, the mass and heat transfer coefficients were calculated by employing
441  the Sauter mean diameter of the metal droplets (d3zmd) as the characteristic length. The mass transfer
442  coefficient mass of the gas phase in contact with the metal droplets can be calculated from the
443  Steinberger and Treybal('®! correlation, which accounts for the effects of both natural and forced
444 convection:

445
0.62
Sh = Shy + 0.347(ReSc/2) ", (63)
N 1/4. J—

2 +0.569(GrSc) for GrSc< 108
ho = _ 1/2 _ , (64)

2 +0.0254(GrSc) * Sc®#**  for GrSc> 108

446

447  where Gr is the mean Grashof number. The mean Grashof number (Gr), the Reynolds number (Re)

448  and the Schmidt number (Sc) were defined as follows:

449
_ SC 1/2
_ ot (65)
Gr = Gry + Gry (Pr) ,
Ucd
Re = —6%32mdPG. (66)
Ug
Ug
Sc=——, 67
PcDg 67)

450  where Gry, is the Grashof number for mass transfer, Gry is the Grashof number for heat transfer and
451  Pris the Prandtl number. Here, Gry, Gry and Pr were defined according to Eqgs. 68, 69 and 70,
452 respectively. It should be noted that the value of Gry; depends on the species in question.

453

3 *
_ ngd32,md(yi,mdpG.md = Yi,jeth,jet)

GrM,l- 2 (68)
Hg
Zq3 Tia — T
Gryy = 9Pac 32,md( rznd Jet), (69)
Toug
c
pr — PGHG (70)

PR
454

455  where gy g is the specific heat capacity of the gas phase and Ag is the heat conductivity of the gas

456  phase. The heat transfer coefficient was calculated with the help of Egs. 63 and 64 by replacing Sh,

18
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Gr and Sc with Nu, Gry and Pr, respectively. It is known that mass transfer within small metal
droplets takes place almost entirely by diffusion, while larger droplets may exhibit uninhibited
circulatory flow.[%1%1 |n this work, it was assumed that only creeping laminar circulation takes place
within the metal droplets. Therefore, the mass transfer coefficient can be calculated according to the
Kronig and Brink%! solution, which can be expressed in terms of the Sherwood number as

follows:[106]

322, A?2; exp(—161;Foy )

Sh=— ,
3 %2, A7 exp(—16A;Foy )

(71)

where Foy, is the Fourier number for mass transfer. The first seven values for the parameters A; and
2; were taken from the literature®’] and provide a sufficient convergence. Despite its limited range

those corresponding to creeping flow.-°®! Employing the average residence time of the metal droplets

(-) as the characteristic time, the Fourier number for mass transfer can be defined according to

4D twm

Foy = (72)

d3oma

The corresponding Fourier number for heat transfer (Foy) is obtained from Eq. 72 by replacing mass
diffusivity with thermal diffusivity. Thus the heat transfer coefficient for the metal droplets is
obtained by replacing Sh and Foy; with Nu and Foy, respectively. The mass transfer in the slag phase
surrounding the metal droplets was calculated according to Eq. 73, which is valid for fluid spheres in

creeping flow.[1%%]

1/2
Sh=0.65( ks ) Rel/25c1/2

Us + py, 73)
o5 ()" (psa.->1/2( sy
- Us + Uy, Us PsDs '

where ugg is the average terminal velocity of the metal droplets in the emulsion. The heat transfer
coefficient for the slag phase in contact with the metal droplets was obtained using the analogue of

heat and mass transfer by replacing Sh and Sc with Nu and Pr, respectively.
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483 2.6 Thermodynamic properties

484  All the thermodynamic properties were defined at the composition and temperature of the reaction
485 interface in question. The equilibrium constants are defined by

486

AG°
RT*

K = exp (— ) where AG® = AH° — T*AS°, (74)

487

488 where R is the gas constant, [F¥is the temperatiire of the reaction interface, and G*, AH® and 45° are

489
490
491

492
493
494
495

496
497
498
499
500

501
502

503
504

505 from the Shomate equation!**!):

506




507
508
509
510
511
512
513

514
515
516
517
518
519
520
521
522
523
524
525

526
527

where A, B, C and D are fiting parameters applicable o a cerain temperaure interval. A
comprehensive database of the Shomate equation parameters was taken from HSC Chemisty!

The partial pressures of the gaseous species can be calculated from the ideal gas law based on the

total gas pressure at the reaction interface. The Henrian activity coefficients of the species in the

liquid metal phase were calculated with the Unified Interaction Parameter (UIP) formalism[**2:

5iilx +lej, (80)

]:1 k=1 =

lnyl =

where _ yR is the Raoultian activity coefficient of

species i, y; is the activity coefficient of species i at infinite dilution, ¢ is the first-order molar
interaction parameter and x* is the molar fraction at the reaction interface. The employed first-order

molar interaction parameters are given in Table 2.

Table 2 Refs, [113] [114] [115] [116] [110]

|I,—|
‘
[y
‘
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529
530

531
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533

534

535
536
537
538

539
540

541
542
543
544
545
546

547
548
549
550
551
552
553

554
555

556
557
558

reported by Wei and Zhu'*!) for early and later periods of refining. In this work, the coefficients
applicable for the early period of refining were employed. Similar to Wei and Zhu,# it was assumed
slag.

Table 3 Ref, [21]

2.7 Physical properties

The physical properties of the steel and slag phases were estimated at the temperature of the reaction
interface, while the properties of the gas phase were defined at gas film temperature, which was

approximated as{**]
1= 05X (1" + i) -

where T™ is the temperature of reaction interface and Tj is the temperature of the gas jet. The

effective mass diffusivity was defined for each species in the metal phase as the interdiffusivity in

liquid iron, while only one effective diffusivity value was assigned for the gas and slag phases. \Where

by an Afthenis type relationship®, I orce to accourt or the effec o presure and temperature,

the mass diffusivity of the gaseous species was treated according to[?]

TG 15 Pref
Dg=D x(—) ( ) (86)
¢ Geft Tref Pc

where Dy o IS the effective mass diffusivity at Ter and pre, Tref IS the reference temperature, per is
the reference pressure and pg is the total gas pressure. The pressure changes in the gas jet are small
enough to be neglected!” and hence the total gas pressure was taken as equal to the atmospheric
pressure at both reaction interfaces. The treatment of other physical properties is summarized in Table

4 along with their corresponding references.

Table 4 Refs, [119] [120] [121] [122-124] [125] [126] [118] [127] [128] [119] [130] [129]

During decarburization, the top slag consists of a molten slag phase saturated with chromium oxide
and a solid chromium oxide phase.[**! For this reason, it is necessary to consider the effect of solid
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569
570
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575
576
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579
580
581
582
583
584
585
586

587
588
589

particles on the viscosity of the top slag. The viscosity of the liquid part (us,) was calculated using
the viscosity model proposed by Forsbacka et al.l*?], which is an extension of the modified Urbain
model™! for the Al,03-CaO-CrO-Cr.0s3-’FeQ’-MgO-SiO; system. The effective viscosity of the top
slag was determined as relative to the viscosity of the liquid slag phase:

Us = UsmHUs,rel - (87)

The relative viscosity s ; Was calculated according to the equation proposed by Thomas!*?®!. Figure
5 provides a comparison of the Thomas[*?®! equation with other relative viscosity equations available
in the literaturel*33-13%1, With the exception of the Einstein equation*3], the equations produce similar

results up to a solid volume fraction of 0.3, but begin to diverge as the solid volume fraction

approaches unity. The solid volume fraction was calculated as a function of Cr.0s content as shown
in the second part of this worki*.

Figure 5 Refs, [126,133-139]

2.8 Numerical solution

The objective of the numerical solution routine is to minimize the error in free variables, while
minimizing the error in thermodynamic equilibrium at the reaction interfaces. The thermodynamic
equilibrium at the reaction interface and the mass transfer onto and from the interface are solved
simultaneously. However, conservation of mass and heat are solved successively. Using small time
steps, this does not cause significant inaccuracy, but greatly improves the numerical stability. The

flowchart of the model is shown in Figure 6.

Figure 6

approimtes the solution by it tangent line~*1 For a se of norlinear equations the Newtor's
method can be expressed s followis: )

Wherel is the Jacobian matrix of the system with respect to all free variables, . is the correction

vector and f is the residual vector, which approaches zero asymptotically during the iteration. The
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system of linear equations defined by Eq. 88 is solved by Gauss—Jordan elimination. DUring iteration,

iterations is exceeded! The error in the residual vector f is measured using the I>-norm, which is the

Euclidian length of the correction vector:

laxl, = /Z ax? (89)

As stated earlier, one of the main assumptions of the model is that the reaction interfaces reach their
mass-transfer constrained equilibrium composition at every instant. During the numerical solution,
the interfacial composition asymptotically approaches the composition dictated by the equilibrium
constants, provided that the forward reaction rate coefficients (k¢) are sufficiently large. In order to

assess the fulfilment of the equilibrium assumption, the concept of equilibrium number is introduced:

By definition, Q = K &t
equilibrium. Because Q — K as ky — oo, it follows that E — 0 as k¢ — 0. Owing to these properties,

the equilibrium number provides a practical measure of the relative fulfilment of the equilibrium
assumption. As a preliminary setting the maximum allowed error was set to E = 0.1% for all the
studied reactions. During numerical solution, the forward reaction rate coefficients are increased
periodically until the equilibrium numbers of all the reactions are below the maximum allowed error.

A typical calculation time per time step is in the order of few seconds using a desktop PC (3.4 GHz).

3  Conclusions

The objective of this work was to develop a fast numerical model for the reactions that occur during

top-blowing in the AOD process. More specifically, the aim was to create a model that considers
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reactions both between the top-blown gas and the steel bath and between metal droplets and top slag.
Employing the categorization proposed by Ding et al.'*H, the model derived in this work can be
classified as a complex process mechanism model, because it emphasizes the local thermodynamic
equilibrium and local heat and mass transfer characteristics. In the second part of this work,* the
model is validated with heats from a full size AOD vessel. In the future, the combined top- and side-
blowing stage of the AOD process can be simulated as a combination of the top-blowing model
derived in this work and the side-blowing model proposed earlier by Jarvinen et al.[?%],
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Nomenclature

Symbols

a Activity

A Surface area [m?]

A; Parameter of the Kronig-Brink solution

Cp Molar heat capacity at constant pressure [J/(mol-K)]
Cp Specific heat capacity at constant pressure [J/(kg-K)]
dy Nozzle throat diameter [m]

Alimit Fineness parameter of the RRS distribution [m]

d32.md Sauter mean diameter of the metal droplets [m]

D Diffusion coefficient [m?/s]

fi Mass fraction of size class i at place of birth

f Residual vector

g Standard gravity [m/s?]

AG° Change in standard Gibbs free energy of reaction [J/mol]

AGiot Change in total Gibbs free energy [J/mol]
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657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681

682
683

Reav Depth of the cavity [m]

Rance Distance of the top lance from the surface of the steel bath [m]
H° Standard enthalpy [J/mol]

AH® Change in standard reaction enthalpy [J/mol]

] Jacobian matrix

Jets Droplet generation rate multiplication factor

k¢ Forward reaction rate coefficient

K Equilibrium constant

L Characteristic length [m]

m Mass [kg]

Mmd Metal droplet generation rate [kg/s]

Mmaerr  Effective metal droplet generation rate [kg/s]

M Molar mass [kg/mol]

Mance Number of exit ports in a nozzle

n Distribution exponent of the RRS distribution

p Partial pressure

Dcav Arc length of the cavity [m]

Pamb Ambient pressure [Pa]

Do Stagnation pressure at upstream part of the top lance [Pa]
Teav Top radius of the cavity [m]

R Gas constant [J/(mol-K)]

R" Reaction rate [kg/(m?s)]

R? Correlation coefficient

RF Cumulative weight-fraction

S° Standard entropy [J/(mol-K)]

AS° Change in standard reaction entropy [J/(mol-K)]

- Average residence time of the - droplets [s]

Ug Critical gas velocity [m/s]
U Axial velocity of the gas jet [m/s]
Umd Average terminal velocity of the metal droplets [m/s]
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684 u,  Turbulentshear stress velocity [mis]

685 Vg Volumetric gas flow rate [Nm?/s]

686 V¢  Modified volumetric gas flow rate [Nm%s]
687 x Molar fraction

688 X Cation fraction

689 0ox Correction vector

690 vy Mass fraction

691 y°  Interfacial mass fraction

692  ||Ax]|, 12-norm

693

694  Greek symbols

695 «a Heat transfer coefficient [W/(m?K)]

696 « Interaction energy between cations [J]

697 B Mass transfer coefficient [m/s]

698 vy Activity coefficient

699 y° Activity coefficient at infinite dilution

700 Oy Thickness of the diffusion boundary layer [m]
701 Sp, Thickness of the thermal boundary layer [m]
702 ¢ First order molar interaction parameter

703 17 Constant

704 7, Average microkinetic efficiency of heat transfer
705 @, Average microkinetic efficiency of mass tiansfer
706 6 Inclination angle of each nozzle relative to lance axis [°]
707 Kk Constant

708 2 Heat conductivity [W/(m-K)]

709 2, Parameter of the Kronig-Brink solution

710 u Dynamic viscosity [Pas]

711 v Stoichiometric coefficient

712 v Mass-based stoichiometric coefficient

713 m Mathematical constant

714 p Density [kg/m?]

715 o Surface tension [N/m]

716 ¢ Volume fraction

717



718 Dimensionless numbers

719 E Equilibrium number

720  Foy Fourier number for heat transfer
721  Foy Fourier number for mass transfer
722 Gr Mean Grashof number

723  Gry Grashof number for heat transfer
724 Gry Grashof number for mass transfer
725 Np Blowing number

726 Ny Modified blowing number

727  Nu Nusselt number

728 Sc Schmidt number

729  Sh Sherwood number

730 Pr Prandtl number

731 Re Reynolds number

732

733 Subscripts and superscripts

734 cavi I Cavity

735  bath Steel bath

736 em Gas-metal-slag emulsion

737 G Gas phase

738 H Henrian standard state

739 in Gas flow into the system

740  jet Gas jet

741 L Liquid metal phase

742 md  Metal droplet

743  out Gas flow out of the system

744 plume  Gas plume

745 R Raoultian standard state

746  rel Relative

747 S Slag phase

748 STP Standard temperature and pressure according to the DIN 1343 standard!®:
749 273.15 K (0 °C) and 101325 Pa.
750  slag Top slag

751 (D) Liquid state
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752
753
754
755
756
757
758
759
760

761

762
763
764

765
766

767

768

769

770
771

772

773
774

775

776

e

778

779

780

(s) Solid state

Indices

i Size class

i Species

n Number of species
r Number of reactions
Y Phase

) Reaction interface
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