Mathematical Modeling of the Argon-Oxygen
Decarburization Refining Process of Stainless Steel:
Part |. Mathematical Model of the Process

J-HE WEI and DE-PING ZHU

Some available mathematical models for the argon-oxygen decarburization (AOD) stainless steel—
making process have been reviewed. The actual situations of the AOD process, including the competi-
tive oxidation of the elements dissolved in the molten steel and the changes in the bath composition,
as well as the nonisothermal nature of the process, have been analyzed. A new mathematical model
for the AOD refining process of stainless steel has been proposed and developed. The model is based
on the assumption that the blown oxygen oxidizes C, Cr, Si, and Mn in the steel and Fe as a matrix,
but the FeO formed is also an oxidant of C, Cr, Si, and Mn in the steel. All the possible oxidation-
reduction reactions take place simultaneously and reach a combined equilibrium in competition at
the liquid/bubble interfaces. It is also assumed that at high carbon levels, the oxidation rates of
elements are primarily related to the supplied oxygen rate, and at low carbon levels, the rate of
decarburization is mainly determined by the mass transfer of carbon from the molten steel bulk to
the reaction interfaces. It is further assumed that the nonreacting oxygen blown into the bath does
not accumulate in the liquid steel and will escape from the bath into the exhaust gas. The model
performs the rate calculations of the refining process and the mass and heat balances of the system.
Also, the effects of the operating factors, including adding the slag materials, crop ends, and scrap,
and aloy agents; the nonisothermal conditions; the changes in the amounts of metal and slag during

the refining; and other factors have all been taken into account.

[. INTRODUCTION

THE keys for the refining of stainless steel are how to
remove effectively the carbon in the steel and to raise the
chromium recovery. In the various refining technologies
of stainless steel, the argon-oxygen decarburization (AOD)
process has a number of obvious advantages; thus, it has
been applied extensively and developed rapidly throughout
the world. At present, over 75 pct of the world's stainless
steel output is produced using the process.

Simultaneously, many studies on mathematical modeling
for the AOD refining of stainless steel have been carried out,
and numerous model s have been proposed and developed to
attempt to accomplish optimization and computer control of
the process.'-4 Taking the AOD refining of low-carbon
and high-chromium stainless steel as an example, Ray and
Szekely!! examined and analyzed the mathematical model-
ing of this processin the discussion of process optimization
methods. Following this work, based on the mass and heat
balances of the system and the film theory of diffusion,
Asai and Szekely>3 proposed a mathematical model for the
decarburization of stainless steel. The essential assumption
was that the oxygen supplied to the metal is either used to
participate selectively in decarburization and the oxidative
reactions of Cr and Si, thus forming CO, Cr,0O3, and SiO,,
or it accumulatesin the metal phase. The model did not allow
for the formation of FeO explicitly; namely, it postulated that
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the oxygen transfer from the FeO part of the slag to the
metal is quite rapid. Applying the model to the refining
processin an oxygen-blown, el ectric furnace of 40-t capacity,
the predictions and measurements showed quite good agree-
ment. The first deficiency of this model is that the discrep-
ancy of decarburization patterns at high and low carbon
levels was not noted. Second, according to this model, the
rate parameters used were the conductances determined by
consider al the resistances of the system to transfer, i.e.,
mass transfer, chemical kinetics, mixing, etc. So, the values
of these conductance parameters for different components
in the bath must be different under different operating condi-
tions. However, it was assumed that the values of these
parameters for the overall transfer of C, O, Cr, and Si under
different operating modes were equal and constant. These
assumptions, combined with the assumption that al nonre-
acting oxygen is accumulated in the molten stainless stee,
arein clear contradiction to known phenomena and likely to
lead to errorsin predicting the kinetics of the AOD processes.

Fruehan¥ assumed that most of the oxygen blown is
consumed in the oxidation of chromium in the tuyere zone,
and the Cr,O; formed oxidizes the carbon as it rises in the
bath with the argon bubbles (FeO may also form, but it is
quickly reduced by Cr). It was further assumed that the
oxidation of carbon by Cr,0O; is controlled by the liquid-
phase mass transfer of carbon to the bubble surface at low
carbon levels and is determined primarily by the rate of
oxygen blown at high carbon levels. Also, it was assumed
that most of the silicon is preferentialy oxidized to the
chromium in the early stage of the blow. On the basis of
these assumptions, areaction model wasdevel oped to predict
the rates of carbon and chromium oxidation in the AOD
process. It has been confirmed by numerous observations
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of pneumatic steelmaking processes, including the converter
and AOD processes, that there exist distinct regimes of rate
control for decarburization at high and low carbon levels.
However, the oxygen blown into the bath during the refining
process cannot usually be completely absorbed.'? The
assumptions of complete utilization of oxygen, of areaction
scheme, and of isothermal conditions are potential sources
of weakness in the model developed by Fruehan.

Deb Rey and Robertson>® considered that all theinjected
oxygen oxidizes the chromium, silicon, and manganese dis-
solved in the liquid steel, and the Cr,0O3, SIO,, and MnO
formed are reduced by carbon as they rise in the bath with
the bubbles. Moreover, they noted the change in the partial
pressure of carbon monoxide with the bath height and intro-
duced the heat balanceto take account into the nonisothermal
nature of the bath, thus, proposing a mathematical model
for stainless steel making. The model was tested on plant
data obtained in producing Type 304 stainless steel in a45-t
AOD converter, and better results were obtained. However,
the fact that there are different decarburization patterns at
high and low carbon contents was also not reflected by the
model. Furthermore, they assumed that the oxygen distribu-
tion ratios near the jet entrance among the dissolved elements
were proportional to the molar concentrations of the ele-
ments. This assumption and the assumption of complete
oxygen utilization are potential sourcesof error inthismodel.

Ohno and Nishidal” proposed a bubble decarburization
model for the AOD process. They also assumed that the
injected oxygen primarily oxidizes chromium in the tuyere
zone and that the chromium oxide formed subsequently
oxidizes the carbon as it rises in the bath with the argon
bubbles. At the same time, they assumed that the reductive
reaction of Cr,0O3 by carbon is, all along, limited by the
liquid-phase mass transfer of carbon to the bubble surface
in the whole refining process. Considering the influence of
the bath height on the total pressure and partial pressure of
CO in the bubble, the rate equation of the decarburization
process, characterized by the partial pressure of CO, was
derived and obtained. As mentioned previoudly, it is not
likely that the mass transfer of carbon becomes a limiting
link of the rate of the decarburization process at high carbon
levels. In addition, the effects of the operating factors and
changes in the bath composition and temperature in the
refining process were not considered. The activities of the
elementsin the steel were taken to be all 1, which must also
bring about a considerable deviation from reality.

Tohge et al.l¥l investigated experimentally the refining
process of austenitic-grade stainless steel with very a high
initial content of carbon (>2.5 mass pct) in a top-and-bot-
tom-combined blowing AOD vessel of 70-t capacity using
the operating practice of a high gas bottom blowing rate
with oxygen top blowing. On the basis of the mass and
heat balances, they developed a theoretica model which
considered the formation of some amount of FeO, noniso-
thermal conditions, and rate-controlling steps, as well asthe
addition of slag, scrap, and alloy agents. According to their
model, the carbon, silicon, chromium, manganese, and iron
in the steel are oxidized during the oxidation in the AOD
process, thus forming CO, SiO,, Cr,03, MO, and FeO. It
should be said that the conditions of the AOD refining were,
throughout, of quite concern in this model. However, it
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must again be pointed out that the assumption of the rate-
controlling steps al being the liquid-phase mass transfer, in
the cases of high and low carbon levels, is not reasonable.
Additionally, the diluting role of the inert gas blown to
the carbon monoxide formed and its effect on the rate of
decarburization were not fully reflected. Also, itisnot likely
that the oxygen in the gas blown through the tuyeres from
the vessel bottom is completely consumed by the oxidation
of the various elements in the steel. The estimation of a
Gibbs free energy for the reaction of 1/3(Cr,O3) + [Fe] =
(FeO) + 2/3[Cr] indicated that there is no possibility of the
oxidation of iron in terms of the reaction, even under their
experimental conditions (the corresponding equilibrium con-
stant at 1700 °C isabout 0.0245). So, this assumption regard-
ing the oxidation of iron cannot be held.

Using similar assumptions to those of Fruehan’s model,
a mathematical model for the AOD refining process of
stainless steel was developed by Reichel and Szekely.[®!
According to this model, the decarburization rate is propor-
tional to the supplied oxygen rate at high carbon levels and
isrelated to the carbon content and the supplied oxygen rate
at low carbon levels, but the influence of the latter weakens.
A critical state or acritical point existsin therefining process,
when the constant rate of decarburization transitions to a
falling rate. The corresponding carbon concentration is the
critical carbon content. Essentially, this model has the same
weaknesses as those of Fruehan’s model.

In terms of the thermodynamics with the mass balance
of the system, Gornerup and Sjobergl’® mathematically
modeled the AOD/Creusot—Loire Uddeholm process. The
principal questiontotheir model isthat the state of thermody-
namic equilibrium, in fact, cannot be reached and established
in the whole bath during the refining process. So, it is hard
to say that their model is reliable and believable. Recently,
taking the rate eguation of Fruehan’s model at the low-
carbon condition and the heat balance of the system as a
basis, areal-time online control model for the AOD process
was devel oped.[*Y Theresults, applied to the refining process
in a 68-t AOD vessel, indicated that the calculation and
control precision of this model are not high.

To sum up, these studies, to different extents, offered
some useful information for understanding and improving
the process practice. However, al these available models
have not reflected and described fully the real situations of
therefining process of stainless steel and, to acertain degree,
have all those shortcomings. Using these models, in fact, it
is difficult to predict quantitatively and accurately the
changes in the chemical composition and temperature of the
bath during the practical process and the influence of the
relevant factors, aswell astheir interactions. It isstill needed,
and is of important theoretical and practical meaning, to
study further and more deeply this process. Considering
these conditions, the AOD refining of stainless steel hasbeen
investigated. A new mathematical model for this process has
been proposed and developed, which is expect to provide
more believable and useful information and a more reliable
basis for the optimization and computer control of the proc-
ess. Themodel performsthe rate calculations of the refining
process and the mass and heat balances of the system. Simul-
taneously, the effects of the operating factors, including add-
ing the slag materials, crop ends, and scrap, and alloy agents;
the nonisothermal conditions; the changes in the amounts
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of slag and metal during the refining; and other factors were
all considered. The details of the model and the determina
tion of its parameters with the computing procedure are
presented in Part | of the present work.

[I. ANALYSIS OF THE AOD PROCESS

It is well known that in AOD stainless stee making, the
supplied oxygen is utilized to remove the carbon in the
molten steel. The argon (or nitrogen) blown simultaneously
can decrease the partial pressure of the carbon monoxide
and promote decarborization, thus achieving the effective-
ness and objective of removing carbon and reducing the loss
of chromium. However, the silicon and manganese dissolved
in the molten steel can aso absorb the blown oxygen and
restrict the oxidation reactions of carbon and chromium.
Due to their low initial contents in the steel, their oxidative
reactions during the refining process will rapidly reach the
relevant dynamic equilibrium. After that, the supplied oxy-
gen will, apparently, all be consumed by the oxidation of
carbon and chromium, except the part escaped from the
bath. That is to say, there exists throughout the competitive
oxidation of the carbon, chromium, silicon, manganese, and
other elements dissolved in the steel during the whole refin-
ing process.

Moreover, at high carbon concentrations, the driving force
for the mass transfer of carbon in the liquid steel to the
reaction interface would be high enough at the oxygen blow
rates usually used in the AOD practice. In this case, there
would be insufficient oxygen to oxidize the carbon trans-
ferred to the reaction interface from the bulk of the molten
steel. Thismeansthat at high carbon concentrations, the rate
of decarburization would primarily be related to the rate of
oxygen blow. When the carbon content in the stedl is
decreased to a certain low level, the rate of decarburization
may change to being controlled by the mass transfer of
carbon to the reaction interface from the liquid bulk. Numer-
ous observations of the AOD refining process suggest that
thereis a critical point or a critical state in the process like
that in oxygen-converter steelmaking. This point corres-
ponds to the critical carbon concentration and to the transi-
tion from the decarburization rate being related to the
supplied oxygen amount to being the rate controlled by the
mass transfer of carbon in the liquid phase.

The oxygen molecules entering the bath would also con-
tact the iron atoms as a matrix of stainless steel and form
iron oxide, but most of the iron oxide formed would, subse-
quently, quickly be reduced by the carbon, chromium, sili-
con, manganese and other elementsin the molten steel. This
means that the iron oxide formed also would be an oxidant
for them and would be mainly an intermediate product of
the gas-blowing refining. In addition, their oxidation, to a
certain extent, would be related to the supplied oxygen rate
even at low carbon concentration levels.

Furthermore, the bath always demonstrates an obvious
nonisothermal characteristic during therefining process. The
oxidation reactions of the elements dissolved in the steel
make the bath temperature continuously increase; the addi-
tion of dlag materials, crop ends, scrap, and alloy agents, as
well as the heat loss of the system, cools the bath. The
nonisothermal nature of the bath can directly and strongly
influence the equilibrium and rates of the various refining
reactions.
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Another feature of the AOD process is that the bath is
strongly agitated by the gas streams. The fluids in the bath
undergo very vigorous stirring and circulatory motion during
gasblowing, and thereis no obvious dead zonein the bath.!*?!
This can very effectively promote and intensify the heat
and mass transfer and is undoubtedly very advantageous in
accelerating the refining reactions and improving the homo-
geneity of the bath composition and temperature.

The conditions and characteristics mentioned previously
must all be considered and noted in mathematical modeling
of the AOD refining process of stainless steel.

. MATHEMATICAL MODEL OF THE
PROCESS

A. Basic Assumptions of the Model

In order to propose and develop a new mathematical
model to deal with the refining process, the following initial
assumptions were made for the process, based on the previ-
ous analysis.

(1) The oxygen blown into the molten steel simultaneously
oxidizes the carbon, chromium, silicon, and manganese
dissolved in the steel and the iron as a matrix; the iron
oxide formed is aso an oxidant for the other elements
and is, essentialy, an intermediate product of the refin-
ing process.

(2) All the possible oxidation-reduction reactions take place
simultaneously and reach and establish acombined equi-
librium in competition at the liquid/bubble inter-
face;.[l“‘lsl

(3) At high carbon contents, the oxidation rates of elements
are primarily related to the supplied oxygen rate; at low
carbon concentration levels, the rate of decarburization
is mainly determined by the mass transfer of carbon in
molten steel.

(4) The unabsorbed oxygen blown into the liquid steel will
escape from the bath and form CO, with CO in the
exhaust gas, rather than dissolving and accumulating in
the steel.

(5) The bath composition and temperature are continually
changing and are uniformly distributed a any moment
during the whole refining process.

(6) The oxidation of elementsin the steel other than C, Cr,
Si, and Mn is temporarily not taken into account; i.e.,
the oxygen consumed by the other elements is ignored
in the present work.

B. Refining Reaction Schemes

The oxidative reactions of the carbon, chromium, silicon,
and manganese dissolved in the molten steel and the iron
asamatrix of the steel by the blown oxygen can bewritten as

[C] + 3 0, = {CO} 11
2[Cr] + :—2302 = (Cry05) [2]
[S] + O, = (SI0) 3
[Mn] + 2 O, = (MnO) [4
[Fe] + 3 O, = (FeO) [5]
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The reaction system is just one composed of a liquid aloy
(stainless steel) and a liquid slag phase with an atmosphere
containing oxygen. The following independent reaction
equilibriain this system can be produced from combinations
of reactions [1] through [4], respectively, with reaction [5].

C] + (FeO) = {CO} + [Fel;
[C] + (FeO) = {CO} + [Fe] (6]

P
AGe = AGR + RT In—=
&c1&(Fe0)
2[Cr] + 3(FeO) = (Cr,03) + 3[Fe; 7]
acr
AGg = AGY + RT In——22—
fcr1@(Feo)
[S] + 2(FEO) = (SIO,) + 2[F€];
(8]
AGg = AGY + RT In 5%
518 (Fe0)

[Mn] + (FeO) = (MnO) + [Fe]; (9]
AGyy = AGY, + RT In —Mm0)_
AMn|&(Fe0)

Theseall belong among the possible reactionswhich occur
in the system. Thermodynamically, the reaction schemes
presented by reactions [1] through [5] and reactions [6]
through [9] can al characterize the chemical-equilibrium
feature of therefining system but, kinetically, they are differ-
ent, the former being direct, and the latter being indirect.

C. Rate Equations of the Process

At high carbon contents, the average loss rates of the
carbon, chromium, silicon, and manganese dissolved in the
steel in the competitive oxidation are, separately,

Wi dpct C] _ 27Q0

T100Me  dt 22,400°C [10]
o 10\(/)an\}|cr - 222774?0% Xer (]
2o Sl T ke 2
- 10<\JN hn;an d[pc(tth 1 2227,72)% Xuin [13]

At low carbon concentration levels, the average rate of
decarburization can be expressed as

d[pct C]

~Wn g

= Acaprkc ([pct €] — [pet Clo [14]

At this time, the refining reactions in the bath mainly are
the oxidation of carbon and chromium, and the bath tempera-
ture is also raised to a higher level. Thus, the following
reaction can appropriately be considered:

(Cr,05) + 3[C] = 2[Cr] + 3{CO} [15]
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Correspondingly, the equilibrium concentration of carbon at
the reaction interface is

[pct CJ, = =2 \3/ At (16
¢ fc acr,0; Ker-c

where gy = fe[pct Cr] and acr05 = Yer05 Neros- Clearly,
reaction [15] can be reached by a combination of reactions
[1] and [2] or reactions [6] and [7]. Paying attention to
the diluting role of the inert gas (argon or nitrogen) and
nonreacting oxygen, the partial pressure of carbon monoxide
(Pco) should be

Nco

Poo=——"—"—P
o Nco + NG + Ngyp !
Relevantly,
Wy d[pct C]
0 = 100 MC< a )=

and no = Qo(1 — 7)dt/22,400 and ngy, = Qg,pdt/22,400.
Thus, the following expression can be reached:

_d[pct C]
B = d P, 17
©~100Mc Qo(1 — ) + Quo _ dlpctC]
Wi, 22,400 dt

Substituting Egs. [16] and [17] into Eq. [14], the following
can be obtained:

d[pg: q_ % (-5 — JE + ) [18]

where

100 Mc Qo(1 — 77) + Qup
W, 22,400

[19]

+

Areapmkc (_Et 3 a-[ZCr]

+ [pct C
W, fc V acr0Ker—c [p ]>

. Avepnke 100 Mc\ Qo(1 — 7) + Qup
S =4y — [pct q( W, ) 22,400

[20]

D. Heat Balance of the System

The molten steel, slag melt, and gases (including the
blown oxygen and argon (or nitrogen) and the exhaust gas)
all carry heat. The oxidation reactions of elementscanrelease
heat. Also, the heat of the system can be lost by conduction
and adsorption of the refractory lining and shell during the
rising-temperature process of the bath; by radiation; by the
operations of taking the samples and measuring the tempera-
ture; by adding the slag materials, crop ends, scrap, and
aloy agents; and by other factors. Moreover, the heat can
be obtained or lost due to some uncertain reasons. According
to these, the heat-balance equation is
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Wmcp,mT + QodtPon,ng,o + Qb dtpsubcp,sung,O + Wscp, sl

Wi [ d[pctC] _ d[pctCr]
+1oo< @ “Hem g A

_ dipetMny . dlpctS]
o AHun— = AHg e

—w, [ 1+ (dpetCl, dpetCr] . dipetMn]
dt dt dt

N d[pctSi]) dt

p ﬁ))c"'m(T +dT) [21]

+ QO (1 - U)dtpocp,ng + qubdtps,lbcp,sung

W (_dlpetCl\  Mco
+ —_ R L — —_
100 ( a /2w CeoTs

We— Wt dpctCr] Mcr,05
* 100 dt 2Mc,

d[pctMn] Muno . d[pct Si]Msio,
+ pm MMn+ pm Mg Cos(T+dT)

+ (qloss + Q5)dt
The appropriate rising rate of the bath temperature is

dT ( (Mcrzosd[pCtCr] Myinod[pctMn]
—=(CpsT +

dt 2Me  dt My,  dt

Msio,d[pct Si] dlpctC] d[pctCr]
My o )_C"'”‘T( a o

N d[pctMn] . dpctSi]
dt dt

100
- W(QOPOCp,O ((1 - 77) Tg - Tg,O) [22]
m
Mcod[pctC]
Mc  dt

dpctCr]
dt

+ Qioss + Q5) + Cp,COTg

dpctC]
dt

d[pctMn]
dt

+AHg, + AHwn

- (AHC
d[pctSi]

+AH =P

)) /(100¢;,,m+ 100 ¢, JWs/Wiy)

Where Qos = th + ¢ + 0z + g4 + q,. In the present
work, the refractory lining with the shell was referred to
approximately as a multilayer plate; g,, 0, 03, and g, were,
respectively, determined in terms of the one-dimensional
transient heat-conduction problems; g5 was taken to be
W,Cp 1 AT and
Ou = (O + 02 + g3 + d4) X 15 pct.

It should be pointed out that Eq. [22] included not only
the influence of the changes in the amounts of molten steel
and slag, but also the heat needed for the rise of the refrac-
tory-lining temperature during the refining process. Theini-
tial and boundary conditions of the model involve theinitial
amounts, chemical composition, and temperature of the mol-
ten steel and slag; the blowing rates and temperatures of the
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oxygen and inert gas (argon or nitrogen); the temperatures
of the shell and exhaust gas; the amounts of various addi-
tion agents.

IV. DETERMINATION AND ESTIMATION OF
PARAMETERS FOR THE MODEL

A. Digtribution Ratios of Blown Oxygen among Elements

This is a very important parameter for the model. It has
been either treated using different ways or simply evaded
in the literature, and it has not been reasonably determined
until now. Tohge et al.[® have used the free energy of each
oxide and the concentration difference of each element to
determine the parameter. Relatively, that is more reasonable,
but the concentration difference has to be determined. It
may be believed that the distribution ratios of the blown
oxygen among the elements dissolved in the sted would be
proportional to the Gibbs free energies of their oxidation
reactions at the interface. From this consideration, the fol-
lowing relationships should be held:

AGe
X = AG. + AG/3 + AGy, + AGs2 120
X = AGe + AGC,éGfﬁ;Mn TaGe2
XS T AGe + AGC,/é(J;rS/AZGMn Tacez &
X 2 [26]

" AGc + AGG/3 + AGy, + AGg/2

B. Activity Coefficients

The activity coefficients of the components in the molten
steel can be estimated using the interaction parameters e?.
The values of € were al taken from Reference 19 in the
present work (Table I).

There is no CaF, in the slag, and the temperature was
lower at the early stage of the refining. Based on the expres-
sions of the activity coefficients of the components in the
molten dlag used for electroslag remelting of stainless
steel 18 Egs. [274] through [30a] were employed to calculate
the activity coefficients of the oxide componentsin the slag
for the early period of the refining.

3540
19Vee0 = Ea (Nczo + Numgo)(Nsio, + 0.25 Najo, )

1475
+ ? NMnO(NSiOz + 045 NCVOl.s) [273]

1068 36
+ - Naio; sNsio, + T NunoNaio, 5

593
+ T NCr01_5 NSiOz
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Tablel. Interaction Coefficients e used in the present work!'

The third element j

Element i C Cr Mn S (@] Ni Mo
C 0.14 —0.024 —-0.012 0.08 -0.34 0.012 —0.0083
Cr -0.12 —0.0003 — —0.0043 -0.14 0.0002 0.0018
Mn —0.0538 0.0039 — — —0.083 — —
Si 0.24 0.015 0.002 0.37 — 0.005 —

4130
9% = E (Ncao + Numgo)(Nsio, + 0.25 Najo, o)
1720
+ ? NMno(NSio2 + 0.45 NCrol_s) [27Db]
1246 42

T Naio; s Nsio, + T NmnoNaio, s

692

+ T NCrol_sNQOZ
1594
19Ycr05 = 19Yre0 — — (Ncao + Nwgo)
28
664 593 [284]
i Nvno — - Nsio,
1859
19Ycr0; = 19%ee0 — T (Ncao + Nugo)
[280]
774 692
5 Nwno = =~ Nsio,
3540
19Ys0, = 19%ee0 — Ea (Ncao + Nugo)
[29a]
1475 1068 593
T Nmno — 1 Naows = 4 Nero; 5
4130 1720
19¥si0, = 19Yre0 — Ea (Ncao + Nmgo) — _ Nwvno
[29D0]
16 62
T AlO1 5 T CrO15
1475
9o = 19%re0 — T (Nsio, + 0.45 N¢ro, )
[30a]
N
T AlO15
1720
190 = 19%e0 — T (Nsio, + 0.45 Ngro, o)
[300]
N
T AlO15

For the latter period of the refining, at which the bath
temperature has been evidently heightened, Egs. [27b]
through [30b] were taken in this work. Also, the solubility
of Cr,0j5 in the slag is about 5 mass pct.?? Consequently,
acr,0, Was taken to be 1 if (Cr,O5) = 5 mass pct in the
present work.
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C. Equilibrium Constants of Reactions
For reaction [6], from
[C] + [Q] = {CC},
[Fe] + [O] = (FeQ),
it can be obtained that
lg K, = —3795/T + 4.164 [31]

For reactions [ 7] through [9] and [15], the equilibrium con-
stants were taken, respectively, as

Ig Kc_o = 2525/T + 143[21]
lg Kreo = 6320/T — 2.734122

Ig Ker = 24,025/T — 10.566018 [32]
lgKg = 17,770/T — 6.12211 [33]

Ig Kyn = 8695/T — 3.93(18 [34]
lg Kerc = 35,410/T — 23.058 [35]

D. Mass-Transfer Coefficient of Carbon in Liquid Steel

The following expression was used to calculate the mass-
transfer coefficient of carbon in the liquid steel (ko):[%

ke = 0.8 1 ¥4 DcY2g¥4 [36]

At a sufficiently high velocity of gas stream, each bubble
in the bubble group roughly has a uniform size?¥ On the
basis of the results of water modeling in a prior work,[*3
the average diameter of a bubble (d,) was taken to be 2.5
cm, with D¢ = 7.46 cm?/s.P!

E. Estimation of the Area of Reaction Interface

During the AOD refining process, the oxidative or reduc-
tive reactions of elements will occur at the bubble surface.
Therefore, the area of the reaction interface (A.e) Will be
approximately the total surface area of the bubbles. Using
the expression for estimating the total number of bubbles,
given by Diaz et al.[®™ asn, = 6 QH,/(#d.® up), the follow-
ing can be obtained:

Area = 6 QHp/(dyuy) [37]

where H, = 95 cm for an 18-t AOD vessel and u, can be
found from Eq. [38]:1?

U = 1.02 (gch/2)¥2 [38]

F. Oxidation Enthalpies of Elements

The oxidation enthal pies of the elementsin the steel were
estimated in terms of the direct oxidation reactions by the
blown oxygen. The standard enthalpies at (298 K) of the
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Tablell. Changein Temperature Caused by Added 1 kg Alloy for 1t Molten Steel, K2

High carbon  Middle carbon Low carbon  Middle carbon  High carbon  Electrolitic  Metallic
Alloy Fe-Cr Fe-Cr Fe-Cr Fe-Mn Fe-Mn Mn Ni Mn-S 75 Si-Fe
AT, K —-23 —-20 -18 —2.01 —2.26 —1.98 —-1.39 —1.58 +0.57
respective oxide formation involved in the following equa
tions were al taken from Reference 27, and the relevant

heat capacities at constant pressure with the enthalpies of
solution formation were taken from Reference 28.

AHc = AHco — AHq — 1/2 AHg
= 11,852 — (2.367 T, + 1.708 X 10T [39]
+ 3.835 X 10°/T,)
AHc = AHgp,0, — 2AH;cy — 3/2 AHg
= 11,519 — (1.148T + 4.4 X 10°5T2  [40]
+ 1.5 X 10%/T)
AHg = AHgo, — AH[g; — AHg [41]
= 30,658 — (215 T + 1.45 X 107%T?)
AHyn = AHyno — AHpy — 12 AHo
= 7581 — (0.845 T + 7.38 [42]
X 1075 T2 + 6.69 X 10*/T)

The other physical constants were, respectively, taken to be
pm = 1.37 glem3 18 po = 3.1, po, = 1.4277 X 1073, pa, =
1.7821 X 1073, py, = 1.2499 X 103 g/cm?, ¢, ,, = 0.8159,
Cps = 1.1966, Coerap = 0.7113, Cpo, = 0.9184, Coar =
0.5238, ¢, n, = 1.0376, G, 0 = 1.0447, and ¢, ca0 = 0.9205
Jg-1-K™1, from Reference 28. The thermal conductivities
of the various refractory materials and shell (steel plate)
were Aygcr = 0.0198, Ayg.ar = 0.0233, Ay = 0.0177, Ao =
0.0016, Amgg = 0.0243, and A, = 0.50 W-cm™1-K™%, also
from Reference 28.

G. Estimation of the Cooling Effects of Addition Agents
The temperature drop caused by added aloy agentsis
AT = Zgj0,Wyioy X 1073/(W, X 107°) [43]

where z,,,, is the chill factor, in K-kg™*. The values of the
factor for some aloys are shown in Table [1.[29
The temperature drop caused by added lime is

AT = WCaO(Qph - Qch)/ (Wmcm + Wscs) [44]

Here, Qé)h = Cp.cao(T = Tcz0) + Qmeitcaos Qmatt.cao =~ 1419.46
Jg~1B% and Qq, ~ 1280.23 J-g L34

The following equation was used to estimate the tempera-
ture drop caused by added crop ends and scrap:

_ (Tmeit - Tscrap)cp,scrap + Qmelt,m + (T B Tmelt)cp,m

AT
WirCp,m + WiCp s

[45]

where Quarm ~ 251 J-g~ %28 the melting point of the steel
(Tmat) Can be determined by the following expression:3
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> Calculate Gibbs free energies of

of carbon in liquid steel

oxidative reactions at interface Calculate reaction area and
{ mass transfer coefficient

Calculate oxygen distribution
ratios x;, i = C, Cr, Si, Mn

Calculate (dC/dr), and oxygen distribution
ratios x;’, i = C, Cr, Si, Mn

Calculate (dC/dt),

|(dC/dt),| < (dC/dr),)

No

i Calculate (dC/dt),
and x;’
Ealculate oxidative rates of elements

Calculate rising rate Heat balance
of bath temperature of system

Calculate changes in composition Numerical
and temperature of molten steel integrating

Mass balance
of system

No

Fig. 1—Flow chart for computer program.

Timat = 1538 — 65[pct C] — 30[pct P] —25[pct 9]
— 20[pct Ti] — 8[pct Si] — 7[pct Cu] (46]
— 5[pct Mn] — 4[pct Ni] — 3[pct Al] — 2[pct V]
— 2[pct Mo] — 1.5[pct Cr] — 1.5[pct Co] — [pct W]

V. NUMERICAL SOLUTION FOR THE MODEL

The model can be used to deal with the AOD refining
process of stainless steel, including the first and second
blowing periods (also the third period, for the ultralow-
carbon steel). The flow chart for the computer program is
presented in Figure 1.

It can be seen from Figure 1 that, first, the appropriate
distribution ratios of blown oxygen are determined from the
obtained Gibbs free energies of the oxidative reactions of
elements. Further, the decarburization rate related to the
oxygen flow rate (dC,/dt) is calculated; on the other hand,
the decarburization rate controlled by the mass transfer of
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carbon in the molten steel (dC./dt) is also calculated. Com-
paring these two rates, if |dC,/dt| < |dC,/dt|, the rising
rate of the bath temperature is computed with |dCy/dt|, the
oxidation rates of the other elements, and the corresponding
oxidative enthal pies. Otherwise, the relevant amount of oxy-
gen consumption to carbon is achieved using |dC,/dt|, and
the oxidation rates of chromium, silicon, and manganese are
found using the surplus oxygen amount and the oxygen
distribution ratios obtained from the Gibbs free energies of
their oxidation reactions. Then, the appropriate rising rate
of the bath temperature is also calculated. Finaly, the con-
centrations of the components in the steel and the bath tem-
perature can be obtained by numerical integrating, and the
concentrations of the components in the slag melt can be
determined from the mass balance of the system. The effect
of FeO on the mass and heat balances can be neglected,
because it is referred to as an intermediate product of the
gas-blowing refining. The ultimate output results are the
changes in the chemical composition, temperature and
amount of the liquid steel and slag melt, the distribution
ratios of oxygen among the elements, the decarburization
rate with the blowing refining time.

The model has been used to deal with and analyze the
austenitic stainless steel making (including ultralow carbon
steel) in an 18-t AOD vessel and tested on data of 32 heats
obtained in producing 18Cr9Ni grade steel. The application
of the model to the AOD industrial practice and the results
will be reported in Part 2 of the present work.

LIST OF SYMBOLES

A total reaction interface, cm?

& activity of i component

Coi specific heat of i substance at constant pres-
sure, Jg L-K™?!

D¢ diffusion coefficient of carbon in molten stedl,
cm?-st

dy average diameter of bubble, cm

f; Henrian activity coefficient of component i in
molten steel

AG; Gibbs free energy for oxidation reaction of i
element, J-g!

g acceleration due to gravity, cm-s™2

H, rising height of bubble, cm

AH; oxidation enthalpy of i element, J-g~*

[pecti] mass percent concentration of i solute in molten
steel, mass pct

[pct ile equilibrium concentration of i solute in molten

steel at reaction interface, mass pct

(pct ) mass percent concentration of j component in
dlag melt, mass pct

K; equilibrium constant for indirect oxidation reac-
tion of i solute in molten steel

Kerc equilibrium constant of [C](Cr,05) reaction

meass transfer of carbon in molten steel, cm-s™*

M; mole mass of i substance, g-mole™!

N; mole fraction concentration of j component in
slag

n, total number of bubble

n; mole flow rate of i component, mole's™?

Pco partiadl dimensionless pressure of carbon
monoxide

Py total dimensionless pressure in AOD vessel
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[0 average absolute pressure in AOD vessel, atm

Q total gas flow rate, cm3-s™1

Quh physical heat of lime melting and dissolving in
molten dag, Jg~!

Qch chemicia\l heat of lime dissolving in slag melt,
Jg

Q flow rate of i gas, cm3-s™t

Qs total flow rate of inert gas, cm3-s™!

(o]} heat loss by conduction from bottom of the ves-
s, Jst

o) heat loss by conduction from the lower of the
vessdl, J st

0 heat loss by conduction from the upper of the
vessel, Jst

(o) heat loss by conduction from top of the ves
s, Jst

Os heat loss absorbed by refractory lining of the
vessel during bath rising temperature, J-s !

Ou uncertain heat loss of the system, J-s™*

R gas constant (=8.314), Jmol 1K !

ry mean radius of bubble, cm

Mg mean equivalent radius of bubble, cm

T bath temperature, K

Ty, To  temperature of gas and its initial value, K

Uy velocity of bubble, cm-s™*

Wiiioy mass of alloy agents added, g

Weao mass of lime added, g

W, mass of liquid steel, g

W mass of slag, g

X distribution ratio of oxygen for i component in
liquid steel

vy Raoultian activity coefficient of j component in
dag melt

n utilization ratio of oxygen

A heat conductivity of i material, W-cm™1-K~1!

p density of i material, g-cm™3

Subscripts

as asbestos board

cl clay brick

Mg-Al alumina-magnesite brick

Mg-Cr chrome-magnesite brick

Mag magnesite

m, s, | metal, slag phase and lining, respectively

sh shell

[ ]—metal phase; ()—slag phase; { } —gaseous phase; and
( )—solid phase
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