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ABSTRACT

Bloating of metal droplets in emulsion is an important phenomenon in BOF steelmaking
in controlling the kinetics of refining. This bloating controls the kinetics by mainly
increasing the residence time (from ~%ath of a second tdl5X&conds) of the dragik in
emulsion and the slag/metal surface-g-tmes) area. The bloating behavior is determined
by the decarburization kinetics. This work aims to develop fundamental understanding of
the bloating phenomena through series of experiments and mathematbealing to

explore various factors affecting the kinetics of decarburization.

An experimental study on varying the droplet carbon concentration, slag FeO concentration
and basicity evidenced mixed controlled kinetics including transport of oxygensiathe
interfacial (slag/metal) chemical reaction, nucleation and growth of CO bubbles. A
mathematical model including these kinetic steps was developed. The model was able to
demonstrate the partitioning of oxygen at the slag/metal interface into extatribe
slag/metal interface) and internal (within droplet) decarburization in presence of the
surfaceactive element sulfur. The model was developed using a single data set and
validated for a wide range of experimental conditions. The model showeteakce
agreement with experimental data for most of the reaction period but failed to predict a

premature shutdown for droplets reacting with low conductivity slag.

In order to understand this discrepancy, the slag ionic and electronic conductivity were
varied which showed a premature shutdown of decarburization reaction with low

conductivity slag and continuation of the reaction to the thermodynamic limit with high



conductivity slag. A mechanism of generation of local electric field by accumulation of
charg at the slag/metal interface was proposed to explain the premature shutdown of the
reaction for low basicity slags. In all experiments with low conductivity slag sulfur was
observed to delay the onset of internal decarburization. However, this effect was
diminished or disappeared completely with high conductivity slag. This observation
motivated additional experiments to study the competitive adsorption of oxygen and sulfur
at the slag/metal interface both through experiments and modelling. It was slad\ior th

low conductivity slag, sulfur poisoning inhibited reaction at the surface whereas for the
high conductivity slags the faster transport of oxygen allowed oxygen to compete with
sulfur for adsorption sites creating pathways for oxygen into the dropigincluding the
possibility of competitive adsorption in the model it was possible to predict the behavior
of high sulfur droplets in conductivity slags where the only modification to the model was
to change the mass transfer coefficient as appregoahe higher conductivity. Extension

of this study to include silicon in the droplet showed significant effect on decarburization

both in delaying bloating as well as increasing peak rate of decarburization.
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3.9Wt%C-0.129wWthS eééeééeéeéeeéeééeééeééeecéeéee. I
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Figure 6.14:Model predicted total CO geraion profile for 3.9wt%C- 0.129wt%S

droplets in (a) B=0.9 and FéFe = 0, (a) B=0.9 and F#Fe = 0.5, (c) B=2.0 and FéFe

"""""""""""""""""""""

Figure 6.15: Variation of fraction of surface area covered by oxygen and sulfur veigh thr
different slags (a) B=0.9 with FéFe = 0, (b) B=0.9 with F&Fe = 0.5, (c) B=2.0 with
FEIFe=0 éééé¢éééécecééééceceééeceeeééeee. D3

Chapter 7

///////////

rrrrrrr

,,,,,,,,,,,,,,,,,,,,,

Figure 7.7: The time instant at whichoplet volume is greater than 2 times of original

droplet volume is plotted against the initial silicon concentration of droplets in (a) and the
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variation of peak rate of decarburization is plotted against initial silicon concentration in
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Figure 7.8: Droplet temperature profile for droplets (a)- F25%Si- 4.6%C (b) Fe-
0.25%Si- 4.4%C in oxidizingslag é é e é e é e ééeéeéeéeée..é. 612

Figure 7.9: Total CO generated profile with time in (a) and the silicon removal profile in

Figure 7.10: Total CO generated profile with time in (a) and the silicon removal pnofile

(b) for Fe- 4.6 wt%C- 0.25 wt%Si with oxidizing slag at 1505°@ ¢ ¢ ¢ € & . .63 2

Figure 7.11: Xray image of crucible with metal droplet and slag at reaction time 1s (a) and

85 s(b) for Fe 4.4%C 2 g dropletin CaO/SiG 2, 16% FeOslagé é e é e é e . &4
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Chapter 1

1. Introduction

1.1. ResearchBackground

Steel has played anajor role in the transformation othe global economysince
industrialization. Several times in history, artificial demafodsteelwerecreated to boost
the economy from postorld War | to post covid. In the post covid idy the
infrastructure heavy stimulus packages announcetd@hinese Government (4 trillign
and theUS government (2 trillionyvill createhuge demaritl for steel. Although thers
research underway worlevide on hydrogerbased steelmaking, until there is a
breakthrough in technology to reduce the cost of electricity or special incentives are
provided by the government on fodsiél free steel productg, is not a feasible technology
for large steel producers. In 2020, 1.8 billion tonmiasrude steel were producgtbbally,

of which China produced more than 50%. In China, more than 90% of the crudis steel
produced using oxygen steelmaking, and glgbtédat numbers 70%. With the growing
demandor high quality steel with stringecbmposition requirementsptimization of the

process is becoming more and more important.

In oxygen steelmakingthere are three primargeaction zonesthe impact zone,the
slag/metal bath interfacand thegas/slag/metal emulsionVhilst all these zones play a
significant role the emulsion is the most significant f@fining phosphorus and aajor

contributor to the refining of carbon. For this regsbis essentialo include the emulsion



in any model used to optimize steelmakinghe current workfocuses on the
decarburization behavior of droplets in the emulsion because of the importance of that
reaction. The mechanism of decarburization controls the residereefidnoplets in the
emulsion, thereby impactingher refining reactions the emulsion

Whentheoxygen jet at supersonmielocity strikes the metal bath, many metal droplets are
created andindergo refining in the emulsion. The extent of refining of these draplets
determined by the slag/metal interfacial area, composition of slag, and the residence time,
i.e., the time spent by these individual droplets in the emulsion. The two mostantpor
parameters for refining, i.e., reaction area and the residence time, are determined
respectivelyby the generation rate of droplets and tkimetics of the decarburization
process. Decarburization generates CO bubbles withgroplets causing sweing, often
referred to as bloatindRue to bloating, the residence time of the droplets increases from a
guarter of a seconexpected for dense droplets to t@pl20 secondsBloating will also
increase thereaction surface area by several times. Previso&k? in theaut hor 6 s
laboratory has shown that the swelling rate is strongly dependen the rate of CO
generation within the droplet. The major impurities, such as phosphorus, are removed only
in the emulsion.Previous studies at McMaster Univer§ityhave shown thathe
dephosphorization kinetics of droplets in oxidizing slag is enhamegdy due to stirring
introduced by CO bubblermed inside the droplett is crucial to understand the
decarburization kinets and the bloating behavior of individual droplets not only to control

carboncontentin the steel but t@ontrol residence timelhe primary motivation of this



study is toprovide fundamental kinetic data addvelop a model to predict and quantify

thedecarburization kinetics and the bloating behavior.

This project is a part of a larger projeoct develop a global model for basic oxygen

steelmaking. The decarburization kinetics being the main controlling factor of refining in

theemulsion, whichs reprted tocontribute 60% of the total refining tie metal bath, it

is important to develop a detailed physicochemical model of decarburization which can

predict the bloating behavias well as the overall rate of carbon removal.

To develop areffective decarburization model, there is a néedinderstand thevay in

which reaction kineticare afected byvariations of slag and metal compositidfor this

purpose a detailed set of experiments were performed varying slag and metal
compositiors.

The detailed objective of this projezan be summarized as follows:

1. Develop a decarburization model for a liquid metal droplet in oxidizing slag, including
the partitioning of oxygen at the slag/metal interface and under mixed control involving
all critical reaction steps:

a. Mass transport of FeO in the slag

b. Dissociation of FeO at the slag/metal interface

c. Formation of CO at the slag/metal interface

d. Transport of oxygen into the bulk metal

e. Nucleation & growth of CO bubble inside the droplet

f. Poisoning of thelag/metal interface and the bubble surface by sulfur



2. Develop an understanding of the decarburization kinetics and bloating behavior on
varying droplet carbon concentration in the range of 0.5% to 4.4% in oxidizing slag,
droplet slag basicity from 0.9 & slag FeO concentration from 2.5% to 16%

3. Investigate the effect of slag electronic and ionic conductivity on the kinetics of
decarburizationywhich is essential not only for oxygen steelmaking but also for any
other pyrometallurgical refining reactions

4. Develop an insighinto the interplay between the two adsorbing elements sulfur and
oxygen on decarburization kinetics in which oxygen itself is a reactant.

5. Understand the competition in the removal reactions of silicon with carbon and the
effect of silicon on the decarburization kinetics and bloating behavior of dretaéts
in oxidizing slag.

1.2. Thesis Outline

Chapter 1: Introduction: This chapter presents a brief background of this research work
followed by the motivation of this research and mentions the different directions in which
the project is explored.

Chapter 2: Literature Review: This chapter starthva brief history of steelmaking
covering the layout of an integrated steel plant, slag structure, details about the BOF
process, and then a thorough review of the previous researches on decarburization kinetics
both in oxidizing gas and slag is preseinta the later section of this chapter, a brief review

of the classical nucleation theory and alternate nucleation theories for bubble nucleation is

covered. In the end, spontaneous emulsification is discussed.



C h a p t [@ecarb@rizatian of Bloated Drdets: An experimental study to understand the
kinetics of decarburization of metallic iron droplets in FeO containing ¥ slagD :

This chapter discusses the experimental study performed for various carbon concentration
droplets in oxidizing slag. A ketics analysis has been presented based on a mixed
controlled kinetic model, including slag mass transport, interfacial chemical reaction, and
CO gas bubble nucleation. The study further confirms the need for a comprehensive
decarburization model. A suddshut down of decarburization reactions for all ranges of
droplet carbon concentrations irrespective of the supply of reactants is discussed. This work
has been accepted and in the process of publication.1ID007/s1166821-02344x.

Ch a p t ADearburization Model for a F& Droplet Reacting in OxidizingSlag T hi s
chapter describes the individual kinetics steps involved such as mass transport in slag, mass
transport in metal, slag/metal interfacial chemical reaction, nucleation of bubbles, and
growth of these individual bubbles in decarburizing a liquid metal droplet in oxidizing slag.
The model validation is demonstrated for a wide range of conditions: varying poisoning
element concentration, droplet mass, temperature, carbon concentratiomoikikas

been published. J Biswas, K. Gu, K. Col®gtallurgical and Materials Transactions. B

DOI: https://doi.org/10.1007/s116681-023036.

C h a p t [Becarbrizatian of iron carbon dropkewith oxidizing slag: An experimental
study to understand the effect of ionic and electronic conductivity on decarburization
kinetic® : This chapter di scusses decarburizat

el ectronic and ionic conductivity. An o0XYygeé¢


https://doi.org/10.1007/s11663-021-02303-6

theory is proposed, and a demonstration of the transport model is presented based on a

kinetics analysis with decarburization results at various slag conductivities.

Chapter6b Consi deration of the competitive ads:
decar bur i z atAidecarburkationekineticssstudy on varying slag oxygen
transpaot property at three different sulfur levels is presented. An interesting observation

of the disappearance of surface poisoning at higher slag oxygen transport is reported, and
competition between oxygen from slag and sulfur from metal in adsorbing tfimstal

reaction sites is proposed to be the underlying reason for it.

Ch a pt Kimetic§ of Simultaneous Reactions betweetCF&i droplets and Oxidizing

s | a déus eéxperimental study of decarburization in the presence of different levels of
silicon cancentration is presented, and results from quenching experiments to understand
silicon removal kinetics are also introduced in this chapter. Silicon is found to delay the
decarburization and bloating behavior of droplets in oxidizing slag.

Chapter 8: Cocluding Remarks: The key findings from the overall project and the future

scope of this research are discussed.



Chapter 2

2. Literature Review

This chapter comprises three parts to demonstrate the background of my research and the
critical knowledge gas whichwill be addressed subsequent chapterstbfs thesis. This
chapter starts with a brief overview of global steel producaod the history of
steelmaking, followed by shortdescription of thebasic oxygen steelmaking process.
Reactiorkinetics inthe Basic Oxygen Furna¢BOF) will be discussed afterward, previous
studies on decarburizatioof iron will be reviewed. An overview of slag transport
propertiesand conductivity will also be preserdealong with an explanation of their

significance in the decarburization of iroarbon droplets in slag
2.1. History of Steelmaking

Steel is mainly an alloy of iron which has a carbon content of < 2%. The development of
steelmaking can be traced back to the start of the iron age, when iron emerged as a much
stronger and harder material than bronze. However, the quality of the irah whs
produced in that period, depended more on the quality of the iron ore and the process
adopted. In the 19 century, urbanization in Europe and worldwide demanded more
versatile and structurally strong higjuality steel. Fundamentals of steel prdducwith

a wide variety of iron ore were explored at that time, which was the precursor of modern
iron making and steelmaking. It was not until 1856, when Henry Bessemer suggested an

effective way of producing steel by introducing oxygen by blowing &ir imolten iron to



reduce the carbon content, laigmale steel production at a low cost was possible. This
process was called tigessemer Proces$he major limitation of thdessemer process

was that it created very high oxygen and nitrogen conteniteifirtal product, and it was
unable to deal with high phosphorus ore. Later in 1879, the phosphorus problem in the
Bessemer processas addressed by Welshman Sidney Gilchrist Thomas by adding a
chemically basic flux and replacing the furnace lining withibaxide. This process was
called theThomas Processr Basic Bessemer Proce®3oth these processes experienced
challenges due to high nitrogen content in the final product and started to lose popularity
with the openhearth steelmakingrocess. In 1860German engineer Karl Wilhelm
Siemens and the Martin brothers developedpenhearth steelmakingrocess which
became popular for better control of final composition and dominated world steel
production for about a century. The main limitation of thiscpss was slow kinetics, and

a minimum of 68 hours were required for each heat. In 1899, Paul Heroult invented the
Electric Arc Furnace(EAF) steelmakingprocess, which could efficiently produce high

guality steel.

Around 1950, lowcost oxygen production by the Linde group triggered the replacement
of air by pure oxygen in th8asic Bessemer procesBhis modification avoided the
nitrogen pickup problem and had a muahproved heat balance. This process was called
the basicoxygen steelmaking procedse first commercial plant with such configuration
was at Linz and Donawitz in Austria in 1983953. The process was named after these
places and is now widely known as thB steelmaking processhere are different

blowing practices in the basic oxygen steelmaking process: top blowing, bottom blowing,



and combined blowing. Nowadays, more than 98% of world steel is produced by these two

processesEAF and Oxygen steelmaking

World crude steel production has risen comtiusly over the years from ~189 million
tonnes in 1950 to ~1869 million tonnes in 2620 he production of crude steel is mainly
performed in two steps: iron making and steel making. In the iron making processnthe

ore is reduced by coke or reformed natural gas in a countercurrent reactor to produce hot
metal in the blast furnace or sponge iron in the Direct Reduced Iron (DRI) process. The
impurities in the hot metal/ sponge iron are removed in the primarynsteag step by
oxidizing in the basic oxygen furnace (BOF) or in the electric arc furnace (EAF). The
degassing and further alloying are performed in the secondary steelmaking step to produce
final quality steel. The current work focuses on the reactioetiks of droplets in Basic
Oxygen Steelmaking. The remainder of this literature review will focus on the relevant

background to that work.
2.2. Basic Oxygen Steelmaking Process

In this process, hot metal, which is produced from blast furrafceomposition~ Fe-
4%C - 0.5%Si- 0.3%Mn71 0.07% P steelscrap, and lime powder are fed into the LD
converter and oxygen is injectedaasupersonic speed from the top of teaverter The
target composition ofhe steel producis typically C<0.05%, Si<0.005%, Mn<0.05%,
P<0.001% which is generally achieved within 16 nfnesn the start of oxygen blowing.
The oxygen jet oxidizes a layer of metaloducinganenormous amount of slag quickly

and generates a huge number of metapléts. There are mainly three zones in which



refining happens in the basic oxygen steelmaking process: gas/metal reaction zone,
slag/metal bath reaction zone and metal droplet/slag reaction zone (typically called
emulsion zone). A schematic of the BOFst®wn in Figure 2.1 to depict the different
reaction zones. A significant number of droplets get entrapped in the oxygen jet and either
oxidize completely or refine partially and fall back into the metal bath. A small fraction of
the refining goes on atéhnterfacial area between the slag and metal bath. A considerable
amount of refining happens in the slag/gas/metal emulsion, where metal digghetated

by the oxygen jetreact with the surrounding slag. After some time, typically referred to
as reglence time, these droplets fall back into the metal bath. The main parameters that
determine the kinetics of refining tfe metal bath ithe BOF are droplet generation rate

& size distribution, residence tim€&heseare discussed in the following sects

Emulsion

®

Bloated Droplet

Figure2.2: Schematic of BOF with three reaction zones

2.2.1. Droplet generation rate
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In the BOF, when an oxygen jet at supersonic speed impinges on a liquid metal bath, a
largenumberof liquid metal dropletsf varying sizesre generatefiitom the cavity due to
transfer of momentum frorthe oxygen jet to the metal bath. There have beerrsév
experimental studi€$'® to understand the droplet generation behavior. The main
controlling factos are oxygen supply pressure, lafih separatiomand liquid metal
propertiesMolloy*? identified three different types of cavity modes by impingangir

jet ontoa water bath. The three cavity modes are 1/ dimpling mode: shallow depression
created by low jet velocity or gater lance height, 2/ splashing mode: unstable liquid
surface with increasing jet velocity or decreasing lance height which creates metal droplets
by tearing liquid 3/ penetrating mode: oscillating cavity in which proportion of metal
ejected returns back the metal bath being entrained by the gas. ligeand Standish®
proposed two modes 1/ dropping mode, 2/ swarming mode which they stated to be different
from the modes proposed by Moll8. Il n the oO6droppingd mode,
forms with small ripples on the surface, and finally, single droplets are created from the
craterl n t he 6swar mi sdl@uidame denerated at thg esigetofdha crater
by necking. Two modes of droplet generations are shown in the following figure (Figure
2.2). Theyobserved that witlinincrease in top gas flow rate, the droplet generation rate

increasd, and the modefalroplet generationshddf r om o6dr oppi ngdé to O0s

11



” (a)-dropping

Figure2.3: Two modes of droplet generation (a) dropping (b) swarfling

A maximum droplet generation rates observedo occurat a critical lance heightWhen

the lance height is above the imdt lance heightiet momentum intensitgecreases with

an increase in lance height, whigduces the droplet generation rate. However, below the
critical lance height, when the lance is too close to the liquid, a profound depression is
formed with largebubbles underneath the nozzle and the situation becomes similar to
submerged injection leading to less splashing and less droplet generation. This was
explained in further detail bgabah & Brooks$! as the mode of cavity changed from
060splashing moded to d6épenetrating moded whe
the metal bath and resulted in decrease of droplet generation per unit volume of blown gas
almost by one order of magnitude. A sigogiint effect of bottom blowing on droplet
generation rate has also been observed by He & St&hdBdsed a the observation of

the impact of jet momentum intensity, liquid density, viscosity and surface tension on

droplet generation rate, He & Standislproposed a dimensionless correlation, whereas
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Subagyoet all®! later modified the correlation of He & Standi$hsuggesting a new

di mensi onl ess number , named ABl owing numb
Helmholtz Criterion for interface instability. Subaggbal® also proposed a correlation

to predict the droplet generation rate per unit volume of blown gas as a function of the
Blowing number. The generated dropletere observed to follow the Rosen Rammler
Sperling distribution by both Koria & Lanfeand Subagycet al® and these two
correlations are generally used by the recent researchers to model the BOF process. The
blowing rumber ( ) and the droplet generation rat¥ § per unit volumetric flow rate

('0) are expressed @s

"0
¢ . Q P

A 6 ° 8 88
O c®zpm cBrrpm O 8 @

Where” and” are he density of blown gas and liquid metdl, is the critical gas
velocity and, denotes the surface tension of liquid metal. The droplet size distribution

can be expressed@s

8

Y pmm@timp 8 88¢d

WhereRis the cumulative weight percenta@e) remaining on the sieve of diameteand
Q is the limiting droplet diametercorresponding to R=0.1%. Recently, Brooks &
coworker§! further explored the droplet generation problem as the expression of Subagyo

et all! was developed for a fixed lance heigbabah & Brooks! showed that for a fixed

13



blowing numbel0 o the droplet generation rate-§ was found to & in the range of

5 to 9 kg/Nnd in splashing mode and droplet generation rate decreased to approx. 0.4
kg/Nm? in penetration mode. Based on this observation, these workers concluded that a
higher blowing number does not always lead to a higher dropletagemerate as is
predicted in the earlier expression of Subagyal Consideration of the type of cavity
mode with the variation of lance height is crucial in predicting the droplet generation mode
accurately. For the splashing mode, Sabah & BréBksve proposed another correlation

by consideringhe lance height variation for lance length to nozzle diameter ratio > 50 as

0 TYPw X8 w@¢ p® Q)X p & Qup 3 8BCE

2.2.2. Residence time

Due to the transfer of momentum from the supersonic jet to the metal bath, fadetiga

of metal ejects from the metal bath with varying sizes of droplets which are refined in the
gas/slag/metal emulsion and falls back into the metal bath. The time which is spent by a
droplet in the emulsion is termed residence time. The resideneefia droplet depends
upon primarily on the decarburization rate, droplet size and additionally on the ejection
velocity and the ejection angle. Experimental stutifég! on decarburization of a single
droplet in oxidizing slag heae shown a swelling of the metal droplet due ttee
accumulation ofnternally generate€O bubbles. A mathematical model was developed

by Subagyet all*® to predict the residence time of a droplet in an emulsion based on the

balance on four types of forcésl/ gravitational force, 2buoyancy force, 3/ drag force

14



and 4/ added mass force. Broaksal'*! later incorporated the effect decarburization

rate on the droplet density and developed a model for the motiswadlled droplet. This
phenomenon was t¥amé¢hdwasfsunddtdiluenae therragidence
time of the droplets in the emulsidBrooks & coworkerd4l*¥l demonstrated that without
considering bloating it was impossible to justi#yesidence time that would support the
refining rates observed in real BOFs. Bloating depends on the formation ofil@e&
inside the droplet. Therefore, to fully understand bloating it is essential to understand the
mechanism by which internal decarburization occurs. The objective of the current work is
to develop a detailed understanding of the decarburization ofcamdron droplets in
oxidizing slagsthe factors that allow bloating to occ¢thie effect of slag composition, the
effect of metal composition including the presence of sudatieeelementsand the effect

of temperature. As a foundation for this wottke remainder of this literature review will
examine our existing knowledge of decarburization of iron, decarburization of droplets and
other background required to develop a kinetic model of droplet decarburization and

bloating in BOF slag.
2.2.3. Decarburization Reaction Kinetics

Decarburization of the liquid metal in BOF steelmaking occurs at three reaction thiges
emulsion, the cavity or impact zone and the slag/metal bath interface. In the emulsion,
metal droplets react with surrounding oxides, generating CO bubbles botrsktg/metal
interface and within the metal dropl&s mentioned previously, these dropletstlie
emulsion bloat and increases the residence time and the slag/metal interfaciabarea

understand bloating, it is crucial to have a good understaoéishgcarburization kinetics.
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In the cavity, a layer of metal on the surface of the bath oxidizes, resuléisgiall amount

of removal of carbon. There are also metal droplets ejected into the gaseofiernahe
cavity. These react with the oxygen gashe cavity however despite several decades of
research on droplets, till now they have not generally been considgueatassnodels

of the cavitya n d caontriiutson tooverallrefining. Currently there is work ongoing in

t he aut horeassthelrotelof these draptets.rWhile removing impurities, these
droplets oxidize partially. There is also removal of carbon at the slag/metahtesthce

but the contributiorio overall refining isminimal. For several decadediere have been
extensve studieB®?! for several decades to understand rate controkiteps and
mechanism ofthe decarburization process in both oxidizing gamosphereand in

oxidizing slagsfor metalbathsand metal dropletsThese studieare summarized here.

Philbrook & Kirkbridd?? conducted studies with a carbon saturated metal bath and a layer
of slag. In their workthe rate of reduction of FeO was found to be second order with
respect to FeO concentratiomhereas Dand$?! found it to be first order with respect to
FeO under similar circumstances. Sarfthalso foundthe rate of reduction of FeO by
carbonaceous material to be limited by mass transport of FeO in the slagydtersthe

rate of CO generation wds 0 & "OQ 8 8This wasexplainedby the combined effect

of FeO concentration on driving force and oa thass transfer coefficient; mass transfer

coefficient, k,® 0 & "OQ (2 due to stirring from CO gas bubbles.

Fuijii’®® investigatedthe decarburization behavior of irezarbon mek in an oxidizing
atmosphere to studyhe effect of carbon content ithe melt. They found the rate of

decarburization wasndependent ofcarbon content > 0.186 whereas below that
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concentration decarburization rate decreased rapidlyith carbon content The
decarburizatiomatewas found to increase witinincrease in oxygen concentration in the

gaseous atmosphere.

lto & Sand?® 29 performedan investigation of decarburization behavior of iron carbon
melts in an oxidizing gas atmosphere. They observed the rate of decarburization to be
independent of melt carbon concentration andary linearly withgas flow rate and gas
metal reaction surface area. &very high gas flow ratghe decarburization rate deviated
from linearity. They observetthatinitially carbon concentration decreased linearly till the
formation of an oxide layer on top of the maltenetal below a critical carbon level.
Thereafter, the decarburization rate was found to be controllatiffusion through this
oxide layerThese workersoticed that the critical carbon content at whiokoxide layer

formeddecreasdupontheadditionof alloying elemergsuch as Si, Cr and Mn.

Baker et all*® performeda decarburization study of levitated iron carbon draplet
oxidizing gas. Theyroposedhe decarburization reaction to be gas phase mass transfer
controlled for high carbon melt However, carbon diffusion in the liquid metal became
rate controlling for low carbon concentration melts as shown in FigureAhadn the
carbon concentration ithe levitated droplet dropped below 1%, the rate of supply of
oxygen was higher than the rate of consumption at the gas/metal interface. The remaining
oxygen entered the metal droplet and reacted with the countercurrent diffusing Gaibon
could developa local CO supersaturatiopressurewithin the metal dropletleadingto
nucleation and in the absence of any second phase within drmpteigeneous nucleation

was postulatedBakeret al also proposed a possible mechanism of subsurface nucleation
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by aurface renewal through eddy diffusionwhich asmall, oxygersaturated volume of
liquid metalwas proposed teweep below the surface and create a local supersaturation
offeringapossible source of internal nucleation. A part of the dissolved oxygefowrsas

to oxidize the liquid metal during the slow decarburization period which was similarly
observed by Fuf@®. In armother work presented by Bak# evidence of subsurface
nucleation ofCO in the case diigh carbon and low carbon droplets was presented. They
proposediroplet decarburization to hendermixed controlby gaseousnass transfeand

carbon transfer in the metal, although gaseoaissfer was considerdtie predominant

mechanism.
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Distin, Hallet & Richardsof® studiedthe decarburization behavior of levitated iron

carbon dropletin oxidizing gas and the oxidation and vaporization behavior of pure iron
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droples. The decarburization of F42C droplet in pure £ O+CQO,, O+ Ar and Q+H20
showed the decarburization to be gas phase mass transfer controlled until a critical carbon
concentration wareached anahoxide layemwas formedat that pointhe reaction beame
metal phase mass transfer controlled. SEheorkersobservedhe formation of an oxide
layeron the surface dhe droplet followed by boiling of the droplet due to bubble bursting.
They identified that the oxygen content within the droplet incoeaseil the carbon
content dropedbelow a certain leveadfterwhich theyreported the formation @thoxide
layer. They proposed these oxides to be the source of subsurface nuoliegdi®bubbles

A small volume element of these ox&deasproposed tenter the metal droplet due to
stirring, and tke ensuingxygen enichmentwould increase the local CO supersaturation.
Although in theory,this reported local supersaturation was not high enougligport
homogeneous nucleatioihwas considered sufficiently higbr thegrowth of bubbles on
preexisting gas filled crevicem 0.1 um or 1 um inclusions. The workerslso suggested
that at the F&eO interface due thve misfit of atomic arrangement, thesasa chancdor

CO molecules to congregate and increase the piitpaifi heterogeneous nucleatiof.
study with re iron dropletin Ar/CO, mixturesshowedthe formation ofanoxide layer

when dissolved oxygen content reached 0.27 wt% at’C785

See & Warnét’! also performeda decarburization study of Fé and FeC-Si liquid
droplets in oxygen during free fall. They supportedghenomenownf carbon boiling after
the formation of an oxide layeasproposedy previous researchers. They observed the
decarburization rate to increase with decreasing droplet sizadeidy in carbon boiling

in the presence of silicoithemeasuredate of decarburization was explairspdalitatively
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by the gas diffusiortontrolled decarburization mechanism dig not make sense from a
guantitative perspectivéhey found bubble growth was controlled by oxygen diffusion in
the metal. The presence of silicortlie metal was found to hawgesignificant influence on

bubble growth

Roddis!® investigated the decarburization behaviotesftatedliquid Fe-C droplets and

free falling droplet in an oxidizing atmosphere. In the levitated droplet studies,
decarburization was reported to cxntrolled bygaseous diffusion only whehe carbon
content was highwhereas irthe case of fredalling droples gaseous diffusiocould not

fully explainthe decarburization behavior. Rodtisproposed that stirring within the
droplet determingthe carbon flux to the gas metal interface and acceleration of droplets
during free fall modiked the gas boundary layer and both these effeotdributed to
control the rate awell the critical carborconcentratiorat which subsurface nucleation
would start. Inthe case of levitated droplet studies, the stirniagewas much higherso

the carbortransportwas much fastethereby delayingubsurface nucleatioof CO. In
reaction withfree falling droples, the decarburization ratéeasmuch faster due tinehigh

rate of oxygertransport Onloweringtemperature, a change in the dominamttrolling
stepwas observed from surface reaction to subsurface nucie@digure 24). These
workers also reported a delay in subsurface nucleation on progressively diluting the

oxidizing gaswith nitrogen.
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Figure2.5: lllustration of change in reaction mechanisyrvarying temperatufe’!

Gaye & Ribou#® performed a detailed experimental study to understand the
decarburization kinetics in oxidiznslag in the presence of other metalloids such as
phosphorus and sulfur. Theypticedthatthe rate of dephosphorization and iron loss due
to oxidation was enhanced in the presence of carbon due to agitation and metal
fragmentatior(as shown irFigure 2.5. Theyrecognized twapposing effect of sulfur on
decarburization reaction kinetics: décreasing decarburization rate by blocking reaction
sites an@/ increasing rate of decarburization by enhancing metal fragmentation. The initial
stage of decarbumion was proposed to be controlled by interfacial chemical reaction
based on thebservation o¥ariation of decarburization rate in the presence of sulfur. They
also investigated the effect of variation of slag oxidizing potential on the decarburization
kinetics and conjectured that the end stage of decarburization was limited by oxygen
transport in the slag. Although previous researééfs® studying droplet
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decarburization kinetics in oxidizing slag reported the end stage of decarburization to be
controlled by carborransfer in the droplet. These workers identified that after going
through an initial peak period, decarburization reaction always stopped suddenly
apparently prior to reaching equilibrium. Tikenomenon took plaa various oxygen

potentials, but nolear explanation was provided.
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Figure2.6: Oxidation kinetics of Fe based alloy drops with and without car@n

variation of Fe, (b) variation of P and (c) variation of C with tifhe

Kaddah & Robertsdff! developed a technique tstudy homogeneous nucleation of
dissolved gases in molten metal by allowing levitated metal drops to equilibrate with gases
at high pressure and then suddenly dropping the pressure. They investigated the nucleation
of N2 and CO bubbles within droplets and observed a significant influence of oxygen in
favoring nucleation. From their experiments at different oxygen desws presented in

Figure 2.6 homogeneous nucleation of CO bubbles was observed at as low as 10 atm

supersaturation pressure. However, tloeyld not explain these results with Classical

Nucl eation Theory, Deanbs Theory of Nucl ea:

22



the electrochemical work due to adsorpti ol
dependence on dipole interaction. The drawbacks of classical nucleation theory and

alternate theories on bubbles nucleation are discussed in section 2.2.4.
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Achesof?!! studied the kinetis of the reaction betweensodium amalgarmand water
glycerin solutionsin which the sodium amalgam represedtthe pool of metahnd the
waterglycerin mixturerepresented thelag Hydrogen chloridenitrogen was used to
simulate theoxygen jet in LD steehaking. Single droplet reaction kineticere studied

by placing asingle droplet of amalgam in acid media. $&evorkerproposed that in high
carbon droplets, oxygen transport was controllingkiheticsand in low carbon droplets,
transfer of carbon whin the droplet became rate controlling. For low carbon droplets, they
observed a similar behavitwr thatfound byHazelden & Coworkers?**?lthat CO bubbles

remained attached at the slag/metal interface supplylmgpyancy force to the droplet
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inhibiting the descent through slag. In this way, the residence time of the dropkets

extendedavoringrefining intheemulsion.

Hayer & Whiteway?®! investigated the interplay between the resistanceass transport

in the gas plase and the resistande surface chemical reaction. They presented
decarburizatiomata showing that thete variation with temperatuotanged wittsulfur
content in the metal droplefFigure 2.3. This clearly showd that as the sulfur
concentration waincreagd from 0 to 1%ithe activation energyor decarburization
increased and decreased upon a further increase in sulfur concentitaitotal resistance

may be expressed as

ABEL ADE-
Yai of c‘?dé—‘&,é%y %%Ys B D

WhereO andO are the activation energies aiiland’Q are the specific rate constant
from a chemical reaction and slag transpagspectively R is thegas constantThese
workersalso mentioned the competition between sulfur angi€@€apturing reactiosites.
They have alsaliscussedow the translational, vibrational and rotational entropy would

change due to the adsorption of sulfur and @Qhe gasnetal interface.
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Gare & Hazeldedf!! performed a study of decarburization behawbrFe-C-X alloy
droplets in ferric and ferrous &&d slag. They proposed five stages of decarburization
induction period, fast external decarburization period, lull period, external internal
nucleation period and internal nucleation period. These five stages were distinctly visible
for ferric based safromusingX-ray fluoroscopylin ferrousbased slagnly three stages
induction period, fast external decarburization period and slow decarburization period were
observedndthe rate of decarburizatiat the fast decarburization periadssignificantly

slower compared to ferric based s{&g/ times slower reaction rafi@ 4.2%C droplets at
1773K). During the induction perigdCO nucleation at the slagetal interfacewas
controling the kineticsand this periodvas observed to extend on loweririge initial

carbon concentration ofthe droplet These workers proposed thpossibly a critical
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[C]*[O] product was required to nucleate bubble¥hey proposed a coupled

electrochemical reaction to occur at theface of the droplets
0 0 ¢O88&838cdH
M QO M 8888 ¢&
M ¢Q OB 888 BcA

This reaction pssibly alteedthe local surface tension dueaelectrocapillary effecand

favored CO nucleatiarin the fastexternal decarburization period, a stable gas Wwako
observed surrounding the metal droplet and countercurrent diffusion.cr@CCO in the
gas halovas proposed to bibe ratdimiting step. Theollowing reactionshappenedt the

slaggas interface
00 ¢ 0 €] 00 8 8¢&
60 ¢ O ¢OQ 00 888¢p
And at the metéas interface
00 0 ¢O0088888888¢pop

With the progress of reactioithe carbon concentrationdecreasedand the gas halo
collapsel and eventually carbon transfer within the dropletameerate controlling. A
possibility of formation of iron oxide the depleted regiowasalso repaied. A lull period
was observedfollowed by the fasexternal decarburization period due oxygen

accumulationwithin the drglet overcominghe CO nucleation barrier. Asoon ashe
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oxygenreached sufficient concentratiomternal and external decarbzation restarted.
Finally, only internal decarburizatiowas activeand oxygen and carbon transfer within
the dropletwas rate controllingThe cecarburization rateias observed to slowuringthe

initial period in the presence of phosphorus due to its high affioitpxygen whereas
manganesdid not alter the rate at alln the presence of silicon, carbon was observed to
oxidize first and then both silicon and carbon simultaneoiisigy proposedwo opposing
effects of silicon on decarburizatiorkinetics i increasing the decarburization rate by
increasing the activity of carbon and decreasing the decarburization rate by blkbeking
oxygen supply due to the formation of fayalite tyglag die to oxidation of SiThey
proposed @lfur to increase the carbon activity and block reaction sites at the same time
This may be regarded asmilar to the observation reported previoubly Hayer &
Whiteway?®. Interestingly,Gare & Hazeldeaobserved the decarburizatiemdedvery

early in ferroushased slag whereas ferric based slag the decarburization continued till
reachingvery low carborconcentrationThese workergroposedhattransport limitation

in slag due to less stirringasresponsible for slowingf decarburizationBased on their
observation of early stopping of reaction in ferrous based slags, they suggesteththat in
BOF, gas/metal refiningtthe hot spot & was possi bloyhatcont r i

from slagmetal refiningn theemulsionwhere dephosphaationwas the only advantage.

Murthy, Sawada & Ellid#* studied theeffect of,slag composition (varieBeO and EOs),
metal composition (sulfur) and droplet mass (1 g anddh¢f)e decarburization behavior
and theend pointcarbonconcentrationThe rae of reduction of FeO was reported to

increase linearly with (%FeQ) in the slag aechperatureThe aldition of ROs in the slag
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and sulfur in the droplet helped to continue decarburization for Idimgeswhereaghe
initial rates of decarburizatiowere reported not to vary significantlfContrary to this,
Hayer and Whitewd$?! reported the decarburization raiecreasedonsiderablywith
increasing sulfur content in the metal dropl€hey sugested that at the slagetal
interface the following reaction might be taking plaand the extent ofhis reaction

dependedipon this electrochemical reaction.
0 0 Q8 88¢H ¢
0 O 8888 ¢po

Murthy & coworker$* suggested thatuffur acts as an electron consumer and allows the
reaction to continue falonger time They observed the rate of decarburization not to vary
much with droplet size but to continue the reactma greater extembr smaller droplet

The decarburizatioreaction was always found to stop at a carbon level which was far from

thermodynamic equilibriuf!.

On the basis of the finding that decarburization stogped ofthermodynamic prediction,
Murthy, Hasham & P&P! suggested that the reactisasnot thermodynamically limited

and was possibly transport limited. This would suggest a barrier that shuts down the
transport of one or another reactant. Therefore,ithastigatednainly three possibleate
controllingstgs 1/ Transport ithemetal, 2/ Transport in a gas halo, 3/ Transport in the
slag. The composition mapping of the quenclirdplets showed a homogeneous
distribution of C leading to the conclusion that carbon transport in the metal was not the

rate contolling step. To study the effect of transport throtiglagas halo, they estimated
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the rate of decarburization with carbon concentration variation. The agreement was good
at the initialstages ofhereaction but at the end the gas diffusioantrolled malel could
not predict the extremely slow kineticBhese workergalso studied low carbon droplets,
where no continuous gas film was present, and confirmed that transport through a gas film
was not controlling the decarburization reaction kinefits.invedigate the effect of
transport in slag, they proposed a mofdelthe rate of CO generation per unit area of
slag/metal interface considering the electronic transport in the slag as

3 YUY
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Wherer) andry were partial pressure of oxygen ggs () at the slag/gas interface and

at the bulk slag respectively and calculated from the equilibrium of reaction FeO = Fe +
[O] and the dynamic equilibrium at the slggs interface in case of ghalo present or at

the slagmetal interface in case of no gaalo present® is the valency of oxygen, R is

the universal gas constant, F is the Faraday constant and T is the temperatudéwHere,
represents slag boundary layer thickness, aamhd 0 represents slag conductivity and
transference number respectively. Thiedel prediction wadound to agreewith the
experimental results for the initial decarburization stage. At the end stage of
decarburization, they proposed that the model would agrgewhen the transference
number or the electronic conductivity of the slag decreased with the progréss of

reaction. They proposed the gradual decrease in the gradient of oxygen patenjial (

between bulk slag and slag/metal interface was poskhlgring the driving force of
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decarburization at the end stage. They @lsdormed experiments by adding transition
metal oxides, Ti@ and NbOs, to the slag to increase the electronic conductivity and
observed that the extent of decarburization increastbdan increase islag conductivity.

The initial rate of decarburization was observed to increase initially tneaddition of

TiO2 up t02.97% composition andecreasedipon further addition of Ti® To further
investigate theelectrochemical nature of the decarburization reaction, they performed
experiments putting a molybdenum foil in the crucible between the slag and crucible
surface at different droplet carbon congeiithe decarburization was observed to continue
till the thermodynamic equilibriumvas attained in the system. They explairtbdt this
molybdenum foilwas acting as sink for electrors generated at the slamgetal interface.
From this observationhéy postulated that the decarburization reaction was stoppég du
to the inability of the electrons to migrate across an electrochemical potential gtiagient
developed in the slag phase adjacent to the slag metal intekfdemugh theyproposed

that slag conductivity has significant effect on decarburization kisgthere was no

systematic investigation of slag electrical properties availatdagport their theory

Mulholland et al®® first visualized metal droplet decarburization in slag bya}
Fluoroscopyand observed vigorous CO bubble evolution forming a layer of foam. They
confirmed the formation of C(bubbles within the dropletn the later stages of
decarburization The oxygen potdral of the slag was found to be an essential rate
controlling factor affecting decarburization rate but no conclusion regarding the rate

controllingstepwas drawn.
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Min & Frueha®®”! conductedinexperimental studyto measuré¢herate of decarburization

by varying slag (%FeO) and metal composition ([%C],[%S]) as well as droplet Tineys.
developed a mixed contrkinetic model including mass transfer in slag, mass transfer in
thegas halo and CQdissociation at the gasetal interface. They observed a gas halo of
thicknessvarying from0.1 to 0.4 cnin theX-ray Fluoroscopyidea The oerall reduction

reaction waslescribedn five steps
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Where the second and fourth stepsrereported to be very fast compared to others and
the rate cortant oftheoverall reaction fronthe mixed control modetould be determined

from

Whered and0 werethe slaggas and gametal interfacial areay and& were the
mass transfer coefficient theslag and gas phaséQ wasthe rate constant dfie CO,

dissociation reaction) was the equilibrium constant f60Q0 6 0 "OQ 60 and C

31



was a constant relating the FeO percentage and activity. This model was able to, predict
the rate of reaction in high sulfur drogethe effect of FeO in the slag aride effect of
droplet size. Although the model predicted no dependency with carbon on the
decarburization rate, but experimental results suggested the oppbsstenodelcould

also notexplain the slow rate of decarburization of droplehen carbon content in the
droplet dropedbelow 2 to 3%. They concluded that at low sulfur concentratiansport

in thegas and slag phas&s ratdimiting, whereast high sulfurconcentrationinterfacial

chemical reactioontrolledthe decarburization rate.

Gaoet all®® studied the effect of droplet sulfur ammtrationand temperature on carbon
boiling phenomeain Fe-C droplets reacting iman oxidizing gas.They used thén-situ
images captwd using a CCD (Charged Couple Device) camera at high temperatures
during metal/gas reaction to determine the time at which carbon boiling started and the
progression of the reactioit sulfur concentrations less than 0.15%, there was no
observable effeain the incubation time for boiling however at higher sulfur concentrations

the incubation time decreased with increasing sulfur.

Molloseau & Fruehdi?! performed studiesrodecarburization for a wide range ¢feO
(>10%) andFexOs corcentrationin the slag, varying reactiontemperatureand sulfur
concentratiomn droples containing 2.9% CThey observedwelling of droplets in the slag
similar to observations ofarbon boiling in carbon containing drogetacting in
oxidizing gasel$>1538 This study motivated later researchers to explore futtiesffect
of swellingon residence tim&!. Theyobserved the decarbmsition reactionto happen

througha sequence of steps as shownFigure 2.8 Initially as the droplet ented the
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dense slag, within 1 seit expaned andsimultaneously a slag foaformed on top of a

dense layer of slag.he droplet came out of the dense slag and cortituesact in the

foamy slag. After 8,2he decarburization slad and the droplet stad shrinkingback to

its originalvolumeby allowing the CO gases to escafenultaneouslythe foamy slag

collapsel. Finally, the droplet settteat the bottom of thslagAsMi n & Fr uehanos
halo basednixed controllednodel was not able to explaime high rate of decarburization

in high FeOconcentratiorslags, a new kinetic model based on slag mass transport control
wasproposedIt was suggested that the styppf oxygen was very high in high FeO slag,

and a part of the oxygen was consumed by decarburization at the slag/metal interface, with

the balance diffusing into the metal leading to nucleation and growth of CO bubbles. They
observed an increase in deaaibation reaction kinetics with the addition of-Be and

with increasing reaction temperatufidnese workers proposed thatlfur concentration in

the metal dropletvas found to influence decarburization rstévo waysi decreasing the

rate by blockingreaction sites and increasing the rate by enhancing emulsification by
lowering interfacial tensionCar e f ul observation of dropl et
suggests that rather than emulsifying, the droplets disappeared from view because they
swelled b such a low density that they became more transparemticsxhan the sI&.

So, addition of sulfur initially increased the rate of decarburization till 0.01 &4$Gthe

rate decreased uparfurther increase in sulfur content in the droplet.
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Figure2.9: Decarburization observed of f&droplet in 20% FeO containing st

In earlierworkinthea ut hor 6 s | &Pstudiedthedlecgrhuriz&ibnebehavior of
FeC droplets in @0-SiO-MgO-FeO slag at different temperatam@ndover a range of
sulfur content in thenetal. The carbon contenvasselected in the range of Molloseau in
which emulsificatiorwas claimedChen observed sharp rise in the rate of CO evolution
above 10%-eO concentratio(Figure 2.9. Faster kinetics was also observed with higher
temperaturessimilarto Mo | | 0 s e a u 6 sChenfaretwy @posirg reffects of
sulfur on the rate of decarburization and the highestrburizatiomatewas observedt
0.012%Sas shownin Figure 2.9 Chenalso found the swelling rate of the droplet to
increase witlanincrease in slag Fe@ncentration andhetal droplet sulfur concentration
She reported that, based on thmetal dropletcarbon conentrationand slag FeO

corcentration,two different regimes of decarburizatiavere possible 1/ via gashalo
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formation aroundhe droplet or2/ via internal bubble nucleatioi®heobserved the CO
evolution rate to increadmearly with dropletmassandproposedhe rate of C@volution

to be controlled bythe kinetics of nucleation of CO bubbles in the metal. Classical
nucleation theory being incapable of explaining the experimental observation, she
proposed a modified nucleation theory, motivated by the mechanism proposed by

Levind*® to calculate the rate of nucleation as
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Where( is the mmberconcentration of CO embryos in liquid, is surface tensio/’'O
is the heat of formation of CO molecule, is the mass of single molecule, is the
pressure in the vapor bubble equilibriutn,is the liquid pressure, k is the Boltzman

constant, T is the temperatuaad is the surface tension modifying parameter which has
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been introduced to fit the rate of nucleatidihe details of the rawbacks of classical
nucleation theory and the basis of the modified approach will be discussed in section 2.2.4.

Therate ofCO generation rate can be calculatdéflas
Y U 5 w 8 8B ¢
Where'Y is CO generation rate(mol/s), is CO nucleation rate /chs, w is original
droplet volumeg is no of molecules in an embryo add istheAvogadr o6s numl

According to this, the rate of CO generation should increase linearly with droplet mass,

which agrees with the experimental observation (Figure)2.10
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Figure2.11: Droplet size effect on measuradd predictecO evolution°!

Anot her experimental st udegtaltondetadurizaion hor 6 s
and dephosphorizationnetics in the presence of sulfur showed a delay in bloating due to
poisoning by sulfur. They also confirmed the increasing and decreasing trend of peak rate

with increasing sulfur concentration. When the droplet bloated and moved into the foamy
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slag, a gnificant effect, of void fraction in the surrounding foamy slag was observed, on
the kinetics of both decarburization and dephosphorizatibese workersiemonstrated
that the mass transfer coefficient in the slag decremséddect proportion tahe vad
fraction. An enhancement in the kinetics of dephosphorization due to stirring of the metal
by CO bubbles was observed. Based on High
modified correlation for metal phase mass transfer coefficient as a func@@@iolution
rate
- QQu OY

Q 5 8 88¢8 o

Where’Q and’Q are the Henrian activity coefficient of C andD, is the thermodynamic
equilibrium constant ofo 0 O Ureaction, D is the diffusivity of species the
metal,, is the surface tension, A is the slagtal surface aeghrough which gas bubbles

are escaping andl is the rate of CO gas evolution.

As observed by the previous researchet$20213%he nucleation of CO bubbles tin

the liquid metal droplet is evident from experimental studies of droplet decarburization
both in oxidizing gas and oxidizing slags. However, attartgoexplain this observation
using classical nucleation theoryviefailed. Some researchers proposedne alternate
theories to explain thigut essentially, they are flaweth the following section classical

nucleation theory and alternate theories are discussed brigflystoate the knowledge

gap.

2.2.4. Nucleation Theory
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Nucleation is @henomenon of formation of a thermodynamically stable new phase from
a metastable phase. The classical theory of nucleation was developed initially by Volmer
& Webet? in 1927 and then was further developed over several decades by
Farka*3(1927),Becker and Dring*4(1935) and Zeldovidf?/(1943). The theory consists

of two important factor$ thermodynamic stability and kinetic feasibility. Until both are
satisfied, no nucleation will be possible. The nucleation of bubblebeaategorized as
eitherhomogeneousr heterogeneous. The variation in the condition of thermodynamic

stability for the two different nucleation situations will be analyzed here.
2.2.4.1 Homogeneous Nucleation Theory

The formation of a bubble homogenously in the liquid requires a negative work to be done
against the positive interfacial energy barrier. The Helmhidtz énergy change to form a

cluster of CO molecules in the liquid metal {Egcan be expressed as
yO 0o 0w * 06 ,08888ck T

Whered and0 are respectively the pressure within the gas bubble and the liquaehd
‘ are the chemical potential of molecules in gas and liquid respectively. The volume of
the newly formed gas bubble ds and it contain® gas molecules. A is the gashale

interfacialarea which is created by the formation of the bubble,and the interfacial
tension.There are three main terms: the first accounts for the PV work done when the

bubble is formed, the second term accounts for the change in chemicaighotfe) gas

molecules from dissolved liquid to the gas phasdthe last term in equation 2.24 accounts
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for the changes in surface free energy wharew gas/metainterface is created. The

pressure within the bubble is constrained by the mechagcdibrium expressed as

C{—’sss&aqau

C

Wherei is the radius of the bubble. The difference in chemical potential from bulk liquid

to gas bubble can be expressed as

‘ ‘ YYO(EE 0 T 0(86—8888c8,(p

Here is the molar volume of the gas andis the equilibrium pressure of the gas
molecule in the liquid. For CO molecules, the equilibrium pressure can be calculated from

the concentration of dissolved carbon and oxygen as
0 V6 U 8888cq X

Where K is the equilibrium constant of the C/CO equilibrium. The volume, gas/metal

surface area and number of moles of gas in the bubble can be calculated as

w -“l and) —andd T“i 88 8¢k Y

Combining equations 2.26 to 2.28, thelidholtz free energy would be

.G 0
i 0 — | | >

T
- “1, 888
5 : z - & w

Ql-
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At the critical radius, — . TU Atthis point, both chemical and mechanical

equilibrium should be satisfied simultaneously as
Y n888&Bcy M

5 o CH z c”
O U 0 izn z 68883(8:p

®,
P 8888¢d ¢

yo

Cc4 O

2.2.4.2 Heterogeneous Nucleation:

When the nucleation of a bubble occurs on a secondary surface, the free energy barrier for
nucleation is reduced thus favoring the nucleation process. This is called heterogeneous
nucleation. When a bubble nucleates on a liquid droplet, the possible safrce
heterogeneous nucleation surfaces are a/ on some tigiédslaginterfaceor b/ on some

foreign particles. In any of the abeweentioned cases, the critical free energy barrier
decreases by a factof2, which is dependent upon the interfaciatyies and the contact

angles. The critical free energy for heterogeneous nucleation would be
YO Mo Qi ¥0 @ a2 B8 0

The variation of théQparameter with the possible variation of the secondary surfaces is

summarized in the following lde in details.
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Table2.1 Heterogeneousucleationpossibilities
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2.2.4.3 Kinetics of Nucleation

Classical nucleation theory allowseto predict the rate of nucleation of the new phase
(bubble) per unit volume of the parent phase (liquid iron) as a function of the
supersaturation pressure, interfacial tension, and temperatgerate of formation of

bubbles from metastable clusters by statistical fluctuatgtspendent upon four factors.

1. Equilibrium numberconcentratiorof critical size clustersi : The formation of the
bubbleof critical size from subcritical size being a thermodynamically unfavorable
processthe clustes of gas molecules form by statistical fluctuations. Once a critical
sized cluster has formed, then further growth of that cluster is a thermodynamically
favorabk processThe equilibrium concentration afcritical sized bubble in the liquid
iron follows a Boltzmann distribution with the critical free energy and this can be

expressed as

()

) "AQDy‘OBS&B&
0 0 Y o1

Wherel is the number concentration of nucleatsites per unit volume. In the case
of CO bubble nucleation, the concentration of carbon is much higher than that of

oxygen. So the number concentration of oxygen has been considered as same as the

number concentration of nucleation dites

42



2. Rate of diffusive flux : The rate at which gas molecules attach toetgasdrom
the critical sized cluster allang the growthto lower free energyThis canbe

expressed frortheKinetic Theory of gases dlse maximum rate of vaporization

~
5

V)
——_8888¢@®U
Y

N aQ
Where P is the pressure within the gas bulibles the weight of the gas molecule.
3. Surface Area0 : The surface area of the critical sized cluster would be
0 T1“i° 88 ¢®& 0@
4. Zeldovich Factor® : This nonrequilibrium factor is a correch to the rate of
nucleation which arises from the fact thatsteady state concentration of critical sized
bubblesis less than that of the equilibrium concentration. This can be expressed as

1 YO yo

0w Q — —
Te . o XY

888 ¢& X

By incorpording these factors, the rate of nucleation of CO bubbles per unit volume

(number of nuclei/r¥) in liquid iron can be expresdetas

)

! S IR _AQDy‘O888EB8I
0 @ 000 Z Y co Y

2.2.4.4 Application of Classical Nucleation Theory on CO bubble nucleation

Kaplan and Philbrook®! performed experimental studies for low carbon droplets and
evaluated the possibility of homogeneous nucleation of CO bubbles within the droplet and
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heterogeneous nucleatian an Fe/FeQnterface as proposed Hyaker Warner and
Jenkin&®l, The calculation showed that although heterogenous nucleation is more
favorable at those experimental temperaturesgtezlictedrate of nucleation isffectively

zera Kaddah & Robertsdff! observedheformation of CO bubbles withiadroplet at as

low as 10 atnsupersaturatiopressure

Levind*®! proposed anodified versiorfor reversible work of formation of nie of CO
including an electrostatic termelated to the formation @& chemisorbed layer of oxygen
ions as shown irFigure 2.11 He mentioned that the reversible work reducel
significantly due to the presence afdipole layer The critical free energy barrier as

proposed by.evineis

)
YO o 8 BB w
0 U
whereg’ p — p — p OC — ¢ — .Here, isthe surface tensiop,

is the electrostatic charge density. Levine calculated the value of thisgtaraas a
function ofthe activity of oxygen in the melt using the surface tension and adsorption
isotherm reported by Swisher and TurkddgfanThe value of this parameter was found in

the range of 0 to 1, and nucleation was proposed to ocduryalue near to O.
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Figure2.12: Bubble nucleation model for F&-O system asuggested bievine?l.

Later, based on the work of Leviff§, Chen & Colel#! modified the classical nucleation
theory using a modifying parameter to explain the experimental observation as presented
in Equation 2.21. They were able to demonstrate the dependence of decarburization
kinetics on nucleation rate. Although this approacds successful inexplaining the
experimental details, the underlying mechanism/ redsordeviation from classical
nucleation theory was not cledr has been strangely observed that mainly in those cases
where dissolved gasesicleateas bubbles irhe liquid, the disagreement from classical
nucleation theory idarge whereasclassical nucleatiortheory is quite successfuh
predictingboiling or cavitation in a single component system. Ten drawbacks of
classical nucleation theory are: 1/ macagsc thermodynamic properties are applied to
estimate free energy for small clusters which almost certainly vary at the microaedpic
certainly the atomic level, 2hé cluster interface, which is considered to be sharp, may be

diffuse, 3/the surfacednsion of a cluster is assumed to be the same as that of a planar
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interface, 4/ the contribution from the variation in the entropy is not considered, 5/ due to
rapid transport of reacting species through the interface, the influence on surface tension is
not considered There are some alternate thedf@s! proposed which attempted to
explain the disagreement between classical nucleation theory and the experimental
observation for bubble nucleation. In the foliagy sections, few of the alternate theories

are reviewed briefly.
2.2.4.5 Alternate nucleation theories

Blob Theoryof Elevated ConcentratiorBowerset al®? proposed the formation of a

bubble through some lower energy pathways by forming an intermediate phase that does

not have a weltlefined interface and termed thissph e a s a o6blobd. A 6t
the liquid which has an enhanced chemical potential compared to the surrounding liquid
and this region is formed by only statist
gas/liquid interface, so the positiverbar term due to surface energy is zero. Therefore, it

is easier to nucleate a 6blobd compared to
the free energy of a Obubblebd is |l ower th
mol ecul es,i Itlh es péobnltoabnbe owu sl y transform into
energy of a ODbl ob 6 ¢ awlds ofagasdnblecolds cam be calonlateada i n i

as
YO SYY(X-&(b— 88 8c8& 1
o ngegs o T :
YO sYYaﬁ— BZ"ZI z, 8888¢c8& p
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Wheren is the pressure within the bubble and is the pressure of dissolved gas
molecules in the liquid (same &s as mentioned earlier). is the radius of the bubble.
@ andd are the activities of gas molecules in the elevated concentrated region and

the bulk liquid respectively. A schematic was presented in Figure 2.12 for the free energy

of the blob and bubbles.

AA

Figure2.13: Possiblgpathway to bubble nucleation via a blob of dissolved gas

(Schematidy?

The main drawback of this theory isttalthough thermodynamically trappearpossible,
according to kinetic§ or mat i on of s uc bantensfora intpaesupérb | o b 6

critical bubble, seems impossible.

Diffuse Interface Theoryin this theory, Bowerst al®® proposed an intermediate phase

that contains gas molecules, but the gas/liquid interface is diffuse i.e. a mixture of gas and
liquid interface. Thesusfc e t ensi on of this type of odif
that of the sharp gas/liquid interfase there should be no reason for the interface to
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become sharpf this is indeed the case the diffuse interface would be the normal form of

the inerface and its energy would be captured in conventional measurembese

workers adopted the theory of Tolman, which incorporates the effect of curvature on
surface tensiorBower proposed that the diffuse interface blob will transform into a sharp
intr f ace gas bubble when the free energy of
Obubbledé. According to the proposed theory

Obubbled can be expressed as

o ‘ T
y'O é'Y"Yd%}— sz, BBBA
o e 1 T :
YO sYYafh— 82“21 z 88 c& o
Wheren andn are the pressure within the blob and the bubble respectively and
” and, are the surface tension of blob and bubble respectively. According to the

theory, the surface tension of the diffuse interface i.e. is always lowethan,,

The surface energy of the blob, according

i
z

" " T

88 ¢8 1

Here the parameteris an indication of the width of the diffuse interface of the blob. The
main drawback of this proped theory was that the surface tension of the diffuse interface
blob remained lower than that of the sharp interface bubble, so thermodynamically no

transformation is possible.

48



Kwak & Pant &wal & OHP*hpeoposey a bubble nucleation model based on

the model oKwak & Panto®on mol ecul ar interactions, al
the electrical doble layer. The model considers three factors to calculate the change in free
energy in forming a cluster 6fmolecules: the change in chemical poten&dl)(' , surface

creation { 6, chemisorption™Y ). This model does not consider thawork in the free

energy equatiorkF-rom Gibbs Duhem Relation:
Q‘ 0 ‘QUso &Y g0 0O 0 88 c8 v

The surface energy term was expreS8eth terms of the translational energy of the

molecules as

0.
T, Y888 8o

The electrostatic energy due to dipdipole interaction by the adsorbed oxygen atoms

have been accounted following the approach of Abr&fkas

YO 18888 ¢8 X

Where0 is the dipole moment by the doubly charged oxygen atom; @&the surface
concentration of adsorbed oxygen atoms. The free energy involved in the clustering process

including the electrostatic energy would be
n ot oY 0-7 . 7
O O UL €U c Q¥ Y888¢c8 Y

The condition at the critical poit- 1 from this equation would give
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To estimate the rate of nucleation, they introduced the effect of surface blocking in the
growth of the CO cluster. They presented that the supersaturation required for CO
nucleation was highly dependent upon the oxygen activity in the solution. The main
drawback of this model seems that the electrostatic energy term is independent of the
cluster size whereas Levine considered it to be dependent upon the surface area of the
cluster. In the view of the author, the electrostatic energy term should be depembetin

the size of the cluster and the activity of oxygen due to the variation tatéhaumberof
adsorled oxygen ions. Another drawback of this model is that the first term in the
Helmholtz free energy in Equation 2.48 is a positive energy terraubecrom the
curvature effect, we know that the bubble pressure should always be higher than the liquid
pressureq{ 0 ). However, according to the theory of nucleation, the positive surface
energy barrier (Term 3) needshie overcome by the negagwolume free energy (Term

1 + Term 2 in Equation 2.24) to allow the nucleation protedsethermodynamically
feasible. In this approach of Kwak and Oh both the terms represent some positive energy
barrier and wonot | et peatcthe enadeliofoLavindis mpopee n .

logical than that of Kwak & Oh.
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This brief review on the alternate nucleation theories shows that although the idea of two
step pathway isuperficially appealingthere are major drawbacks. This is one of the
important knowledge gaps not onin predicting CO bubble nucleation in BOF
steelmaking but also in understandingany bubble nucleation kinetics in other
metallurgical reaction systems. It is interesting to mention that there is a parallel
phenomenon for droplet reaction in slagsere alarge rate of mass transfer throutle
slagmetal interfaceappears to caudbe interfacial tension drops near to zero and the
droplet breaksup into many smaller droplets.His phenomenon is called spontaneous
emulsificatio®t?*°l It seems likely that mass transfer across the interface of a nucleating

bubble would also result in the surface tension dropping close to zero.

Previous sections of this chapter cover the background of BOF steelmaking process and
then the dynamic factorsuch as droplet generation rate and size distribution, residence
time of the droplets followed by Obl oati ng
reaction kinetics. The variation of reaction kinetics with the variation of slag composition
mainly theobservations reported Ifyare & Hazeldedft! andMurthy, Sawada & Ellidé*!

on the different kinetics with ferric based and ferrous based slag suggests thas ther
need to understand the slag structure and the electrical properties to fully explain the
decarburizatiorkinetics. There is a scope on systematic study on varying slag electrical
properties to show the decarburization variation. There are als@permtecarburization

model which can predict the bloating behavior and the decarburization kinetics correctly
for varying slag and metal compositions. Theras$® lack of understanding on CO bubble

nucleation kineticsThe current research work will foswon systematically varying slag
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and metal composition to control the electrical properties of slag and develop
understanding on the kinetics of decarburization at each individual stages. The work will
also focus on developing a decarburization model dhogall the kinetic steps and predict

the bloating behavior for different slag metal compositions which will be useful to control

the refining kinetics in BOFThe next few sections provide the background needed for the

current research like slagructure and properties, electrical conductivity.
2.2.5. Slag structure & electrical property

In metallurgical systems, the refining of liquid metal involves interaction with liquid slags
which consist primarily of oxides (CaO, SIMnO, POs, FeO, AbOs, FeOzs), sometimes

with some dissolved sulfides and fluorides. Numerous studies, have been conducted to
understand the slag structure a@malv it controls the thermodynamics and kinetics of
slag/metal reactions important in the steelmaking processes; typicalplesamre
referenced hel& %8l Earlier metallurgists employed the molecular theory of slag, in which
slag constituents are considered molecules of CaO, FeQ, Bif® seminal paper of
Ramachandran King and Gr&ftclearlydemonstrated the ionic nature of slagth the
development of characterization techniques such-es/)and netron diffraction, Raman
Spectroscopyand nuclear magnetic resonance along with molecular dynamic simulations
and physical property data, the structure of slag is redatively well undestood. In
metallurgical slag, silica (SKD exists as @ tetrahedra in which four Dions are
covalently bonded with a 8iion andthese are connected to each other forming a
polymerized structure. The addition dfasic oxides such as p@ CaO, MgO

progressively breakthe polymerized chain. Initially forming ndmridging oxygen, as O
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and after the network has been broken so that only individual tetrahedra exist along with
free cations. Subsequently any further addition of basic oxide results inffieaOSlags

with free & ions are termed basic, slags with no free oxygen ions but only unbonded
tetrahedra are termed, neutral and slags with bonded tetrahedra are termed acidic. A
schematic of the silicate chain is presente®igure 2.13with three different types of
oxygen bonds marked in different colors. The cations such®as&t*, Ti®* can also form
tetrahedra and arranges into silicate networks. The physical properties such as viscosity,
conductivity are influenced by the structure ofgslé has been suggested that it is not
possible forfree O to be stabl&®, however, inthe absence of a better understanding of

the structure, the forgoing description offersoavenient physical picture to explatne

physical and chemical properief slags.

Soe se Se Y
©* 0

Figure2.14: Schematic drawings and silicate chain with bridging €) @own in blue,

nonbridging O (Q shown as pink and freeGhown as maroon and cations in gfeén

The viscosity of slag is dependent on the degree of polymerizattbe sificate network.

With the addition of basic oxides supplying cations, such 8§ Ba&*, the slag viscosity
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decreases, and this gives a measure of easiness of transport of reactant ions in the slag. To

represent the viscosity variation with temperatureegaly two types of dependencies are

usedi Arrhenius or Weymann type as shown in Equation 2.51 and 2.52, respectively

. o)
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Where0 andod are the preexponential term§ and0 are the activation energy
term. Riboud & Gayé®! and Urbaiff!! developedVeymanntype viscositymodels Later
Sridhar & Mill$®? developed a wdel based on Arrhenius type correlation referred to as
theNPL model, where the prexponential term and the activation energy were correlated
with the optical basicity othe slag. There is another model developed by a group of
workers in KTH®! following an approach similar to Eyring, and this is commercially

available. Most of these models work for some specific @agpositions.

The diffusivity of ions varies inveesl y wi th sl ag viscosity
equatio’l. It is worthmentioningthat with the addition of ions such as*Fer AI**, the
variation of viscosity may not be in one direction. Based on the concentration of other
cations, the viscosity may decrease or incredfeeing diffusivity in the opposite ways.

For the increase in concentration of ferric fraction in slag, there are two opposite
observations reported in the literature. One gf8ifif! found the diffusivity to decrease

with increase in ferric fraction. Contrary to that, otteearchef®-¢"1found diffusivity to

increase with increasing ferric fraction in the slag
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The electricapropertieof slag include$ ionic and electronic conductivity and these have

been extesively studied by research&p$d 71,
lonic Conductivity

The ionic conductivity of slag due to diffusion of ions can be calculated using the Nernst
Einstein relationship

00a O

» vy 883B¢d® o

Whered is the concentration of mobile ion@ is the tracer diffusion coefficient of i ion,

a is the charge on ion i, F is Faraday constant, R is the universal gas constant, T is the
temperature. Bockrist all’? reported form their electrical property studies of slags that
only cations contribute to the conductance of the melt because of the much greater mobility
of simple cations relative to complex, and in some cases networked, anions. FeiICEeO
CaOmelt studies, only Caand Fé" ions have been found to be significant ionic charge

carrierds.70],

In FeOSiO-CaO melts, based on the oxidizing potentélthe environmentr(
basicity and temperature there will &distribution of ferric and ferrous ions in the slag.

A superficial assessment would suggest that both of these ions should contribute to the
ionic conductivity of slag and ferric ions aild have higher ionic conductivity compared

to ferrous due to its higher charge. However, the mobility of the ferric ion is found to be
much lower than the ferrous ion due to the formation of large complex anions such as

0@ ," M0 s o i tibusion toaonid conductance can be ignored. The dominant
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ionic carriers are Caand Fé* in CaOFeOSiO? melts. In the Fe@ex03-SiOx-Al 0s-
CaO slag system, Alions exist either in a complex anionic structure sintitarsilica
tetrahedra or very rarehs an individual iof”.. The mobility of theseomplex ions being
lower, the contribution to ionic conductivity of lcan be ignored. So for a Fe0s-

Si0p-Al,03-CaO type slag, the ionic conductivity( can be expressedi@ds

0 o & 5
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1o (@) . (0] . 0 88 B
v 0 o) P W C® T

Where Qa2+ Dre2+are the diffusivities and &2+ Cre2+are the concentration of €aand
Fe?*ions respectively. &:is the total Fe concentration in the slag, in which y is the fraction

of iron present as ferric ions.

Electronic Conductivity

The electronic conductiwtof slags containing Féand Fé* can be expressed®%
, OWp ©88BCA L

Where c is a constant. The model used in the published literature to explain the electronic
conduction process in the slag involves the hopping of electrons frof iarfFeo an F&'

ion. In this mechanism, proposed by M@t an electronic transfer takes place by charge
hopping etween lower valence cations and higher valence cations in transition metal oxide
containing sl agds. This model is referred

transitiondd and the electronic conductivit
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Where’ isthe phononfrequency, i s Avogadrods number, W is

of the hopping process and is the hopping distance. The rate of wave function dé¢cay,

is given as

nca O
C"Q 88 BB X

Where m is the mass of an electron, H is the difference betiveenergy levebf electron

donor and conduction band and h is the Pl
does not apply to liquids and H represents the energy gap between the Highest Occupied
Molecular Orbital and the Lowest Unoccupied Molecular Orbital (HOMIMO). The

separation distance of iron ions,can be calculated from the concentration of FeO in the

slag and the slag molar volume.

Barati and Coléy! recognized that in dilute liquid slags ions may not be close enough
together for hopping to occur and that in such a case might have to move to within a viable
hopping distance. These workers proposed ast@p process in kich the F& ion must

idi ff ustéon withio a Viakle hopping distance of the, assumed stationary. The
electronic conductivity via this diffusion assisted charge transfer process can be expressed

as

S B L © I O I , ,
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Wherer? is the average spacing betweerf*Fend Fé*, i” is the maximum hopping
distance between FeFe** ions, a value that has been reported to belA™S! The
agreement with the experimentally msaeed electronic conductivity and theoretically
calculated electronic conductivity of slag usigy= 3.87 A in Equation 2.58 is presented

in Figure 2.14The approach of Barati and Coley allows Motts model to be used for more

dilute iron oxide concentrains in the slag.
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Figure2.15. Comparison between measured and calculated electronic conductivity using

ro* = 3.87A I"1]
2.3.Summary and Knowledge Gaps

This chapter has provided the backgroutidcussed the research on bloated droplets and
identified the knowledge gaps. These gapsanemarized here in brieklthoughdifferent
rate controlling mechanishave been proposéar decarburization of droplets in oxidizing

slag at different stage®f decarburizationthere is a need to understand the kinetics of
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individual stages of decarburization so thatnodel ofbloated droplebehaviorcan be
developed based on tt@earunderstanding. To explain the internal CO bubble formation,
Chen & Cole¥! proposed a way which works but theoretical understanding is missing. It
is essentialto develop a fundamental understandimigbubble formation Based on
experimental observation from Murthy @workers®*3®landGare & Hazeldedft], it is
evident that there issignificant effect of slag composition, mainly slag conductivity, not
only in the initial stages but more importantly determining the end stage of decarburization.
There is no systematic study so far on varying slag electronic and ionic conductivity to
understand decarburization and bloating. There is some understanding developed on
addition of sulfur, how the reaction kinetics will be impacted but no study reported on the
interplay between added surfaaetive elements sulfur and slag conductivity. Theas h
been some development on understanding the effect of alloying elements such as
phosphorus on bloatifig®. However but theimpactof other elements such as silicon and
manganese are still unexploredlthough there has been some progress toa
development of decarburization model based on the understarfdamy the decade old
experimental studies, most of tetudiesdo not capturethe internal bubble generation
kinetics, some athe modelsfail when poisoning elements are present, some models force
the decarburization reaction to shut downiblyoducing asurface blocking effector
example bySiO, or by imposing an artificiallhigh[ parameterPrevious experiments of
decarburization without silicon also observed premature shutdsaiie assumption of

the shutdown of decarburization presence of Si@is notvalid. The assumption of high

[ parameter suggests very high free energy barrier for nucleation and using this value, it
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was not possible to explain the nucleation of CO bubbles and bloating for low carbon
droplets. The currerwork will focus on addressing some of the fundamental issues on
bloating througha targeted set of decarburization experiments varying slag and metal
composition and will develop a decarburization model capturing the fundamentals of each
reaction step. Clmter 3 will address the gaps on understanding the decarburization kinetics
by measuring decarburization rate and bloating extend over a range of slag and metal
compositions and describe the complexity of the process and illustrate the need for a mixed
contolled decarburization model. Chapter 4 will develop a modelideriag all relevant
reaction steps, presenting the details of this model and validation for a wide range of slag
and metal compositions. This paper will also explorekiimvledge gamvith regards to

the end stage of decarburization and will proposeehanism for premature cessation of

the reaction which will be further investigated in Chaptém Ehapter 5, a systematic study

of decarburization over a range of slag electronic anit iconductivity will be presented
showing how conductivity affects the peak decarburization rate as well as the point at
which the reaction shuts down. Chapter 6 will extent the work covered in Chapters 3 to 5
to consider the competition between adsorptof sulfur and oxygen at the slag/metal
interface and the effect of this competition on decarburization. Chapter 7 will present some
observations on delaying of bloating in the presence of silicon. Finally, chapter 8 will draw

some general conclusion®ifn =the combined contents of the thesis.
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Chapter 3

3. Decarburization of Bloated Droplets: An experimental study to

understand the kinetics of decarburization of metallic iron droplets in

FeO containing Ca0OSiO» slags

Chapter 3 presents the effects of carbon concentration from 0.5% to 4.4%, slag oxygen
potental, and slag basicity on decarburization kinetics of metal droplets. Based on the
experimental results, a conceptual mixed control model is presented, emphasizing the
necessity of a more rigorous mathematical model. In this chapter, all the experintents we
performed by me. Dr. Kezhuan Gu provided preliminary assistance in setting up the
furnace and preparation of droplets. Dr. Kenneth Coley provided essential guidance in
developing the kinetic model and in analyzing the data. The manuscript was prgpared b

me, and corrections and proofreading to the final version were done by Dr. Coley.

This manuscript isccepted for publicatiom Metallurgical and Materials Transactions B

on 3" Oct, 2021and in the process of publication. Dbi.1007/s1166821-0234-x

Abstract

Bloating of metal droplets in the BOF is important in developing fundamental models of
the process. Bloating is controlled by the decarburization behavior of individual metal
droplets in oxidizing slag. In this paper, a detailed investigation has beemnnpexif to
elucidate the mechanism and rate controlling steps for decarburip&tivoplets over a
range of droplet carbon concentration, droplet mass, slag basicdyslag FeO
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concentration. Four different carbon levels and three droplet masses wetleliasplets
typically exhibited three stages of decarburization: incubation period, where
decarburization was mostly on the outer surface of the droplet, followadt®ady state
reaction period where most decarburization was internal, and finally #ved
decarburization periodrhe rate of decarburization was found to be a mixed controlled
process; the contributions of resistance from slag transport, interfacial chemical reaction
internal nucleatiorand growth ofbubblesvaried based on slag and metakemistry.A

mixed controlled kinetic model has been developed for steady state decarburization period
and a partial validation of the mixed controlled kinetic model has been presentdsiyhere.
varying slag FeO concentratiand basicity for droplets coatning 2.5wt%C, mixed

controlled kinetics of decarburization reaction were explored.

3.1. Introduction

Decarburization kinetics play an important role in oxygen steelmaking. Decades of
experimental research and phenomenological modeling haveteductedo understand
the mechanism behind each of the stages of decarburiz&floMainly four types of
experimental investigation have been parfed in this field gasmetal bath, slag over
metal bath, metal droplet reacting in slag and levitated metal droplet reacting in oxidizing

gas atmosphere.

Philbrook & Kirkbridd!! conducted studiesith a carbon saturated metal bath and a layer
of slag. In their work the rate of reduction of FeO was found to be second order with respect

to FeO concentration whereas DaAlcjound it to be first order with respect to FeO under
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similar cirwmstances. Sarm&! also found the rate of reduction of FeO by carbonaceous
material to be limitedoy mass transport of FeO in the slag phase where rate of CO
generation wag U & "OQ 08 8This was justified by the combined effect of FeO
concentration on driving force and on the mass transfer coefficient; mass transfer
coefficient, km® 0 & "OQU® due to stirring from CO gas bubbles. Ito & Sano
performed an experimental study on the rate of decarburization of a liquid metal bath
reacting with oxidizing gas such as®Ar?4?°land CQ-Arl?527 These authors proposed

that initially oxygen transfer through a gaseous boundary layer controlled the rate and when
the oxygen content in a layer near the top of metal bath increased to the saturation value,
an oxide layer formed, transport of oxygen through which controlled the rate of
decarbuization. In another study by the same group of researchers, oxide forming elements
such as Si, Cr and Mn were found to influenceathe stage of decarburization, where the
rate of decarburization decayed due to oxide layer formation. There have beeh severa
studie§"*28393% performed using levitated droplets reacting with oxidizing gas and most
of the workers found gas phase mass transport controlled decarburization kinetics above
some critical concentration and followed by metal phase mass transfer control . It was
observedn most of these cases that the droplet exploded after reacting for certain time,
and some workefrs:3-34gbserved that an outer oxide layer formed on the metal droplet
and this layepreceded the explosion. In metal droplet/slag tyecarburization studi€s

11.19.36] most workers found carbon containing metal droplets to swell due to internal
decarburizationMulholland et all**! first visualized the metal droplet decarburization in

slag by Xray Fluoroscopy and confirmed the formation of B@bles within the droplet
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at the later stages of decarburization. Later Molloseau & Frit€halso observed the
swelling (ter meod femyll witf iicnatoixoinddi)zi ng sl acf
first introduced by Brookst all*®7when t hese workers recogni
predicting the residence time of a droplet while decarburizing in.B@Hitionally the

rate of decarburization was reported to be, undged control by Min & Fruehd#, slag

mass transport control by Molloseau & Fruetfingasfiim diffusion & slag transport

control above B wt %C and electrochemical transport controlled below that level by
Murthy et all®l. Gaye & Riboull! proposed decarburization to be interfacial reaction
controlled initially and afterwards transport controlled whereas based on the linear
relationship between rate and metal volume Chen & Ebf8yproposed it to be controlled

by internal nucleation of CO. There have been several studies conducted by thefgroup
Pal®263941 regarding the end stage of decarburization. They have suggested that the
reaction between FeO in slag and solute C in a metal bath is electrochemical in nature and
proposed a rate enhancement mechanism on applying a DC potential across the slag layer.
Apart from lab scale research, there have been reports from pilot scale converter trials from
IMPHOS*? project. Metal droplets, which were collected from emulsion with diaréter

the order ~ 100 um, dropped to very low concentrations for Si, Mn, P, V whereas C
concentration remained abovevi% due to kinetic limitation. Analysis of the slag metal
samples collected bylolappd*®! and Cicutti** from an industrial scale converter shows

that the droplets collected from the emulsion always have a carbon concentration higher
than that predicted by thermodynaremuilibrium, although significantly less than that in

the bath. Cicutti proposed partial decarburization to be due to short residence time of
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dropl et s, however Cicuttidés work predates

which would lead to longeresidence times for as long as internal decarburization was
supported. This shows that although decarburization in the emulsion of a BOF is much
higher compared to metal bath, the droplets do not reach thermodynamic equilibrium.
Apart from liquid droplet dcarburization studies, a recent stfflyto understand the
reaction kinetics of direct reduced iron(DRI) pellets in oxidizing slag shows it to be a two
stage process: initial stage controlled by heat transfer from slag to pellet and later stage
controlled by FeO transport in the slathere hae been several attempts®2022 to

model the decarburization kinetics to predict the contribution of refining from emulsion in
BOF and these are showing a much higher contribution (as high as above 70%) whereas

Cicutti predited the contribution to be Z80%.

Despite the extensive research performedate, there is lack of clarity about the rate
controlling mechanism at different stages of decarburization reaction. A sudden stop in
decarburization has been observed by massearchers studying decarburization of
droplets reacting in slag, but limited work has been done to understand the end stage of the
decarburization process in details. In the present work, an attempt has been made to
develop a mixed control kinetic modeicluding slag transport, slag/metal interfacial
reaction kinetics and internal nucleation and growth of bubbles for the steady state
decarburization period when the decarburization is mostly internal. Additionally, an
analysis have been performed on theé paint carbon concentration on varying initial slag

and metal chemistry to explore the effect of these parameters on shutting down the

decarburization process.
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3.2. Experimental Procedure

3.2.1. Experimental Setup

A resistance heated vertical tube furnace with 80 mm inner diameter alumina tube was used
for all experiments. An Xay imaging system was installed with the furnace to observe the
bloating and other changes of droplets throughout the progress of therre@be Xxray

video was recorded in the computer via One Touch Grabber Software. A differential
pressure transducer with a maximum pressure limit38 kPa (FLW Soutast, Inc,
157GWO50NR, Very LowPressure Transducewith sensitivity ofoc p 1 atmwas
connected with the sealed reaction chamber to measure the change in pressure due to gas
evolution from the decarburization reaction. The data was recorded by a computer software
(RS232 Interfaceat a selected frequency i.e. 10 Hz in this study. Thespre transducer
datawas converted to the number of moles of CO prodwassidiming all the pressure
change is due to CO gas. The pressure change was calibrated after each experiment by

injecting a fixed volume of air into the sealed furnace.
3.2.2. Sample Prepaation

Metal dropletswere prepared by mixing electrolytic iron of 99.99% purity, graphite and
Fe-S alloy and heaigto 1550C inavertical tube furnace undaninert Argonatmosphere

and kept for 1 hour for homogenizing and then sampling was done by pipetting through
guatz tube and quenchirig water The resulting cylindrical metal rods were then polished
and cut into sections of nominal mass 1.0,1.5 and 2.0 g sectmmgsé- in calculations,

the actual mass of each section was measured to within £ 0.0005@arbba and sulfur
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concentration of theseestions from each batakas measured with LECO carbon sulfur
analyzer to make sure the desired composition was achi€kede individual cylindrical
sections from each batcliere remelted in an Electric Arc Melter firther homogenize
andproduce dropletsThe composition of the droplets were further confirmed by testing
samples from each batch with LECO analyséte oygenconcentratiorof thesamples

was measured to be around680ppm. To prepare the slag, a proportionate mixture of
calcium oxide, silica and alumina powders were premelted in a platinum crucible %€ 1550
and homogenized for 1 hour and then quendmetbp of a steel slab in aifhe premelted

slag wagthencrushed and mixed with FeO powder to prepatsatch of slag weighing

25.0 + 0.5g for each experiment. The composition of post reacted slag was analyzed using
Inductively Coupled Plasma Optical Ession Spectroscopy (IGBES). The metal and

slag chemistry employed in this study are listed in Taldlend Table.2. The first set of
experiments were carried out with four different carbon levels and three different sizes of
droplets. Then other saif experiments were performed by varying the slag FeO

concentration, slag basicity.

Table3.1: Metal composition used in experiments

Sample Wt% C Wt% S
1 0.50 £ 0.02 0.010 + 0.002
2 1.50 £ 0.01 0.010 + 0.002
3 250+0.01 0.010 £ 0.001
4 4.40 +0.03 0.010 £ 0.002
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Table3.2: Slag composition used in set of experiments

Set of CaO/SiO. FeO wt%) Temperature
Experiments (°C)
Carbon & Mass 0.91 16 1580
Variation
Wt% FeO 0.91 25,5, 10, 16 1580
Variation in slag
Basicity Variation| 0.91, 1.5, 2.0 16 1580
in slag
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M: Pressure Transducer

N: Vacuum Gauge
0: X-ray Imaging

]

Figure 31: Schematic oéxperimental set up
3.2.3. Experimental Procedure

A schematic of thexperimental set up is shown kigure 3.1. A metal droplet (A) of
specific size wadeldat the end of an alumirtabeusing amagnet (H). A 99.99% pure
alumina crucible(Cyith outer diameter of 40mm, containi@§ g of slag(B)vasinserted

from the bottom of the furnace and placed in theZooke of the furnace using a support
rod(E).The furnace was sealed and evacuated tamili@orr (i.e. 93.33 Pa). The furnace

was then backfilled with high purity argon. After backfilling the outlet valve on the furnace
was opened to allow argon to flow continuously. The argon was passed through a gas
purifying system to absorb moisture amd/gen. The argon flow continued till the target
temperature was attained. At the target temperature, the flow was interrupted, and the

valves connected to furnace were closed to make a sealed chamber. Thead® pihen
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allowed to fall byremoving the magneThe droplet could not pass through the hole at the
bottom of the delivery tube until it melted, at which point it dropped into theasldghe
progress othe decarburization reactiowasrecorded by capturing the pressure change
from a pressure transducer(M)-rdy videowas recordedof the dropletfrom the time
where the magnet was removed until the end of the experimeatnélting time of the
droplet beforeeleasing the magnetas determined from Xay Video and is presented in

Table3.3 for the cases of varying carbon cases and for varying droplet mass.

Table3.3: Droplet melting time(s) before dropping into the slag

Wt% C 29 159 19
4.4 34s 27s 26 s
2.5 44 s 27s 28s
15 36s 27s
0.5 80s 63 s 48-55s

The melting time varied with the size of the droplet as well as with droplet carbon
concentration. & droplets with the same carbon concentration smaller droplets needed
less time to melt, whilst lower carbon concentration droplets needed a longer meking tim
due to their higher melting pointhe time at which the melted dropletl finto the slag

was defined agime zerofor kinetic analysis For initial experiments two calibration
methods were used to determine the volume of gas generated during th@emxpénione

method theressure dataascalibratedoy comparinghedifference between tHenal and
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initial carbon contendf the droplet with theonstant volume pressure incsedn another
technique, 10ml, 20ml and 30rof air were injectedinto the sealed furnacend the
pressure change recordddhis data was used to calibrate the pressure change against the
known gas addition. The calibration was tlised to calculate the volume of CO generated
duringthe decarburization reaction. Theneas nosignificant (£10%) differencebetween

these two methods in calculatitige number of moles @O generated during the reaction.
Therefore, the method aehlibrationusingthe carbon corentrationmeasuremenbefore

and aftewasemployedor all datasets. The total CO generation data whvabcalculated

from the pressure dateasthen filtered iTMATLAB to reduce the noise introduced during

data collection and presented in the following sections.

3.3. Experimental Results

3.3.1. The Effect of Carbon Concentration and Mass on Decarburization of Droplets

The kinetics of the decarburization reaction was investigated by varying the droplet initial
carbon concentration and the droplet mass. Droplets containingv®0% and carbon

concentrations between 0.5 and «#®6 were reacted with slag having #6% FeO and

basicity ¢ —) of 0.91 at a temperature of 1580

The cumulative CO generation profiles for 1, 1.5 and 2 g droplets witht%42.5wt%,
1.5wt% and 0.5wt% C are presented respectively in Fig@t2(a), (b), (c) and (d). The
bloating behavior of droplets having different masses is also reported kegearne3.2(e),

(M, (g) and (h) which show as a function of time, the volume of&#@ined in the droplets
normalized with respect to original droplet voluriidese data have been extracted at one
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second intervals from the recordeera§ videos. The mease droplet area from thel2
image was converted to volume by calibrating the measured area at reaction time zero with
the initial liquid droplet volumié®l. Finally, thenormalizedretained CO gas volume was

calculated according to EquatiBti.

6 &1 66 aVIBOQUUOE @0 & Q [3.1]

WhereV(t) is the voume of the bloated droplet at timeandV(0) is the original volume

of the dropletAll curves of CO gas generati@xhibita similar decarburization behavior

Some droplets showed an initial slocarburizatiomate which increased torelatively
constant ratereferred to as peak decarburization rate, which eventually decayed and finally
stopped altogethein most of the cases, the initial slow period, termed the incubation
period, was absent but the datawsbd an approximately steadyate rate followed by a
characteristic slowing and stopping. It can be observed from the CO generation profile at
4.4wt%cC that the peak rate of decarburization increased with increasing droplet size from
1 g to 2 gHere, thepeak decarburization rate wastermined fronthe slope of each curve

in the period of fasterelatively constant rat®Based on the curves drawn in Fig@r2 the

1.5 g droplet showed a higher peak rate compared to 1 and 2 g droplets, however this
depend very much on exactly where the incubation time ends. Given the uncertainty over
this choice, and the observation of other workers that CO generation rate scales with droplet
mass, it is probably fair to say that the current results are not sufficieatig@ to dispute

that finding. The normalized retained volume also demonstrated that with increasing

droplet size the maximum volume of gas retained within the droplet increased from 2, to
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3.5 to 4 times of the original volume respectively for 1 g, 1ahd 2 g droplet. It is to be

noted that 1 and 2 g droplets showed ~ 6 s of incubation period whereas the incubation
period was shorter, ~2 s, for 1.5 gdropléts f ound i n previous res.
laboratory during the reactiohe slag separadl into two layers; a foamy layer lying over

a dense layeiThe droplets werebservedn the X-ray imageto bloatand rise up intdéhe

foamy slagshrink thensink back into thedense slagThe entire sequence of behavior is

indicated by individual peaks in the normalized retained volume plot andowad to

occur 7 timesin the case of 1g droplet and 2 to 3 times for 1.5 g and 2 g droplets
respectively. The droplets some casesere obseved to remain bloated and sit between

the dense and foamy slag

Figure 3.2(b) presents the decarburization behavior of droplets containingt2s. It

shows that the peak rate of decarburization increased significantly with increase in droplet
size from1.5 to 2 g but the increase in peak rate was not significant with an increase in
droplet size from 1 to 1.5 g. The extent and rate of bloating was found to be similar for
droplets of different sizes based on Fig8r&(f). The rebloating phenomena usualig

not occur in the case of droplets with 2«86 carbon, for all three droplet sizes presented
here. Furthermore, the decarburization behavior did not show an incubation period

according to Figur8.2(b) and (f).

For the case of droplets with ME%C of 1.5 and 1 g, Figurg.2(c) and (g) show that the
peak decarburization rate increased with increasing droplet size and the maximum amount
of retained gas within droplet increased from 1.5 to 2 times the original volume as the

droplet mass increasembi 1 g to 1.5 g. Compared to the case of the 1.0 g droplet, the
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1.5 g droplet remained bloated for a longer time period as shown in B@g. No

rebloating was observed for droplets containingwit%cC.

The decarburization behavior for droplets hwid.5 wt%C at three different masses is
presented in Figur8.2(d) and (h). The peak decarburization rate was found to increase
with increasing droplet size and the droplets also showed bloating at this low level of
carbon concentration. The extent of kling was found to be smallest in the case of the 1g
droplet and increased with increasing droplet mass, which is consistent with all other

droplets studied here regardless of carbon concentration.
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Figure3.2: Total CO generation with time (g)), (c), (d) and normalized retained
volume variation with time (e)f), (g), (h) at different carbon concentration and at

different droplet masses
3.3.2. The effect of Slag FeO Concentration on Decarburization of Droplets

Another set of experiments weperformed at 180°C, to observe the decarburization
behavior of 2 g droplets with 28%C and 0.01wt%S over a range of oxygen potential of
the slag as defined by td%FeO in the slag. Experiments were conducted withwihg

5 wt%, 10wt% and 16wt% FeO in the slagwhile keeping the/-ratio constant at 0.91.

The CO generation and the bloating behavior under these conditions are predeégiee in
3.3(a) and (b).These figures showhat the peak rate of decarburization increased with
increasing FeO concentration in the slag which is consistent with findings in the
literaturé'®. The droplets wer@und to bloat in all cases except thdth 2.5wt% FeO.

The maximum gas volume withiddated droplets increased fromwd%FeO (3 times) to

10 wt%FeO (4.8 times) followed by a decrease to 3.5 times awt¥% FeO. The CO
generation rate for droplets reacting with slag containingv®b FeO was found to be
linear with respect to timeyhich dong with the observation that those droplets did not
bloatindicates that they are most likely experiencing external decarburization and that the
rate is most likely controlled by mass transport of oxygen in the slag or by chemical
reaction at the slag & interface. The transport of carbon towards slag/metal interface
seems to be fast enough compared to the transport of oxygen towards the slag/metal
interface from bulk slag in 2.&%t% FeOslag, otherwise there would have been oxygen

transport into the bulk metal leading to bloating. Decarburization for droplets ceased, in
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order of increasing FeO concentration, at wt9C, 1.67wt%C, 1.43wt%C and 1.1
wt%C, whereas the thermodynaméstimation from FactSage suggests that carbon
concentration can be reduced to 0W8%6, 0.03wt%, 0.01wt% and 0.005wt% with
increasing order of FeO concentratioBalculation of the lower limit of carbon
concentration from the supersaturation limit suggiststhe end point carbon should have
been 1.2%5vt%, 0.67wt%, 0.4wt% and 0.3vt% with increasing order of Fe€@ncentration.

In calculating the limiting supersaturation pressure, the authors considered the barrier to
nucleation rather than thermodynaraguilibrium. Many practical studies indicate that this
barrier for CO nucleation will be overestimated if one employs classical nucleation theory.
For this reason, the authors employed the methodology used by Chen &'Coleygldress

this issue. In any case, this offers a conservative calculation of the endpoint carbon and still
shows that the decarburization terminatpdor to reaching the limiting carbon
concentration (thermodynamic equilibrium limit as well as nucleatiarrier limit) for

range of slag FeO concentrations.
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Figure 33: Total CO generation with time (a) andrmalizedretainedvolume profile

with time (b) on varying FeO wt%
3.3.3. The Effect of Slag Basicity on Decarburization

The decarburization behavior for 2:86%C-0.01wt%S 2g droplets reacting with different
basicity slagsy-ratio varied from 0.9 to 2, was investigated at 1%B@nd the results are
presented irFigure 3.4. The gas volume within the droplet increasgxto 7 times its
original volume for reaction with slag= 2.0, compared to 6 times in the cas&/of 1.5
and 3 times in the case ¥f=0.9. The CO generatidor V = 2.0 has highest peak rate of
decarburization compared to the caseg ofL.5 andv = 0.9. The extent of decarburization
is much greater, and the end point carbon goes down tav®?88r V = 2.0 compared to
0.96wt% for the case o¥/ = 1.5 and 1.Wt%for V = 0.9. In the case of the higher basicity
slag, thedecarburization proceedéd a carbonconcentration close tthat predictedby
considering the barrier to nucleation in the supersaturation(kn@it3wt%). This value is
higher than that predicted for thermodynamic equilibrioumis consistent with the idea

that the nucleation baer would set the supersaturation limit beyond which carbon could
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not decrease. At that point, the droplet sank back into the dense slag as obserrag by X
fluoroscopy. Gaye & Riboufl studied the decarburization and dephosphorization with
much higher basicity slag{ratio of 9.6) than used in the current wak1550°C. Tie end

point carbon concentration was reported to be betve@rio 0.5wt% over a range of
oxidizing slag No/Nre from 1.43 to 1.17) whereas Min & FruehBhand Mollosea &
Fruehar*® reportedanuch hi gher end point carbon conc
studies, the end point carbon concentration varied between 3.5wt%1#6 &s theslag

FeO concentrationvas changed fronfrom 3.2 wt% to 15.2wt% with V-ratio of 1 at
1400°C. Molloseau & Fruehan conducted studies with sl&grafio 1.2, andeportedend

point carbon concentration was 2\68%6 to 1.65wt% for slag FeO concentration from 3

to 30wt% at 1440°C. It appears that for higher basicity slags in tireruwork and in the
published literature decarburization stops at a point consistent with the calculated
supersaturation limit for nucleation of CO bubbles. Whereas for lower basicity slags the

reaction stops at much higher carbon concentrations

85



2.5%C Droplet

—V-ratio 0.8
LI V-ratio 1.5
— V-ratio 2.0

2.5%C Droplet

S
o

(o]

LIPS —V-ratio 0.9
V-ratio 1.5
—V-ratio 2.0

w2
o
>
>
*
(=2}

-

o

=Y
>

N

Total CO generated /(mol*10 4)
S
L 2
£
>
L 3
-»
>
Normalized Retained Volume
B
»>-

o

o

~

=t
2

20 30 40 50 0 10 20 30 40 50
Time/ls Time/s

(a) (b)

Figure 34: Total CO generation with time (a) andrmalizedretainedvolume profile

with time (b) on varying Slag ¥atio

3.4. Discussion

3.4.1. Decarburization of Droplets; Effect of Carbon Concentrations and Droplet

Mass

Decarburizatiordatafor droplets withdifferent carbon concentrationgresented in Fig

3.2, show that the rate of decarburization goes throudtog micubation period followed

by a peak steadystate decarburization period and a subsequent slow decarburization
period i.e the end stage of adburization.In this section a qualitative discussitn
conductedof the underlying mechanisrduring the incubation periocalong with a
guantitative discussioof the peak decarburization period. Additionally, few interesting
observationsvill be discussed fathefinal stage.To assist in discussion of the mechanism

a theoretical framework is proposed in the following section.

Theoretical Framework:
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A mixed contrdled kinetic model is developed in this section to describe the steady state
period during which the rate is fastest. At steady state, the rate of generation of CO would
likely be controlled by oxygen transport in the slag, interfacial chemical reacttemal
nucleation of CO, internal growth of CO bubbles or a combination of the four. If the rate
of CO generation is controlled by oxygen transport in the slag, then the rate of CO
generation(mol/s) is represented by EquaBdhwhere oxygen transport nsidered

phenomenologically as the transport of FeO.

e!\ 7, e
00 0 0 Q Yo 8 8 80]

"Q is the mass transfer coefficiert, 0 instantaneous slagetal surface area, and

o) is the difference between interface and bulkcemtration of FeO in the slag. In
this work, the maximum change in FeO concentration in the slag was ~ 2%, so the changes
in slag mass transfer coefficient due to variation in composition was ignored. If the rate of

CO generation(mol/s) at steady statedastrolled by trasfer of oxygen byinterfacial

chemical reaction, then

T 05 o:p —iBo 2 swow
Qo 0

Where®is the forward reaction rate constant,is the fraction of site blocked by surface
active speciessfur, @ andd are the activities of reactant, FeO, and product, dissolved

oxygen, respectively.
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When the rate of CO generation(mol/s) is controlled by internal nuclé&tféhof CO

bubbles within doplet, then

[a3}] o, YO

PG ” o, - yo L
—— — AO@DPS5—— 2t 2z 88808
p TIUT a Q7Y

Whereuis the rate of nucleation per unit volunge,is the no of molecules in an embryo,

O is the Avoga du istbesvolume ofthe metaldroplét. is the number
concentration of CO embryos in the liqudO critical free energy barrier for CO
nucleation Y'Ois the heat of formation of CO molecufe,is the mass of one molecule of
CO,, is the surface tension of liquid metal, is themass of the metal droplety is the
volume of metal, P U is the bulk oxygen concentration in metal, is themolar mass

of [0], Q is the Boltzman constant afids the temperature of the system. The CO bubbles
are observed to form inside the mietlroplet, this introduces intensive stirring, hence
carbon and oxygen transport within the liquid metal droplet are not likely rate determining
steps during bloating. Growth of bubbles may also contribute to CO generation in which

case Equatio.5 for chemicalreaction at the gas/metal interface may describe the CO
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generation rate(mol/s) or more likely a combination of Equaahand3.5 will describe

the rate.

0o Qo oww Qo 0 QQP0O0 PU 8 Bod
WhereQ is the growth rate constari, 0 is the total gas/metal surface area within
the metal droplet at time instantQ and™Q are the Henrian activity coefficient of carbon
and oxygen with respect towit% Henrian standard staté? 6 is thewt% of bulk carbon
concentration. The total gas/metal surface abea ( 0 ) at any time instant within the

metal droplet is a function of rate of nucleation and rate of escape of gas bubbles.

The rate of change of carbon concentration in metgllelt® can be calculated from the

rate of CO generation as

Qpo p o
Qo " w Q

08880@

The carbon concentration at any time can be evaluated as

o
b6 bo & ozpd) 8 8 80%

Where P 0 s the starting carbon concentrati@n, 0 is the total of CO generated in
moles aftett s. In this analysis, the total CO generation profiles will be investigated with
respect to0 0 and w to qualitatively understand the combination of reactieps
responsible for rate control in the decarburization process. To represent the overall system,

a circuit analogy is presented in Fig®B in terms of several resistances.
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Figure 35: Circuitanalogy of the decarburization system

'Y is the resistance to transport of oxygen in the slag from the bulk to slag/metal interface,
'Y is the resistance to dissociation at the slag/metal intei¥acend’Y combine to give

the resistance to CO generation at the slag metal intdréaexternal decarburizatio.
represents the resistance to CO formation #énds the resistance to transport of carbon

in the metal phaseY is resistance to transport oxygen in metal ph¥sés the resistance

to nucleation of Cubbles within the metal droplet aiMd is the resistance to growth of

these bubbles. The overall resistance can be expressed as

YooY Y 8 8o

The decarburization results presented earlier stiaw the decarburization is mostly
internal during the peak decarburization period. The resistance from external
decarburization can be ignored at this period of decarburization. It is also to be noted that
due to stirring introduced by CO bubbles withioplet, there is negligible resistance of
transport in the metal during this period. With an assumption that at steady state,

decarburization will only be by internal decarburization, the analgous circuit simplifies to
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that presented in (Figui®6) and tle overall resistance can be expressed as in Equation

(3.9)

Oxygen 1
RVI (NUC) oL —
R Ry DY VY
SV VAV, V) VATV I—
' Ryy; (Growth) oc

X A (O Ag-m(6)

.L 8 808y

These resistances ary 8 —— 'Y ©

— Y & —and'Y © . After

few rearrangements, combining the Equati®’3.3, 34, and 35, the overall rate

constant(mol/s) for liquid metal droplet reacting in oxidizing slag can be expressed as

p Tl p Tl

Q06 0 o @mp —b o

P Bop n
"o o, . yo I N
P 5w T ¢APPTgy TO Tommr —Q0PS 8 0
P P P
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The rate constdsv ,0  andyu |, for a specific slag and metal chemistry are
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Here the activity coefficient of Fe® ( ) in the slag was calculated for this specific slag
composition using the cotegion proposed by Baset al*®l, the density of metal’ (
was <calcul ated fr omlatidni and the s&fac€ teasiob @vas ¢

evaluated usin@hung & Cramt*® correlation.

At steady state under mixed controlled kinetic conditions, the overall rate equation can be

stated as

P'OQ0 88&8op v

If one assumes that there is no contribution from growth (growth rate comstai) to

simplify the analysis further, the overall rate constant and the rate equation simplifies as

p p p
QD 06 o 0 oo BWo
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It can be observed from this correlation, that under mixed controlled kinetic conditions, the
rate would show a linear behavior wilh 0 and nearly linear witlw except at very

small droplet sizes region and nlmear variation with area/volume ratio if the droplet
mass is varied linearly. If the droplet size is varied in very small droplet size region, the
variation of volume of metal would show a paraboliréase of FeO fluxihe overall rate
constant is analyzed qualitatively to understand the rate controlling steps in decarburization

kinetics at different level of carbon concentration reacting in oxidizing slag.

The decarburization reaction kinetics oé tihree different stages are discussed in detail in

the following section.

l. Incubation Period The bloating profile along with the CO generation profile shows an
elongated incubation period for droplets with 4wP6C concentration whereas the
incubation period is very short for droplets with lower carbon concentrationst(®.,3.5

wt% and 0.5wt%). During this period, mostly external decarburization occurs with very
limited amount of internal decarburizatievhere doplets retain their original size and
shapeln a decarburizing droplet, there is a competition betweeiprocesses:¥ansport

of oxygen fromthe bulk slagto the slag/metal interfacerossing that interface and
transporting into the bulk metal, andt&é transport of carbon from bulk metal to the slag
metal interfacelf the former is faster the oxygen will build up in the metal until the
supersaturation pressure for CO nucleation is reached at which point carbon and oxygen

will react to form CO bublgs. If the latter process is faster CO will nucleate at the
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slag/metal interface. It is also possible under many conditions for both processes to proceed
simultaneously. In that case where transport of oxygen to the slag/metal interface is slightly
fasterthan transport of carbon in the metal, CO may form on the surface and excess oxygen
may diffuse into the melt and eventually exceed the supersaturation pressure for internal
CO nucleation. As the carbon at the surface becomes depleted CO nucleatioslaag the
metal interface may stop further increasing oxygen supply into the melt. The interplay
between these effects has a strong influence on the incubation time for blgétimg.
increase in droplet initial carbon concentration, the transport of carbandswlag metal
interface becomes faster, whereas the oxygen transport rate in the slag remains the same.
For high carbon droplets, there would be sufficient carbon supply to thenskad)
interface to support external decarburizatioreflanger periodthereby delaying the onset

of bloating, byconsuning oxygen which wouldhaveotherwise bentransported into the

bulk droplet For lower carbon droplets, lower oxygen consumption at thens&gl
interface would enable higher oxygen flux into the droghet thusavery short incubation

periodfor bloatingis observed.

Il. Steady State Decarburization Perioflo investigate the rate controlling stegdor
decarburization of droplets with different carbon concentrations at steady state, the total
CO geneation profiles were divided by the time averagéay/metabrea ¢ 0) and

the volume of the metad{ ) and presented in FB)8 t03.11 in order to understand the
underlying mechanism for different droplet siz€se importance of using time averaged
area with this type of data was demonstrated by Rhameéhahi®® . The time averaged

area is calculated as
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Based on Fuatiors 3.2 and3.3 we can see that ihe steady state rate of decarburization
changes linearly witld 0, then tke reaction rate is likely to be controlled by either
slagmetal interfacial reaction or transport in the shgereasif the rate is proportional to

W then internal nucleation of bubbles wittire metal droplet is the most likely rate
determining steps illustrated by guation3.4. As shown in Figure8.7-3.10 the data does

not offer a perfect fit when normalized with respect to either area or volume. This is

consistent with theeactionbeingunde mixed controlled kinetics.

It is not within the scope of the current work to develop and validate the type of numerical
model required to describe the full complexity of the reaction mechanism. However, by
developing a conceptual model capturing the rsaaletails of the system, the following
section will estimate the contribution of the rate control of each reaction step involved.
This will be done by employing parameters from the literature obtained under reasonably

comparable conditions to thoseedsn the present work.

Considering mixed controlled kinetics, in the overall rate constant expression, the first two
termsin Equation3.10 mainly determine oxygen transport from bulk slag into the metal
droplet whereas the third term corresponds tadtesof internal nucleatioand growthof
bubbles. The overall rate constésitmplified in Equatior8.16) increases with increase in
slagmetal interfacial aread( 0 ) and metal droplet volumey(). Due to bloating at

steady state, there is agim instantaneous slag/metal area by between 50% and 200% in
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the range of carbon concentration @86 to 4.4wt%. The volume of the metal is fixed

for a given droplet.
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An attempt has been made to validate the mechanism of decarburization during the steady
state stage, based on the mixed controlled model described in Eq@uB6ionhe parameter

0 (mol -m? -s?) is constant for a fixed slag mass tramsfoefficient and interfacial
chemical reaction condition and should vary with temperature, slag composition and
stirring conditions in the slag. It has been approximated as 0.02mdek? using values

for mass transfer coefficient in the sl§@), the chemical reaction rate constant of
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dissociation of FeO at the s/m interfa@ and the fraction of the surface poisoned by

sulfur . A literature value obtained under similar conditions to the present work, was

used for mass transfer coefficigt |t is worth noting that |
laboratory shows that there is a significant effect of void fraction on the slag mass transfer
coefficient in foamy slag. However, the mass transfer coefficient determined
experimentally under similar cdrtions already includes this effect. In selecting this value,

the authors compared values from several workers studying decarburization of droplets in

FeO based slag. The range of value wastd0.0* m/s and the average value 5*1@as

selected for tis calculation—was calculated using the Langmuir isotherm based on a well

established value for the adsorption coefficient for sé#and the chemical reaction rate

constanff) was taken from parallel work by the authdts

0  (mol-m3-s?) may be calculated using Equati®ri3 and requires knowledge of the
parametersY’'O and¢ . The variation o’'O and& with the variation of carbon
concentration has been estimated based on the approach suggested by Chert®& Coley
empl oying a surface tension modifying par al

work®l, The calculated values of  are given in column 2 dfable3.4.

The parameted  can also be determined from experimental data using Equafién
The volume is known from droplet mass and denéfty. The surface ared 0 of
the droplet was determined usingray video imagesQ was determined from the peak

reaction rate and the other parameterg {or equatior8.16 were determined as described
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above. The values far

34.

determined by this method are presenitecblumn 3 ofTable

The values presented in Tal8el, for the two different calculation methods follow a

similar trend with the exception of the value for 4.4%C. The rate constantdecreases

with decreasing carbon concentration in theahétoplet for the range of 2¥t%to 0.5

wt% C and this is due to lowering of supersaturation pressure with decreasing carbon

concentration, whereas for the case ofwt%, there may be significant contribution from

external decarburization which woufan

validate this cal

cul

ati

noted that the values calculated using the current experimental data are quite a bit higher

than the predicted values. It seems likely that both discrepancies arise from the same source

that the prediton is theoretically based whereas the calculation based on experimental

data assumes that all CO production comes from nucleation. The latter assumption is

clearly untrue but the authors were not able to distinguish between nucleation and growth.

Table3.4: Comparison ob

value calculatedndfound experimentally

Wi C 0  From Equatior8.13 0
(Calculated using nucleatio Experimental (EquatioB.16)
parametersiitl)
(Experimentally Determined peak
rate)
4.4 96.22 43.36
25 71.28 101.14
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15

21.38

54.90

0.5

0.07

2.86

There are complex interrelations among the parameters and to fully explore the complex

interacting effects in the mixed controlled decarburization of droplets, a detailed numerical

modeling isrequired. The authors are currentigrking to develop this type of model.

At steady state, the metal droplet bloats due to a difference betweggngaation and gas

escape rate. The gas escape behavior depends on the interfacial tension, viscosity, average

size of escaping bubbles, pressure within the bubBlgsand the available surface area

through which it escape3he rate of bloating is observed to increase with increase in

droplet initial carbon concentration due to increase in rate of generation of CO gas whereas

no speific trend is observed with the variation of droplet mass.

lll. End Decarburization PeriadWith the progress of reaction, decarburization slows

down irrespective of end point carbon concentration eventually leading the droplet to sink

into the dense stpdue to lack of buoyancy. A comparison of the carbon concentration,

before and after reaction, is presented in Talelt can be observed that decarburization

for the case of 2 g droplet containing 4M%C ended when the remaining carbon

concentrationwas 3.04wt%. When experiments were conducted with @186 C 2 g

droplets, i.e. lower than 3.t%, bloating occurred due to decarburization and suddenly

shut down the reaction when the carbon reachedt®lWh e n  t

hi

S

6decar buri

with 1.1wt% C were reacted again in fresh slag of same composition as earlwt%l6
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FeO andV-ratio 0.9), tre decarburization started again and went through a peak
decarburization period with bloating followed by cessation of the reaction atwt%.5

car bon. Anot her experi ment wt%tChalsoashowedr e s h 6
decarburization with bloatingnd finally the reaction stopped at 0.14t% carbon.
However, for decarburizing droplets with fixed slag oxygen potential, the end point carbon
concentration should be a fixed value (i.e. Wt30C from supersaturation limit and 0.05
wt%C from thermodynamidimit) which should not vary with droplet mass or droplet
initial carbon concentration. It has been mentioned earlier that for low basicity slag, the
decarburization stopped at much higher carbon concentration than that predicted from
supersaturation limior thermodynamic limitand this was consistently observed for all
initial carbon concentrations. One can conclude from this observation that the shutdown
of decarburization is not due to lack of carbon or to insufficient FeO remaining in the slag.
This leaves the authors to conclude that some mechanism is in play which prevents
sufficient oxygen from coming into contact with sufficient carbon. The authors are

currently not able to offer an explanation for this observation.

Table3.5: Initial andfinal carbon content in droplet before and after the decarburization

reaction with 16wt% FeO slag {katio 0.9)

Droplet initial Mass | Initial wt% C Final wt% C

2 4.4 3.04
2.5 1.10
05 0.11
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1 4.4 1.94

2.5 0.%
1.5 0.78
05 0.063

3.4.2. Decarburization of Droplets Reacting with Slag at Different FeO

Concentrations

Thedecarburizatiomlong with the normalized volume profile for droplets with\&t% C

of 2 g with a range of FeO (5 to %%) concentration does not show any incubatiomopler
before bloating whereas for 286% FeO case, the droplet did not bloat at all. The transport
of oxygen from bulk slag to slag/metal interface and then into the bulk metal droplet is fast
enough compared to the transport of carbon from the bulk rodted slag/metal interface,
resulting early bloating for cases with 5, 10 andvi% FeO concentration in the slag and

for 2.5 wt% FeO case, the carbon transport towards slag/metal interface being faster

consumes all the oxygen at the slag/metal interface.

The rate at the peak decarburization period is observed to increase due to increase in bulk
slag oxygen potential with increase in slag FeO concentration. The bulk slag oxygen
potential determines both the rate of transport of oxygen from bulk slaggbnsital
interface and the rate of oxygen dissolution at the slag/metal interface as illustrated in
Equation 3.2 and 3.3. Under mixed controlled kineticthe rate of decarburization by

internal or externatucleatioror by both are in balance with the ratéransport of oxygen

102



in slag and the rate dfieinterfacial FeO dissociation reaction. In all of the cases, rate of
decarburization is influenced by bulk slag oxygen potential. d&treasinglag oxygen
potential, a threshold point is reached whekéha oxygen is consumed at the slag/metal
interface. In the current work the threshold is in the range 2.wt&%eO. This threshold

will vary based on the temperature, slag basicity and conductivity as well as carbon

concentration.

The decarburizatn has been observed to shut down at a much higher carbon concentration
than that predicted by supersaturation limit or by thermodynamic limit presented in Figure
3.11(a), for over a range of slag FeO concentrations. The path of reaction either vi& interna
decarburization or external decarburizatio

condition.

With increasing slag FeO concentration, the rate of bloating is found to incaedsthis
may be attributed to the higher rate of CO generation with higher oxygen potential slag.

Between 1616 wt% FeO in the slag, the rate of bloating does not increase appreciably.
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End Point Carbon Centent /(wt%)

Figure 311: Endpoint carbonconcentration variation on varying slag Fe@o and slag

3.4.3. Decarburization of Droplets Reacting with Slags of Different Basicity

The absence of an incubation period in the decarburization profile for 2 g droplets with 2.5
wt% C, over a range of slagratio, can be attributed to faster transport of oxygen from
the bulk slag into bulk the metal compared to carbon transport withimeied towards

slag/metal interface.

The peak rate of decarburization has been observed to increase with increasing slag basicity
(Figure3.4). The increase in slagratio lowers the slag viscosity leading to higher rates
of transport of oxygen in the slag for the same total Fe. The overall rate constant in Equation

3.10 increases with increase in slag mass transfer coefficntwith slag V-ratio,

A End point Carbon (Exp)

10 14

Slag FeO Concentration /(wt%)

(a)

End Point Carbon Content /(wt%)

Supersaturation limit

1.3 1.5

Slag V-ratio

(b)

1.7

Thermodynamic limit

basicity(V-ratio = CaO/SiQ) in (a) and (b) respectively

resulting in higherate of CO generation.
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The comparison of enpoint carbon concentration iRigure 3.11(b) shows that with

increasing slag basicity, the decarburization reaches close to the limiting carbon
concentration as predicted from supersaturation limit, althouighighfar beyond the
thermodynamic limit. The authors do not have a definitive explanation for this observation,

but it appears that increasing the slag basicity, prevents the decarburization from shutting
prematurely by facilitating sustained the oxygeratn s por t . Ongoing wor Kk

laboratory seeks to provide a detailed explanation.

The rate of bloating was found to increase with increasing slag basicity which can be

attributed to the higher rate of gas generation along with negligible vaiiagas escape.

This analysis suggests that there are multiple factors working simultaneously to control the
decarburization kinetics at different stag€aalitative agreement withka mixed control
kinetic model, which includes slag mass transport, iatéf chemical reaction and

internal nucleation, is found at the steady state period.

Another important finding of this analysis is that the cessation of decarburization does not
occur due to lack of carbon in metal or lack of FeO irsthg butseems to be most likely
caused by an interruption of oxygen supply to the metal drdplell the studied cases,
decarburization stops earlier than can possibly be justified by either the thermodynamic
equilibrium or by the nucleation barridespite haing sufficient reactants. In case of
higher basicity, the decarburization gets close to the supersaturation limit suggesting that
the cessation of decarburization cannot be related to conventional transport breaking down,

because transport circumstandesnot change significantly. It may be that the oxygen in
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the slag is facing a barrier to transport at the slag/metal interface due to charge
accumulatiofi*®l. In this work, the authors are not able to present a definitive mechanism
due to insufficient evidence. Currently, the authors are pugsnrexperimental program

to elucidate the mechanism by which decarburization of droplets is inhibited.

3.5. Conclusiors

1. The overall decarburization kinetics are under mixed control at steady state: including
mass transport in slag, interfacial chemical reaction and either internal nucleation and
growth of bubbles or external decarburization or both internal and external
dearburization.The dominant rate determining step changes with slag and metal

chemistry and reaction progress.

2. The transition from noibloating to bloating is driven by increasing driving force for
oxygen transfer into the bulk of the droplet. FeO conceatran the slag and at 10

wt% FeO concentration, highest rate of bloating has been observed.

3. The end point carbon concentration of decarburizing droplets occurs long before
reaching equilibrium or the supersaturation limit of CO. This fact and the olbserve
dependency on the slag FeO concentration and basicity suggests that the mechanism is
related to oxygen transport. The authors have suggested that decarburization is
inhibited by the build up of charge at the droplet/slag interface, blocking oxygen
transkr to the droplet. Although there is no definitive proof for this mechanism it is
supported by the fact that factors which mitigate this effect generally increase electrical

conductivity of the slag.
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Chapter 4

4. A Decarburization Model for a Fe-C Droplet Reacting in Oxidizing

Slag

Chapter 4 is a prepublication version of a manuscript published online on 25th August 2021
in Metallurgical and Materials Transaction B, DOI https://doi.org/10.1007/s1Q0B&3

023036.

This chapter describes the development of a mathematical modeb&binglof droplets

in slag, demonstrating applicability for a wide range of conditions. The model offers an
excellent prediction of experimental results; however, it breaks down in the later stages of
decarburization. Factors contributing to this obsémwmatire discussed, establishing the
need for further experimental study relating to the effect of slag conductivity on

decarburization and premature shutdown.

The development of the model, coding, validation, and preliminary analysis against
experimental dta were performed by me. Part of the experimental data for validation was
provided by Dr. Kezhuan Gu and had already been published. The manuscript was
originally prepared by me. An extensive discussion was conducted with Dr. Kenneth Coley
during the deglopment of the model and analysis of the results. Proofreading was done by

Dr. Coley.

Abstract
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A decarburzation model has been developed for ad-8 liquid droplet reacting in an
oxidizing slag at high temperature (1580 to 1640°C). The model incorporates the
partitioning of oxygen at the slag/metal interface between decarburization at the slag/metal
interfaceand transport into the droplet. The kinetics of nucleation and growth of CO
bubbles within the liquid metal droplet have also been introduced to describe internal
decarburization. The model parameters were determined using one set of experimental
conditions and then used to predict behavior over a wide range of conditions. The
prediction was validated for variation of, sulfur concentration, droplet mass, temperature,
and droplet carbon concentration. Decarburization was found to proceed in three stages.
The model was found to show good agreement for the initial two stages of decarburization:
the incubation period and peak decarburization period. This observation suggested that the
oxygen partitioning and nucleation kinetics had been incorporated propbdymddel

failed to predict the sudden shutdown of decarburization at the end stage of

decarburization.

4.1. Introduction

Throughout the last several decades, there has been a substantial body of research
performed by several groups of researchers to unddrsben underlying phenomena
behind the decarburization of metal droplets under steelmaking conditions. These
phenomena in the Basic Oxygen Furnace (BOF) control four important factors of droplet

refining reactions in the slag/metal/gas emulsié#

1. Residence time of droplets in emulsion
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2. Area for refining reactions
3. Dynamic oxygen potential at the slag/droplet interface
4. Mass transfer in the droplets due to stirring by bubbles

Many experiments have been performed ordéearburization of droplétg*5° Some

authors have observed a gas halo forming around the df8pWaereas others have found

the droplet to swell because of CO nucleation inside the dfdSIE This latter effect is

the basis of the P3whichisfindnd muth usein neotlefs of 80 c e p t
refining®' 23l For this reason, it is important to understand the mechanism of internal
nucleation of CO. The current work is focused on developing a mechanistically based
model for decarburization of bloated droplets. Figulepresents the presence of a liquid

metal droplet in emulsion which is bloated while refining and the authors are aiming to
developing a decarburization model which can predict this bloating trajectory of metal

droplet in oxidizing slag.
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Bloated Droplet

__ Metal
Droplet

Lab Scale Study

Figure4. L A6 Bl oat ed Dropletd reacting in the emu

To understand the nucleation mechanism of CO bubbles within liquid metal during
decarburization, levitated droplet experimé&its'’) have been performed at different
starting carbon compositions andfeient temperatures. Baker & W& proposed that

the rate of decarburization in oxidizing gas for metal droplets with high carbon
concentration is controlled by gas film diffusion and for droplets with low carbon
concentration, diffusion of carbon within the metal phase controls the reaction kinetics.
These workers proposed that the explosion of droplets during decarburizatidnemas
homogeneous nucleation of CO bubbles beneath the surface of the metal. Kaplan and
Philbrook'”! proposed nucleation of CO bubbles at the -iron oxide interface as the
cause of boiling. Although theoretical calculation showed that this mechanism is favorable
compared to homogeneous nucleation, it does not result in internabiaile nucleation.

Levine?¥ proposed an idea of chemisorption of oxygen ions which he deemed was required
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to reduce the reversible work for bubble nucleation. The main drawback of this hypothesis
is that the effect of oxide ions should already be accounted for in the measured surface
tension, so in this way the effect is being double counted. Min and Fftréparformed
experimental studies to understand the process by observing droplets usityg X
fluoroscopy. Bised on their investigation of decarburization behavior by varying the
carbon and sulfur concentration of the droplets, they proposed a mixed controlled kinetic
model for decarburization including mass transport in the slag, mass transport through a
gas h# and chemical reaction at the slag/gas and gas/metal interface. Later, Molloseau
and Fruehd®’! conducted a study of decarburization for a wide range of FeO concentration
in the slag and they proposed the phenomena of swelling and emulsification for metal
droget reacting in slag with more than 10% FeO. They proposed the transport of FeO in
the slag to be controlling the rate of decarburization of an emulsified droplet. They noticed
the effect of sulfur concentration on the decarburization rate and observeatehef

decarburization to go through a maximum at about G40%1

There have been sevéttf325 2’lapproaches to model the decarburization process in the
emulsion phase in the steelmaking process. Kebap?®! developed a slag droplet model

based on multomponent mixed transport assuming equilibrium at the slag/droplet
interface and that all the decarburization reactions occur at the slag/metal interf&€k. Sun
developed a maal of decarburization of a single droplet in FeO bearing slag, employing
thermodynamics as wel | as kinetics. Sunods |
well as interfacial reactions but assumed no barrier to nucleation of bubbles within the

dropet. Dogaret al?!l developed a decarburization model based on the first order reaction
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kinetics as proposed by Brooks all?® to predict the refining kinetics in the emulsion

zone. Later, Rougt al’®® further developed the model of Doganal. incorporating the

effect of blocking of reaction sites by Si@nd BOs which are generated during refining

in the emulsion. PomerBy developed a CO nucleation model by including the
partitioning of oxygen between external and internal decarburization and also incorporated

the poisoning of the surface by sulfur to predict the elongatedbation period with higher

sulfur concentration droplets. Recently, Kadrolkar & Ddtfaadopted the approach of
Pomeroy and i mplemented a single droplet ¢
BOF model to predict the refiningmédelneti cs
was able to predict the delay in nucleation due to the presence of poisoning elements,
Kadrol kards model di d not Iiaeallidr gtudiesamptheur e t
authorsé | aboratory, [Mdueto mteroapruaeationsov@d | i n g
bubbles and the effect of sulfur on the peak rate of decarburiztivare investigated.

The steady state rate of decarburization has been found to follow an increasing and
decreasing trend with increasing sulfur concentration in the metal. To predict the bloating
behavior of a single droplet accurately, it is importarmapture the partitioning of oxygen

at the slag/metal interface along with the external and internal decarburization kinetics. It

also may be important to consider the contribution of both nucleation and growth to internal

CO formation.

In the current worka decarburization model will be developed building on previous
work12227:30 focusirg on external and internal decarburization and the competition

between these two mechanisms. The kinetics of internal formation of CO will include
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nucleation combined with chemical reactoontrolled growth of bubbles. This last
contribution is absent fro previous models. The model will also incorporate FeO
depletion in the foamy sl ag based on previ
This particular step is less important in industrial scale modelling but allows the authors to
eliminate artidacts of smalkcale laboratory experiments which would otherwise
complicate the interpretation of results. The model will attempt to capture the poisoning
effect of sulfur in decarburization kinetics not only to predict the delay in internal
nucleation, btialso to predict the variation in the rate of decarburization during the
incubation period, peak (or steady state) period and the end point of reaction. The present
work will develop the model parameters used in the modelling based on a single data set
ard seek to validate the model with 10 additional sets of experimental data. A sensitivity
analysis will be conducted to determine the relative precision to which each parameter must
be known and the relative importance of each reaction step in contrbléingte of the

decarburization process.
4.2. Model Formulation

The decarburization behavior of a liquid-Eedroplet in an oxidizing slag has been
discussed earlier by several groups of researéfiets'®° The present model has been

formulated based on these following sequences of events.
1. Transport of FeO from slag to the slagptal interface
2. Dissociation of FeO into Fe ar@lat the slagmetal interface

3. External decarburization via formation of CO bubbles at thersketgl interface
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4. Transport of some fraction of the oxygen into the metal fromslatl interface
5. Internal nucleation of CO bubbles based on level of supertiatura

6. Growth of these individual bubbles within the droplet

7. Escape of bubbles from the droplet based on build up volume of CO

8. Slag foam formation above a dense slag layer in the crucible

9. Floating of droplets within the foamy slag

10.Decrease in decarburizatioate

11.Sinking of droplet into the dense slag

12.Collapse of foam

13.And prediction of reactivation, of the decarburization process when the droplet

contacts the high FeO dense slag

A schematic of the sequence of events as mentioned previously is presented id.Eigure
along with the model workflow in Figue3. A detail@ description of each of the modules

has been presented later.
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Figure4.2 Schematic of sequence of events happening when a droplet enters into oxidising slag.
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Partition of slag:
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Mass availability check:
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Not available:
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I
Escape of bubbles

Vise = FUVERE")

Figure4.3 Schematic of the workflow of decarburisation model

4.2.1. External decarburization

The slag, containing FeO, acts as a source of oxygen for decarburization of droplets in the
steelmaking process. The FeO in the slag is transported from the bulk to the slag/metal
interface and then dissociates into Fe and disslbbxygen([O]) at the interface. Please

note FeO does not transport in slag as molecules of FeO but many authors have found a
phenomenological treatment assuming transport as FeO works very well. It would be fair

to argue that this practice is the norm wigefining oxygen transport in iron bearing slags.
"OQL "0Q L8 8BTP
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A fraction of the oxygen transported to the interface is consumed at the interface, by
reaction with available carbon. The remaining fraction is transported into the bulk metal
phase and, when it reaches sufficient concentration, it will react with carbon to form CO
bubbles inside the droplet. The approach of Ponfétoyn modeling the external
decarburization has been adapted here. The model considers poisoning of the reaction at
the slag/metl interface by sulfur. The rate of FeO dissociation and the external
decarburization reaction are both influenced by this poisoning effect. The FeO dissociation
reaction at the slag metal interface which may control the supply of oxygen to the steel is

described by Equation.2.
- . ®
Y Dy p — O o 888818

where—is the fraction of surface area blocked due to sulfur poisonig,the forward
rate constant of the dissociation reacti@n, is the activity of FeO at the interfacey is
the activity of the oxygen at the interface ang is the surface area of the slag metal
interface. The—parameter is governed by the Langmuir isoti&talescribed in Equation
4.3

BOw

wherel is the adsorption coefficient for specjemndd is the activity of specie’§in this

case the only surface active species considered is sulfur ([S]).
The rate equation for transport of FeO to the slag/metal interface from thef biodkslag

can be expressed as
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p AW
whereQ is the mass transfer coefficient in the slag phases the density of slad)
is the molecular weight of FeOpb "OQ 0 is the slagmetal interface FeO concentration
and P "0OQU is the bulk slag FeO concentration in weight percentage.
At the slag metal interface, the decarburisation reaction can occur as

8 0 607088 18

The rate of this reaction is determined by the following rate equation

: . Q o
Y p —20_ Z—— O ®

oD 8888881®

C-| CA

whereQ is the forward reaction rate constant for the decarburisation reaiti@mdc

are the ativities of oxygen and carbon at the interfade, is the CO pressure at the
interface andd  is the equilibrium constant for the abewentioned decarburization
reaction. The interface CO pressure has been assumed to be same as that oftheratmos
pressure in this model calculation.

Transport of carbon and oxygen within the bulk droplet can be calcétatesin

oy 2" . . Y

"7 __:Qz ps bE 888 1
p T3

oy 2" . . .

"7 __:Qz p§ by 88881@
p T30

With the exception of a thin boundary layer at the surfdmemodel assumes that there

would be no compositional gradient within the metal droplet due to vigorous stirring caused
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by the intenally nucleated bubble3he overall molar balance for oxygen and carbon at
the slag/metal interface would be

0 Y 8 1&

0 Y 8819

0 0 V88BTIPp

No assumption is made about equilibrium at the slag nm¢aface. Where rate of reaction
as defined in Equations 4.6 is very fast relative to the transport rates defikgddtions
4.4,4.7 and4 8, this rate equation collapses to represent the condition of local equilibrium
at the interface. Therefore, these equatians used to determine the fluxes and
concentration on either side of the slag metal interface. The rate of external decarburization
will be determined by the balance between the rate of transport of FeO in the slag, the rate
of chemical reaction at the glanetal interface and the rate of supply of carbon from the
bulk to the slag/metal interface. The remaining oxygen from the interfacial chemical

reactions will be transported from the slag metal interface into the bulk metal.

The interfacial concentratioof CaO, SiQ and AbOs have been assumed to be same as

that of the bulk slag composition. The activity of FeO can be estimated as

W [z 88819 ¢
wherer is the activity coefficient of FeO of the bulk slag concentration using the
correlation developed by Bastal B2,

- (QNONE . " "
I 17C p"_Y(p PP 0 TEQ T @ W ™ ¢ bW

™ p W@ 1o

124



and® is themole fraction of FeO for the interface slag concentration. This interface

mole fraction of FeO has been calculated as

P"OQ0
" U
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For the activity oimetal components

W Qz b0 8881® U

W Qz PO 88819 0
where'Q and’Q are the Henrian activity coefficients of carbon and oxygen at the interface
which have been determined using interaction parameter model using first order
interactio®®®]. These abovementioned no#linear equations have been solved
simultaneously using a function (Isqnonlin) in MATLAB to evaluate the instantaneous

equilibrium interfacial concentration of the slag and metal components
(PrOQihP6 PG ¥ and then from these interfat concentrations, the extent of

external decarburisation reaction at the slag/metal interface and the amount of oxygen
transfer from slag/metal interface to bulk metal has been estimated from Equétzona

4.8 respectively at each time step.

4.2.2. Internal Decarburization

4.2.2.1. Nucleation of bubbles As the metal droplet enters the slag, external
decarburzation starts immediately at the slagetal interface and in parallel to that the

metal droplet enriches in oxygen. When the oxygen content is sufficiently high, CO
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bubbles will start to form within the droplet. The rate of nucleation (Number of nuglei/m
s) of CO has been calculated using the rate equation proposed by Blander®8! wiitr

the addition of the surface tension modifying parameter proposed by Chen &%oley

O-[_n AQ‘D ~p(p[_n

0 0 - ey
“a oQ"Y

v 88 BT X

0 is the no ofnucleation sites per unit volum®&is the Boltzmann constant, T is the
temperature, is the surface tension of the mefal,is the surface tension modifying
parameterd is the mass of one CO molecule, is the pressure of bubble at equililriu

with C and O in the bulk metal add is the liquid pressure. This surface tension modifying
parameter was introduced by Chen & CHlepased on the theory of Leviff@é for

reduction of the work barrier at the gas bubble interface during bubble formation. It is
important to mention that there isigrsficant body of work® where classical nucleation
theory(CNT) has failed to explain gas bubble nucleation kinetics. Researchers have come

up with several theorfles AiBluath talse offHyar wieti |
inteff adidol mands theory incospofatePligensio
AMul tisteflo nhetl emdan®nof these are widely ac
classical nucleation theory is its failure to predict the nucleation of gas bubbles under
circumstances where bubbles are known to nucleate. However, the theory can show the
correct dependence with the supersaturation pressure, temperature and surfa¢&!tension
Employing a modified version of this theory is a convenient way to capture the dependence

of supersaturation pressure, on temperature, chemical activities and surface tension.
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The surface tension of liquid iron has been evaluated as a function of temperatre, C,
and S concentration. The correlation developed by Chung & Ctféthibased on
SzyszkowskidLangnuir equatiof®*! has been used here to calculate surface
tension(N/m) of ligid metal.

s PWPOBF PYCAY QR V¥ LEPO T TNXYIlIp Oy THULDY

z] Ip Vgay zpm°8888 1 Y

Bubbles will nucleate within the liquid metal droplet at a critical radased on the surface

tension of metal and the supersaturation pressure of CO within the metal as

. Gz, 2[
l ﬁ888 P w

The homogeneous nucleation of bubbles will create fresh gas/metal interfacial area within
the liquid metal droplet ahthese gas/metal interfacial areas will act as sites for growth of
bubbles during the subsequent reaction time. At any timeX¥bepte generated gas/metal
interfacial area from nucleation can be calculated as

0, 0 0zZm 0z1“ i%0Qz2Yp8 8 B18 T
Wherew 0 is the volume of liquid metal at tinteand J is the rate of nucleation according
to Equatiod.17 andi  is the critical radius of bubbles from Equatib9.
4.2.2.2.Growth of bubbles In the current model, the contribution to CO gas formation
from bubble growth inside a bloated droplet has been considered for the first time. As
mentioned in sectiod.2.1, a high level of stirring within the droplet means that the

transport of C and O whin the droplet can be assumed to be very fast so not rate
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controlling for bubble growth. Whereas the presence of sulfur in the metal will poison
reaction sites at the bubble/metal interface. Therefore, bubble growth will be controlled by
interfacial chenical reaction at the bubble/metal interface. Thus, the rate of generation of

CO (mol/s) due to growth of a bubble of specific radiusy would be

Z 5,0 P o 1 ogiaeA
Qo0 P LU ZW 0

o P oo N >
leQ—p T o 0w 5 88 18 Bw

Q is the rate constant for growth, ; is the gas/metal surface area of previously existed
bubble of radius y , and the parameter, (nd€@was determined by fitting to match

one set of experimental resiind then used for all other cases). So, at any time the number

of moles of CO in the bubble after growth can be expressed as

zY08 8 18 ¢

Y Q0o
It has been assumed that at the end of each time step, mechanical equilbnzimained

at the gas/metal interface due to curvature and that the ideal gas law is followed. So, the

radius,i of a bubble after growth at time st®aé updated by using Equatidr23

~ N
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WhereR is the universal gas constaiit,is the temperature. This similar procedure is
followed for all the bubbles of different sizes which are present at the end of earlier time

step 6 Yo and the size distribution of these bubbles are tracked at eachtémdfs
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there are N no of bubbles of different sizes which take part in the growth process, then the

total gas/metal surface area generated from the growth process attoukl be

0, O “1 88 18 1
Because of the relative ease of bubble growth compared with nucleation, it is important to
consider this aspect of CO formation in the decarburization model, although experimental

evidence distinguishing growth from nucleation of bubbles is difficult taioldue to the

rapid nature of the processes.

The extent of internal decarburization are estimated at each time step by tracking the total
generation of CO from nucleation and growth within the bulk metal and the concentration

of carbon and oxygen aredgted accordingly.
4.2.3. Escape of bubbles

The bubbles generated within the droplet, due to internal nucleation and growth, escape
after a certain time period. The combination of rate of generation and rate of escape of CO
bubbles controls the expansion of thelume of the droplet with time. From the
experimental results of Gat al.l*®l, it has been shown that the expansion of droplets with

time differs with varying sulfur concentrations. It is important to include an escape module

which destroys generated bubbles in the decarburization model. Otherwise, the bubbles
would grow for infinite time resulting in over prediction of the decarburizatais. r

Currently researchisegpoi ng i n t he [Huotniodeltisedescapa tate ofat or

bubbles as a function of CO generation rate, and droplet and slag physical properties. For
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the time being, to facilitate the development of the current model, a polynomial cieve wa
empirically fitted to the experimental data for each droplet (Note: This is only data that was
fitted separately for each individual droplet). The spline function in MATLAB has been
used to perform this. The fitted polynomial was used to calculate besid@e rate within

the model. Thus, during bloating, the volume of the CO bubbles remaining in the droplet

at the end of each time step can be calculated as

w o0 w o W o w 088818 UL
Wherew 0 andw 0O arethe volume of CO bubbles which are generated from
nucleation and growth respectively add 0 is the volume of bubbles which are
escaping from the bloated droplet at that time step. The above equation can be further
expanded according to the caobtition from nucleation and growth as

i) 1 T“‘T"Q‘ 7 1 )Y U\
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In this way, the total volume of CO bubbles within the liquid metal droplets are tracked at
each time step to estimate the extent of swellimyjthe overall density of the droplet. The

overall density of the metal droplet has been calculated at each time step as

S S
0O ——F—————0oT
wWw o wWw o X

Where” and” are the density of liquid metal and CO gas respectivelyo is the
volume of the liquid metal andd 0 is the volume of the CO gas remaining within the
metal droplet based on the balance between the rate of generation and escape of bubbles as

mentioned in Equatiod.26.
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4.2.4. Foaming

Foaming of the slag must be considered in modeling the current experimental data, because
droplets move between a dense slag and a foamy slag. Certain model parameters changed
depending on the type of the slag. Therefore, it is important that the madehvtnather

the droplet is in foamy slag or dense slag. This is only necessary because of specific
characteristics of the current experiments and would not be relevant to a real BOF.

In the experiments used to validate the current model, a layer of flamyjorms on top

of a dense slag layer. With the progress of reaction, the density of the bloated droplet
decreases to a point where it moves into the foamy slag. Subsequently, as the reaction
subsides, the droplet falls back into the dense slag. Témavior is illustrated
schematically in Figuré.4. While this process is probably not relevant to a real BOF, it is
important that we consider it as a real effect in modeling laboratory experiment because a
high void fraction in the foamy slag impedes smaanspoH3l.

Based on the variation of the density of the dropleto , there are two cases possible

at any time; the droplet density is higher than that of the dense slag in which case it will
remain in the dense slag (Figurd(a) and (c)) or the droplet is sufficiently bloated that it

will float into the foamy slagKigure4.4(b)). For the purposes of the current work, when

the droplet is in the dense slag it is assumed that it only reacts with the slag mass in the
dense slag and when it is in the foamy slag, it can only react with the mass that is in the
foamy slag.This distinction is important for the mass balance between slag and metal. At
each time step, the model calculates the density of the droplet according to E423tion

and decides whether the droplet is in the foamy slag or in the dense slag and thereby,
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employs the appropriate kinetic parameters and mass balance. The partitioning of the total
mass of the slag into foamy slag and the dense slag for the two different cases has been
incorporated into the model as described here.
Case 1: Droplet in dense glaDroplet density’{ 0 ) > Dense slag density ()
W w 88& B
& 8 88 Bw
N Q8ag v
Case 2: Droplet in foamy sladdroplet density’{ 0) < Dense slagensity { )
0 p Qzm 888 D
") o B8R BO

Q p N z088E BW

132



pa(t) > ps

Casel

1/ Dropletin
dense slag

(a)

Pd(t) < Ps

Pa (t) > Ps

Case 2

Case l

2/ Bloated Droplet 3/ Droplet in
in foamy slag dense slag
(b) (c)
Dense Slag Foamy Slag

Figure4.4: Schematic of the transition from dense slag state to foamy slag state (a)

droplet indense slag (b) bloated droplet in foamy slag (c) droplet coming back in the

dense slag at the end

are the mass of total slag, dense slad foamy slag respectively.

Q is the effective mass transfer coefficient. Based on videos of individual experiments,

the fraction of slag in the foamy stat® (@and the void fraction¥( of that slag remain

constant during the period from foanrrwation until the point when the decarburisation

shuts down. Therefore, for the model calculation, it has been assumed that 75% of the total

slag is foamy and the void fraction is OIese assumptions are representative of all the

experimental conditiongsed to validate the model in this paper.

To model the process, where available parameters were taken from the published literature.

These parameters specific to the current model i.e. forward reaction rate co@jtant (

surface tension modifying paratme r ( y )
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to match the experimental data for droplet with 282 - 0.014%S - 0.088% P reacting

in oxidizing slag, having 16% FeO and CaO/5#1.9. This data was selected because all
three characteristic stages were clearly represented in the CO generation profile.  To
validate the model, the fitted parameters were then used to model a number of other cases.
For higher temperature predictignhe parameters fitted at 1580°C were modified

according to appropriate theoretical relations.

4.3. Results & Discussion

4.3.1. Effect of Sulfur on Decarburisation

The decarburisation model has been tested against the experimental data reported by Gu
al. 8 at different sulfur concentrations at 1380 The results are reported in this section.
Metal droplets of 1 g and of composition F2626 C - 0.00P6 S- 0.088% P, Fe- 2.626
C-0.01246S-0.08%%6 P, Fe- 2.626 C - 0.020% S- 0.088% P are reacted with 25 g of
CaO0SiO-Al203-FeO type slag in which CaO/Si@ 0.9, 1686 FeO, 126 Al>0Os and the
decarburisation profile are predicted from the current model.ntpsitant to mention that

in this work, the model performance is validated with decarburization data for low basicity
slag only because of availability of data from the authors laboratory. The low basicity slag
was chosen primarily because it is easierdaokwith and less expensive alumina crucibles
can be used. The model performance has been evaluated based on the accurate prediction
of incubation time, the rate of decarburisation during the incubation period, the peak rate
of decarburisation and the entidecarburisation. In the work of Pomefdyand Suft®

the incubation period was defined as the time to achieve sufficient supersaturation for

nucleation of CO bubbles. Experimentallystriot possible to detect the formation of the
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first bubble. Therefore, Pomeroy interpreted this as the time at which bloating was first
observed. Rather than continue with the contradiction between the model and experiment,
in the current work, the incuban period has been calculated as the time required to initiate
bloating based on the time at which the density of the droplet becomes less than that of the

dense slag.

Decarburisation profiles predicted by the model are presented in HidyrEigure4.6,

and Figure4.7 along with experimental data for 0.0@7S, 0.0186 S and 0.02% S
respectively. It can be observed that the incubation period was almost nonexistent for
0.00P6 sulfur and increased with increasing sulfur to 0%2Z. The most importana€tor
controlling the incubation period is the partitioning of oxygen at the slag/metal interface
between internal and external decarburisation reactions. With increasing sulfur
concentration, the surface poisoning slows the external decarburisatioarreatdiat the
slag/metal interface and the oxygen supply into the droplet for internal decarburisation,
thereby increasing the length of the incubation period and decreasing the rate of CO
formation at the surface. It is worthwhile to mention that thaghtrbe some adsorption

of oxygen replacing sulfur creating pathways through the adsorbed layer. But only
consideration of sulfur as adsorbed species using Langmuir isotherm is justified by the fact
that the model is able to capture very well, the vamabb the incubation period and
oxygen partitioning with changes in sulfur concentration from @®@/0.0226. Further
analysis of the decarburisation profiles shows that the peak rate of decarburisation
increases from 0.004 S to 0.01% S then decreasesith further increase in sulfur

concentration. Geet all*®l attributed this observation to two opposing factors, and these
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are well captured in the cemt model; with increasing sulfur concentration, the surface
tension of the metal decreases, reducing the free energy barrier for nucleation, while
surface poisoning inhibits reaction at both the slag/metal interface and the bubble/metal
interface. The antributions to decarburisation expressed as a fraction, from external
decarburisation, internal nucleation and internal growth of bubbles are presented in Figure
45(b), Figure4.6(b), and Figuret.7(b) for droplets with 0.00% S, 0.0146 S and 0.02%

S respectively. Comparing these contributions at different sulfur concentrations, shows that
the model has captured the contributions from both surface poisoning and the changes in
surface tension caused by sulfur. These effects combine resulting in a perdkideation

rate which is at its highest with 0.0%4S. The model has captured this phenomenon very
well. The model also predicts that there is large contribution from external decarburisation
in the early stages of reaction however as soon as CO buriclesite within the droplet,
internal decarburisation becomes the prime contributor. The earlier model presented by
Kadrolker & Dogaf? predicted the decarburization behaviouell for 0.007% S but

failed to capture the variation of incubation period and peak decarburisation rate with sulfur
concentration. The modifications introduced in the current model capture these stages
accurately. It is worth noting that this supersation level required for nucleation of
bubbles occurs after one or two seconds in Figdfesnd4.6 but the incubation times,
determined from the decarburisation profile are approximately six and ten seconds,
respectively. This apparent discrepancy rssfilom the difference between the first
nucleated bubble and the time for bloating to start; the model agrees well with the

experimental time for bloating.
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It can be observed that the model overpredicts the decarburisation extent for droplets with
0.007 aad 0.014% S but the overprediction is less for droplets with 0.021% S. The
experimental data show that there is a sudden shutdown of decarburisation whereas the
model predicts continuation of decarburization. In the case of the droplet with 0.021% S
thereis better agreement between the model and the experimental data as the endpoint is
approached than there is for experiments at lower sulfur level. It is also acknowledged that
the data shown in Figur#e7 does not actually reach shutdown. It is worth rpthrat the
shutdown observed in Figurd$ and4.6 occurs despite sufficient carbon present in the
droplet and FeO in the slag to continue reaction. This is true whether the criterion used to
define sufficiency of reactants is supersaturation relatiteatmosphere of CO or includes

the supersaturation required to overcome the nucleation b&tri€figure4.8 shows the
variation ofcarbon concentration based on CO evolution of the droplet for three different
sulfur concentration along with predicted equilibrium carbon content as well as
supersaturation limit. This confirms that the reaction shutdown is not due to depletion of
carbon This would suggest that there is some mechanism which inhibits decarburisation
but is not captured in the model. The authors are not able to develop a definitive explanation
which could be incorporated into the model without adversely affecting they aijithe

model to describe the early stages of the reaction. To address this problemat &B8kt
modified the surface reaction by introducing blockage effects by&@i@ROs, whereas

in this work, there is no Si&nd BOs present.Kadrolker & Dogaff? stopped the reaction

at the end stage in their model by constraining the maximum allowable oxygen
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concentration to 0.0% [O]. However, their approach is not consistent with the

significantly higher oxygen activity in equilibrium with the slag.
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Several researchefS “¢l have reported the formation of a liquid FeO layer at the end of
decarburization in levitated droplet decarburization experiments when the outer most layer
is depleted of carbon and rather than forming CO bubbles, oxygen has been observed to
react with Fe. However, no literature has been found by the authors which suggest
formation of an oxide layer on a droplet reacting with slag. SevesabrcherS:114851

have talked about the sudden shut down of decarburization independent of the carbon
content. The model predicts that the slag/metal interfacial oxygen potential is always higher
than the bulk m&l droplet oxygen potentidlut much lower (nearly 10 times lower) than

that required to form any iron oxide. Therefore, the possibility of formation of an oxide
layer to shut down the decarburization process can be igrihiedauthors have chosen
nottoi ncl ude an artificial Oswitchd to shutdo
of shutdown in a subsequent publication. The authorscanently investigatinghe

premature shutdown of decarburization.

4.3.2. Effect of Temperature

To study the performanad the model on varying temperature, the prediction of the model

for droplet of 2.62% G0.007% S at two different temperatures 1%8@nd 1648C with
CaO0SiOx-Al20s-FeO slag having 16% Feénd 0.9 basicity have been compared with
experimental dat®l. The model prediction of total CO generation at £&88and 1640C

is presented in thiBigure4.9 (a) and (b) respectively.To account the effect of increase

in temperature in the model, the effect of slag viscosity and temperature on the slag mass
transfer coefficient has been incorporated as follows. FronSthles Einstein and the

Eyringds relations, it may be seen that di
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and inversely proportional to the viscosit { - Based on a range of mass transfer

models’Q ® 'O where n is in the range Oi51.3. Therefore,

v
N6 — 8888B1d ™

The model prediction irigure 4.9 (b) is based on the conversion of the mass transfer
coefficient determined at 158D converted to 164C using equatiod.30 for n = 1 and n

= 0.5. The difference in prediction bdsen the choice of n is seen to be negligiblée
viscosity variation with increase in tempe
for this current slag composition to incorporate the effect of temperature variation. At both
temperatures, the madderediction shows good agreement in the first two stages of
decarburisation and in common with most data presented in this paper, it did not predict
correctly at the end point of decarburisation. When one considers the model prediction at
1640°C was baseéntirely on data obtained at 1580°C modified using appropriate
theoretical functions, the agreement can be considered remarkable. The relative
contributions to CO formation from external decarburisation, internal nucleation, and
growth, are compared indure 4.9 (c) and (d). With increase in temperature, the rate of

nucleation and growth became faster during the peak decarburisation period.
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Figure4.9: Total CO generation with time from model and experifi@rior 1 g droplet

with 0.007% S at 1580°C (a) and 1640°C (b). The fraction of external and internal
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4.3.3. Effect of Droplet Size

To validate the model performance for droplets of different size, the predicted

decarburisation profile for 0.5 g, 1 g and 1.5 g droplets with92.62and 0.00% S have

been compared in FigurelO against experimental d&taf r o m

droplets were reacted with 25 g of G&,-Al.O3-FeO slag having

and 16% FeO at 164Q temperature. For 0.5 g and 1.0 g, there is no observable incubation

aut hor s o6

CaO/Si@atio 0.9

abo

period in the decarburisation profiles. However, for a 1.5 g, there is an approximately 10s

incubation time for the drdgt to become bloaté&d!. This incubation time is wefiredicted
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by the model based on the procedures described above without the use of additional fitting.
It can be observed for all droplet masses that the model performs well for the first two
stages of reaction. This agreement could be considered remaragidalarly recognizing

that only one set of constants has been used to describe all experimental conditions.
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Figure4.1Q Total CO gas generation profile with time from model and experitidiot

droplets with 2.62% C on varying droplet mass (a) 0.5 g (b) D b5 g respectively

4.3.4. Effect of Droplet Carbon Content
In order to further validate the model performance, the ability of the model to predict

decarburisation was tested for a range of initial carbon concentrations, and compared
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against experimental d&t8 for 1.0 g metal droplets with 26C, 2.3 C and 4.%6 C in
Ca0SiO,-Al03-FeO slag having 26 FeO and CaO/Sifratio 0.9 at 158QC. Results are
shown in Figurel.11 (a), (b) and (c). The model prediction shows a fairly good agreement
with the experimental data in the initial stages of readtiamegligible or short incubation
period and a faster decarburisation period. It is wooting that the faster decarburisation
period for these cases does not show a ste
sets, however, the data are still quite well represented by the model. As with other data
sets examined in this paper, thecarburisation ceases prematurely which is not captured
by the model. It is worth noting that deviation of the model from the real data becomes
more pronounced with increasing initial carbon concentration. The fractional contribution
from external decarlisation, internal nucleation and growth are compared in Figlide

(d), (e), and (f). The model prediction shows that the contribution from internal nucleation
increases compared to growth with increasing carbon concentration. According to equation
417, the rate of nucleation of CO bubbles within the droplet is dependent on the
supersaturation pressure of CO, which is dependent on the products of dissolved carbon
and oxygen activitiesAt higher carbon activity, the droplet can achieve the critical
supesaturation pressure at lower dissolved oxygen activity compared to that for lower
carbon activities. This effect will hasten the onset of internal nucleation. However, in a
counter current competition between oxygen and carbon, at higher carbon comeentrati
more oxygen will be consumed at the slag metal interface by external decarburisation. This
will leave less oxygen to enter the bulk metal, thereby delaying internal nucleation. Thus,

these two factors compete to determine the incubation time.
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Figure4.11 Total CO generation with time from model and experifimn varying

carbon concentration in (a), (b) and (c) for 1.692.5% C and 4.5% C respectively. The
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contribution in mole fraction from external decarburisation internal nucleation and

growth with time for (d) 1.5% C (e) 2.5% C and (f) 4.5% C respectively.
4.4. Sensitivity analysis

Sensitivity analysis on the model pareters has been performed to understand the effect
of these parameters individually on the decarburization reaction kinetics. The parameters

selected for this analysis are, mass transfer coefficient of FeO insgldgtiward rate

constant of FeO dissociatio®)(, t he surface tension modifyi
constantQ . The effect of these parameters is presentdtgare4.12 (a), (b), (c)and

(d) respectively. This analysis has been performed figcarburizing droplet of 1 g with
composition Fe2.626 Ci 0.01446 S and 0.08% P which is reacting in CaSiO;-Al 20s-

16% FeO slag at 158C™8l. From the CO generation profile in Figurd2 (a) and (b), the

effect of varyingQ and®, can be observed. Both affect the length of the incubation period,
the rde during the incubation period, and the peak rate of decarburization. However, the

effect of mass transfer coefficient is significantly greater.

The role of surface tension modifying par:
critical free energyarrier to very low value (1% of theoretical value) favoring the internal
nucleation of CO bubbles. It can be observed in Figute2 (c) that with i
value, the rate of decarburization decreases both in the incubation period and peak
decarburiation period. However, any decrease beyond the experimentally determined
value makes no difference to the rates or the length of the incubation period 4Fig (¢

shows that within a reasonable range of variation, the growth rate constant has no
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discenible influence on the decarburization profile. This observation, combined with the
previous observation regarding the surface tension modifying parameter, is further strong
evidence that the overall decarburization rate is controlled almost entirelypply sf

oxygen to the droplet. Notwithstanding the previous statement, inspection of &it8ire
shows that the surface tension modifying parameter and the growth rate constant combine
to strongly influence the relative contributions from nucleation andthrto a relatively

constant overall reaction rate.

If instead of sensitivity analysis, the steps based on the concept of re$iStamdbe
reaction are compared, the relative resistances can be evaluated. The overall resistance

would be

. . . P

Y Y Y _
5 5888 @
- 5

The resistances for transport in the slag, dissociation of FeO at the interface, and internal
nucleation and growth are compared in Figlfe! for droplet of Fe 2.62%Ci (0.007%,

0.014%, 0.021%S) compositions reacting with slag of 16% FeO and CaO/S1Q2 It

can be observed that, there is an order of magnitude difference between the resistance due
to transport in the slag and chemical reaction at the interface for 0.007%S droplet.
However, for the higher sulfur experiments this ratio drops to a fat&rPlease note the
minimum in the two resistance curve arises because of the increase in surface area during
bloating. Because of the way the model was developed, the definition of resistance for

nucleation and growth of bubbles does not lend itselflitect comparison. Here the
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combined resistance including nucleation and growth within the metal is presented in
Figure 4.14 for the comparison with the other resistances. It is known that until the
supersaturation limit is exceeded there can be no rioieaf bubbles within the liquid

metal droplet, so the resistance is infinite and after the supersaturation limit is achieved the
resistance is of a similar order of magnitude to the others. Also, for the growth of bubbles
there is no gas/metal surfaceearto grow until the supersaturation limit is exceeded
meaning that the growth resistance will also be infinite. The combined resistance profile
shows infinite resistance initially and then sudden decrease as soon as the supersaturation
limit exceeds. Its also worth noting that the resistance due to bubble nucleation and growth

is lower than the others once supersaturation is achieved, then after sometime it starts to

increase as carbon is depleted from the droplet.
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Figure 412: Total CO generation with time on varying model parameters as (a) slag mass
transfer coefficient, (b) forward reaction rate constant of FeO dissociation, (c) surface

tension modifier, (d) growth rate constant
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Figure4.14 Variation of resistances due to slag transport, chemical reaction and internal
nucleaion-growth of bubbles with time for 0.007%S(a), 0.014%S(b) and 0.021%S(c)

droplets
4.5. Error Analysis

To build confidence on the model performance it is important to perform error analysis on
the model prediction results with the experimental results. Thaysis has been

performed for all different cases as mentioned earlier.
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RMSE is an extensively used error metric to compare the model performance of a variable.

This is calculated as

o oy D @
YO YO - 8 BTH ¢

Wherew is the model predicted value atdd is the experimental data points at time
stepoandU as the no of data points. This metric cannot be used to compare the prediction
of two different variables due to its scalependent nature. TheMSE errors has been
estimated for three stages of the decarburization process: incubation period, peak
decarburization period and end stage on varying droplet sulfur concentration, droplet mass
and droplet carbon concentration and presented in Talle Table 4.2, Table 4.3
respectively. The average RMSE error of the model prediction at the incubation period is
1.57*10%, at the peak decarburization period 1.71*40d at the end stage 3.75*10The

error analysis quantitatively shows that there isrgelaleviation in the prediction at the

end stage of decarburization, and this deviation increases with increase in carbon
concentration and reaches of the order otdt04.5% C concentration droplet. The model

is missing the mechanism of decarburizatieaction shut down at the end stage and the

author is currently working on it.

Table4.1: RMSEerror of model prediction on varying wt% S of 1 g droplet at 2680

Wt% S Stage 1 Stage 2 Stage 3

0.007 NA 8.42*10° 2.88*10*
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Droplet 0.014 5.38*10° 8.93*10° 2.18*10%
Sulfur 0.021 1.74*10% 1.27*10% 1.22*10*
Variation

Table4.2 RMSEerror of model prediction on varying droplet mass with 2.62% C

0.007% S at 164C

Droplet Droplet Mass(g) Stage 1 Stage 2 Stage 3
Mass 0.5 NA 8.76*10° 1.23*10%
Variation 1 NA 1.45*10% 3.67*10*
1.5 1.72*10* 9.20*10° 4.09*10*

Table4.3 RMSEerror of model prediction on varying carbon concentration of 1.0 g

droplet at 158tC

Droplet
Carbon

Variation

Wit% C Stage 1 Stage 2 Stage 3
15 NA 1.55*10% 2.49*10*
2.5 NA 3.39*10* 2.81*10*
4.5 2.27*10* 4.22*10% 1.32*10°%

4.6. Conclusion
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In the present work, a decarburization model has been developed with few assumptions.
The model parameters, determined for one dataset, haveddeied over a wide range

of experimental conditions. A sensitivity analysis has also been performed on the key
parameters of the model. The model agrees well with the experimental data. Based on the
model predictions and subsequent sensitivity analyfsgsfollowing conclusions can be

drawn.

1/ The overall rate of decarburization of bloated droplets is controlled by oxygen supply to

the droplet, the rate of supply being mostly controlled by mass transport of FeO in the slag.

2/ The length of the inculian period is controlled by a combination of, the rate of oxygen
supply to the droplet and the partitioning of oxygen between the surface and the bulk. The
latter is controlled by the rate of oxygen consumption by decarburization at the surface,

and the arbon and sulfur content in the bulk.

3/ During the peak decarburization period, nucleation and growth of bubbles both
contribute to CO generation. The ratio of the contributions depends on the relative values

of the surface tension modifying parameter tredrate constant for bubble growth.

4/ The model fails to predict a sudden cessation of decarburization observed in almost all
cases. This event occurs despite ample availability of both oxygen and carbon to continue

the reaction. This issue requiresther research to establish a mechanism.
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List of Symbols

P 6 Concentration of dissolved cambin liquid metal (wt pct)

P 0 Concentration of dissolved Oxygen in liquid metal (wt pct)

Poao Slag AbOs concentration (wt pct)

PO w0 Slag CaO concentration (wt pct)

P"0Q U Slag FeO concentration (wt pct)

P"Y(Q Slag SiQ concentration (wt pct)
0 Interfacial area (1)
0 ; 0 Total gas/metal surface area generated from the growth at tinde t (M
0 y O Total gas/metal interfacial area generated due to nucleation at time st¢p t (m
0 Flux of C in the retal (mol/s)
0 Flux of FeO in the slag (mol/s)

0 Flux of O in the metal (mol/s)

C-.

Equilibrium constant of CO formation reactioi (

0 Equilibrium constant of FeO dissociation reactign (
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0 Adsorption coefficient of specié@whereCare [S] and [0])
0 ,0 Molecular weight of C and O (kg/mol)

o ,0 ,0 ,0 Molecular weight of FeO, CaO, Si@nd AbOs respectively

(kg/mol)

0 No of nucleation sites per unit volume gm

C

Liquid Pressure (Pa)

Ca

Pressure of CO bubble at equilibrium (Pa)

Ca

Pressure of CO at the interface (Pa)
'Y Rate of CO formation at the slag/metal interface (mol/s)
'Y  Rate of FeO dissation reaction at the slag/metal interface (mol/s)

W 0 ,w O Volume of CO bubbles which are generated from nucleation and

growth respectively at time(m°)

® O Volume of the CO bubbles remaining in the droplet at tirra®)

® O Volume of bubbles which are escaping from the bloated droplet at tin® t (m
® Volume of liquid metal (1#)

@ Mass of dense slag (kg)

W Mass of foamy slag (kg)
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w  Total slag mass (kg)

® ,® > Mole fraction of FeO, Si@and CaO+)

& Activity of speciesQwhere zan be [O], [C], [S] in metal or (FeO) in sla (
"Q Henrian activity coefficient of carbonr)(

"Q Henrian activity coefficient of oxygen)(

®Forward reaction rate constant of FeO dissociation (metjm
"Q Overall growth rate constafmol/n?-s)

'O Effective slag mass transfer coefficient (m/s)

"Q Mass transfer coefficient of species ietal (m/s)

"Q Forward reaction rate constant of CO formation (Kg#n

Q Slag Mass transfer coefficient (m/s)

¢ No of moles of CO in a bubble of radiugnol)

i Critical radius of CO bubble in liquid metal (m)

i Radius of a bubble @ttimes step (m)

(@) Model predicted data point at time t (mol)

w Experimentally found data point at time t (mol)

r Activity coefficient of FeO of the bulk slag concentration (
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—Fraction of surface area blocked due to poisoning (

” 0 Density of droplet at time t (kgfn
" Density of metal (kg/r)

" Density of slag(kg/rf)

, Surface tension of the metal (N/m)

Yo Time step

R Universal gas constant (J/rAg)

0 Rate of Nucleation (/fs)

0 No of bubble at any time(-)

0 alo of data points-J

“YTemperature (K)

"OBoltzmann constant (frkg s? K1)

& Mass of one CO moteile (kg)

¢ Coefficient of Mass transfer model

— Slag Viscosity (Pa)

[ Surface tension modifying parameter (

Superscripts & Subscripts
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‘At the slag/metal interface

@Within the bulk

i 7& Slag/metal interface

(Y& Gas/metal interface
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Chapter 5

5. Decarburization of iron carbon droplets with oxidizing slag: An

experimental study to understand the effect of ionic and electronic

conductivity on decarburization kinetics.

As highlightedin previous chapters, most of thecasions whedroplet decarburization

was observed to shut down prematurielyolved low conductivity slag. It is also noted
thatthere is an enhancement of kinetics with ferric basedasidgnixed ferric/ferrous slag.
Chapter 5 presents a systematic experimental study to observe the effect of slag ionic and

electronic conductivity on droplet decarburization and bloating.

In chapter 5, all the experiments and an initial analysis of the data was performed by me.
The dah analysis and theelatedkinetic modelwere derived jointly throgh extensive
discussion wittbr. Coley. The manuscript was originally prepared by me and proofreading

was done by Dr. Coley.

This manuscript was submitted to Metallurgical and MateriagsJaction B on 7 Sept

2021and currently under review.
Abstract

An experimental study has been performed to investigate the effect of ionic and electronic

conductivity of oxidizing slags on the kinetics of decarburization of liquid metal droplets.

Anagproach based on Wagner 6s Oxidation theor

kinetics with the variation of the slag conductivity. Despite the sufficiency of reactants, a
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sudden shut down of decarburization reaction was observed for lower condudaigijty s
whereas the reaction reached near to thermodynamic equilibrium where the conductivity
was higher. Based on this observation, a mechanism of accumulation of charge at the
slag/metal interface has been proposed as the cause of premature shutdoweaofitime

Whilst increasing basicity was also found to accelerate reaction kinetics and to eliminate
or mitigate against premature shutdown of the reaction, it made no difference for slags of
high electronic conductivity. This observation suggests that dbsired rate of
decarburization can be attained at lower basicity if the electronic conductivity of the slag
is high.

5.1. Introduction

The rate of decarburization of liquid metal droplets in the slag/gas/metal emulsion plays a
crucial role in oxygersteel making. The kinetics of this reaction determines the bloating
behavior of individual metal droplets, which in turn will decide the overall rate of refining
by increasing the slag/metal interfacial area and the residence time of the droplets in the
emulsiort*?. There have been several studies performed to understand droplet
decarburization kinetics in oxidizing gaSe8 and in «idizing sladg*®*?. In case of
decarburization of droplets in oxidizing gases, mass transport in gas phase is reported to be
rate controlling until the carbon concentration drops below a critical value when the rate of
reaction is controlled by the mass transfemetal phase. For droplets in oxidizing slag,

Min & Fruehan? reported the decarburization to be a egixcontrol reaction involving

mass transport in slag, mass transfer in a gas halo and interfacial reaction kinetics. Whereas

Molloseau & Fruehdht! reported that in the case of an emulsified or bloated droplet (note
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these workers employed the term emulsifiedateéd was introduced by Brooks etlal
reaction kinetics were controlled by mass transfer of FeO in €lage & Riboud?
reported the reaction kinetics to be controlled by mass transport in slag, interfaciahreactio
and nucleation of CO bubbles. Based on the relationship between peak rate and droplet
volume, Chen and Col&y! proposed control by nucleation. Despite having decades of
research to understand decarburization reaction kinetics, there have been very few
systematic studies to understand the conduction behavior of slag in controlling the
decarburization reaction kinetic¥here have been some studies on the effect of electronic
conduction on oxygen transport in the s{Rgl et aland others'* 16},

Several decades ago, Ramachandraall!”! studied desulfurization kinetics between
carbonsaturated iron and slags and proposed an electrochemical mechanism for sulfur
transfer. Gare & Hazelde®# conducted a study to understand the reaction kinetics in
ferric and ferrous based slags and proposed the possibility of electrochemical reaction at
the slag/metal interface in the context of a local electrocapillary effect caused by charge
separation and accumulation of oxygen near the anode which was acting as a CO nucleation
site. They also found that the decarburization progressed to very low carbon concentration
by reaction with ferric based slag whereas decarburization ended at ghteanbon
concentrations for reaction with ferrous based slag. In the latter case the decarburization
reaction stoppeavithout coming close to equilibriumMurthy et al*® investigated the
redwtion behavior of FeO in CaSiO,-Al.03-X slags by irorcarbon droplets and
reported that whedroplet carbon concentration is greater 1880 in the droplet, gas film

diffusion was the rate controlling step and below that carbon level, an electrochemical
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transport barrier was controllirtge rate They also studied the effect on decarburization,

of altering the electronic conductivity of the slag by addition of transition metal oiides
TiO2 (0 to 5.2%) and Ni©Ds (1.796). They observed an increase in raiéh addition of
transition metal oxid® On increasing Ti@from 0 to 5.2%, they observed the kinetics to

be fastest at 2.97% TiO Despite the enhancement of kinetics by adding transition metal
oxides, the decarburization reaction was found to cealeavt2% carbon concentration;
again this was long before reaching equilibrium. In another article, Muethgl™®
presented the effect of varying slag FeO concentration and temperatureate thfeFeO
reduction. Woolley & P&*?%2l performed experimental studies to understand the
electrochemical nature of reaction between carbon in the metal and FeO in slag and
reported F& transport in slag to be the rate determining step. These workers proposed an
enhancement of reaction kinetics by applying a \@@age. Recently, Judge etl&t?3l
performed an electrochemicsiudy to demonstrate the possibility of electrorefining of
liquid iron and assessed the potential of calealominate and calciursilicate slags to
support electrolysis. These workétsdentifiedthe presence of an electrochemical double
layer at the molten iron(carbon free) in slag and estimated the Nernst diffusion layer
thickness, potentials zero charge, excess charge density and electrocapillary curves.
Several groups of workéf&2% studied the effect, on oxygen permeability of slayg,
varying ionic and electronic conductivity. Speelmetnall?®! proposed that the oxygen
transport in the slag was limited by conduction of electrons in the Saget al?” and

Palet al® observed an increase in permeability of oxygéth addition of FeOs to the

slagPure PbO or Pb&iO, melf). To develop a deeper understanding of the effect of
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electronic properties on oxygen transport in slag, systematic collection of experimental
datais required The current work is focused on a detailed kinetic study to understand the
way in which decarburization kinetics are affected by slag conductivitg. Waik is part

of a larger project to develop a kinetic model for the decarburizatipredictbloating of
iron-carbon droplet®’l®Y and is specifically intended to address observations regarding
the effect of slag conductivitydm earlier work by the authd?$.

In the current work a systematic investigation was performed to understand the effect of
varying the ionic and electronic conductivity of the slag on the decarburization kinetics. A
detaled study has been performed by varying the total Fe content and basicity of the slag
at different ferric ratios. A kinetic mode
applied to explain the variation in reaction kinetics with the variation ofcalaguctivity.

A mechanism has been proposed to explain the premature cessation of the decarburization

reaction for low conductivity slags.

5.2. Experimental Technique

The experimental technique used in the current work was identical to that reported

elsewheré®3 The details are reproduced below for the convenience of the reader.
5.2.1. Sample Preparation

To prepare the metal droplets, an alloy mixture of high purity electrolytic iron, graphite
and FeS alloy were melted in a verticalbe furnace at 1550°C and homogenized for 1
hour under constant flow of Argon. Cylindrical sections af @01 g were prepared by

pipetting the alloy melt with quartz tubes, quenching in water, cutting. These cylindrical
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sections were remelted in Electihrc Melter to produce droplets. The composition of
these droplets was confirmed to be 2(601% C and 0.01%0.001%S by LECOC & S

Analyzer.

To prepare the slag samples, CaO,.Sa8d AbOz powders were premeltad specific
proportions in a box furnace at 1580in platinum crucible, homogenized for 1.5 hours,
guenched and then crushed. During the experiment, these premelted slag mixture were
mixed with FeO and E©s3 slag powders as per the requirement of toeakéntent and

ferric fraction in the slag and placed 2%.5 g of the slag in an alumina crucible in the
furnace for individual experiments. The total®eontent in the slag were varied for 2.5%,

5%, 10% and 16% for three different ferric ratios (0, @rid 1). For 16% R@®
concentration, experiments were performed for additional two ferric ratios 0.25 and 0.75.
The V-ratio of the slag were varied between 0.9 to 2 for three different ferric ratios 0, 0.5
and 1. To validate the slag composition uniformilye composition of the slag after
premelting one time and two times were compared with Inductively Coupled Plasma
Optical Emission Spectroscopy (I€BPES) and confirmed that o#tiene premelting and
homogenization for 1.5 hours was sufficient to achieveirdé composition and
homogeneity. The initial ferric fraction of the slags was confirmed by collecting slag
samples from blank experiments. In these experiments, three of the slag compositions used
in the kinetic experiments, were heated under the saméditioms as for kinetic
experiments. These slags were sampled by pipetting into silica sampling tubes and
guenching. The samples were dissolved in acid under flowing argon and subsequently
titrated to determine the ferric fraction. The measured ferrititraas presented in Table
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1 shows a close match with the values calculated from mass ratio of Fe&Dto Hee

authors did not conduct blank experiments for other cases, so have assumed as the charged
values. The ferric fraction in the pure iron oxidemgler were calculated from the lattice
parametét*! determined from Xay diffraction. The ferric fraction was estimated of 0.15

in the iron oxide powder which is consistent with the ferric fraction value measured from

titration in slag.

Table5.1: Expectederric fraction based on FeO, 8 mass ratio vs measured value

Expected Fé*/Fe from Fe’*/Fe from Blank
Slag Mixture
mass ratio Experiments

CaOSiOx-Al20s-FeO 0.0 0.1
CaOSiO-Al20s3-FeO

0.5 0.5

FeOs

CaO0SiOx-Al20sz-Fes 1.0 0.8
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5.2.2. Apparatus

A resistance heated vertical furnace with 80 mm inner diameter alumina tube was equipped
with an X-ray fluoroscopy imaging unit, a pressure transducer, and a computer to record

the pressure data. A schematic of this set up is presented in bifjuiidne ength of the

hot zone of the tube furnace was measured to exist across 3 cm height at higher
temperatures (1500°C, 1550°C and 1600°C) with +1°C temperature difference. The

furnace had a viewing window aligning with the hot zone and thayXlevice was setp
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in the same alignment so that the dynamic behavior in the crucible during reactions can be
captured. To record the pressure variation due to CO generation during decarburization, a
differential pressure transducer having maximum pressure limit of KRBa8 (FLW
Southeast, Inc, 15768NV050NR, Very LowPressure Transducexjth sensitivity of %10

®> atmwas connected witthe sealed reaction chamber. The pressure variation data recorded

in pounds per square inatas converted into CO moles using constant volume pressure
increase (CVPI) technique assuming no other gas was possible at that temperature based

on thermodynamiassessment.
5.2.3. Procedure

To begin experiment,29.99% pure alumina crucible with outer diameter of 40loaded

with 25 g of slag waplacedfrom the bottom of the furnade the hot zone of the furnace

using a support rodA metal droplet was placed at ttap of the furnace with a magnet.

The sealed furnace is then evacuated and backfilled with argon. The argon was flowed
through arefining channel consisting of Titanium turnings and drierite column to remove
moisture and oxygen. The furnace was heatedrwatestant flow of argon (at 112 ml/min

flow rate) at a heating rate of 2&min till 200°C, 5°C/min till 200°C and 10C/min till

desired temperature. At the desired temperature the slag was homogenized for 30 minutes
and the argon flow wastopped folleved by sealing of the furnace chamber. As soon as

the magnet was removed to drop the droplet through the dropper tube, recording of pressure
data and Xray video was started and continued till the reaction nearly stops. After the
desired period of reactiprthe recordings were stopped, and the crucible loaded with

reacted slag and droplet were quenched. The pressure data were converted to moles of CO
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based on the final carbon concentration of the droplet which were measured in LECO
carbon sulfur analyzer.hE total CO gas generation data in moles were averaged for each

second (10 data points in 1 s) without altering the features and presented here.

5.3. Results

5.3.1. Ferric Fraction Variation

A set of decarburization experiments were performed to analyzefféwt of electronic
conductivity on the peak rate of decarburization and bloating of iron carbon drdplets.
variation in electronic conductivity was achieved by varying the ferrfet@us ratio in

the slag. In each experiment, g liquid metal drglet of compositioriFe- 2.5%G0.01%S,
was reacted with a slag bhsicity (o —) 0.9 and 16% FR@ (total iron oxide

concentration normalized to Fe&) 1505C. The ferric fraction (F&/Fe) in the slag was

in the range 0.1 to 0.8.

The cumulative CO generation profiles with time for different ferric fractiers——

are presented iRigure5.2(a). All the CO generation curves Figure5.2(a) show® a
relatively constant decarburization rate(i.e. peak decarburization period / steady state)

sharply transitioning to a very slow rate or even complete cessation. The peak rate

decarburization has been plotted agairst—— in Figure5.2 (b). This figure shows

that the rate goes through a maximum-at——-= 0.5which also coincides with the

highest eletronic conductivity??l. It can be observed that the peak rates wifti ifeh slag

are higher than for Bérich slag. This is likely due to the tigr oxygen potential in Be
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rich slag which will at least partially ompensate for a low electronic conductivity. The
extent of decarburization is also highest-at——= 0.5 and comparatively higher for
Fe** rich slag than F& rich slag. Tle carbon concentration of the reacted droplet with
= 0.5 slag was close to thermodynamic equilibrium whereas in other all other
cases the reaction ceased at carbon concentrations quite far from equilibrium.
The normalizedrolume of COretainedin the droplet for different slag ferric fractions is
presentedvith respect to time irFigure 5.3. The normalized retained gas volume was
calculated by dividing the increase in droplet volume, obtained fromEhX-2ay video,

by the originavolume of the droplet. The volume calibration was performed based on the

0" second droplet volume, using ImageJ software. This procedure can be expressed as

6 &1 a0aNBOQUOE a0 ¢ 9 [5.4]

Bloating of a reacting metal droplet depends on the balance between rate of gas generation
and rate of escape. The rate of escape of gas bubbles from the metal droplet is dependent
on the metal droplet surface tems viscosity and average bubble size, and most
importantly the force applied by agoing gas generation inside the droplet. The bloating
behavior Figure 5.3) of droplets, shows that internal decarburization continued for the
longest time for slag having ferric fraction 0.5. This may be interpreted as the slag
continuing to transport oxygen to the metal droplet for longer so that internal
decarburization caroatinue, whereas the oxygen supply stopped within approximately 20

seconds of the reaction period in the other cases preseriguiige5.3.
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5.3.2. Slag FeO Variation at different Ferric Ratios

Decarburization experiments were conducted for a ranga@fdeacentration (2.5%, 5%,

10% and 16%) at three different ferric ratios to understand the interdependence between
oxygen transport, ionic conductivitgnd éectronic conductivity. Metal droplets of
composition Fe- 2.5% G 0.01% S werereactedat 1503C with each of theslag

compositionsn this set. Thgpeakdecarburizatiomateis plottedin Figure5.4, against the
slagFaO concentration for three differeferric fractions —— = 0.1, 0.5, 0.8. This
figure shows thatherate of increase of the peak rate of decarburization iwitleasing
FaO concentration in the slag was highest for ferric fatie—— = 0.5, followed by

ferric ratio = 1 and then ferric ratio = The peak rate of decarburizatiams higher for
ferric ratio =0.5 for 10% and 16%eaO concentration compared to tbases with ferric
ratio Q1 and0.8, whereas the peak rat@srevery close for different ferric ratios for lower

FaO concentration slag.

It is to be noted that reaction reached near to completion for 1&%aRd 0.5 ferric ratio,
whereas in the lower oxizing potential cases till the time (8 min) the droplets were
guenched the reaction was observed to continue for ferric ratio 0.5 in contrast to the

observation for other ferric ratios.
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5.3.3. Slag Basicity Variation at different Ferric Ratios

A series of decarburization experiments were performed for 2 g dsoptat2.5%C and
0.01%Sreactingwith slags withCaO/SiQ 0.9, 1.5 and 2) at three different ferric ratios
(—=0.1, 0.5 and 0.8) at 1585. The total CO generation with tinfer these

experimentsis plotted in Figure5.5. The peak rate of decarburization increased with
increasing basicity for ferric ratio 0.1 and 0.8, whereas for ferric ratio 0.5, there was a
negligible change in the peak rate with basicity. The decarburization profiles for basicity

1.5 and 2 almost overlap itin the range of error limit) for ferric fraction 0.8.
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5.4. Discussion

The decarburization profiles presented-igure 5.2 for different ferric fractions at 16 %

FaO suggest that there is a significant effect of the electrical conductivity of the slag on
the reaction kinetics. The occurrence of the maximum rate at a ferric fraction of 0.5, which
also represents a maximum in electronic conduct¥itysuggests a strong role of
electronic conduction in the reaction mechanism. The influence of basicity also suggests a
role for ionic conduebn. To analyze these effects, the ionic and electronic conductivity of

each of the slags has been calculated for the relevant conditlmmsonic conductivity
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has been evaluated fraime Nernst Einstein relationship, assuming thé*@ad Fé* to be

the only significant ionic charge carriéi®38l. The electronic conductivity of the slag was
calculated usig the diffusion assisted charge transfer model of Barati and [&bleéyhen

the electronic conductivity was very high, the droplet initially containing 2.5%C reacted
until coming very close to thermodynamic equilibrium (~ 0.08&b)ereas with low
electronic conductivity slag the reaction for a droplet of identical startingposition,
stopped at 1.49% (.he results presented kgures5.2(a) and (balso show that, with
increasing slag electronic conductivity, the peak rate of decarburization increased. The
observed premature shutdown of reaction for low conductivity stagmnsistent with the
results obtained in a previous study by the current altHofsr a range of carbon
concentration(0.5%C to 4.4%(ased on the currenteervations and those from the
aut hor s 6 pleavkinetic analysid hasl lyeen performed to explain the rate
controlling step insection 5.4.1in section5.4.2 a kinetic model involving ionic and
electronic conductivity is proposed along with kinetic analysis anseation 5.4.3a

mechanism is proposed to explain the premature shutdown of decarburization.
5.4.1. Rate Controlling step Analysis

Decarburization of a droplet with oxidizing slag involves multiples kinetic Stapass
transport in slag, interfacial chemical reaction, nucleation and growth of bubbles within the
metal. A mixed controlled kinetic modelas developed by the current authors involving

all the abovanentioned kinetic steps. To analyze the effect of individual kinetic steps
involved in the decarburization reaction of a droplet in oxidizing slag, previously

developed model by the current auitis employed for different ferric fraction slags.
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To consider the effect of variation of slag conductivity, the only kinetic parameter i.e. the
slag mass transfer dfieient was varied within a range of 3*20n/s to 1.4*1& m/s to

predict the CO generation rate. The model prediction agrees very well with the
experimental results considering that only the slag mass transfer coefficient was adjusted
to match the restd. This is entirely in keeping with the fact that the changes made to slag
composition were designed to a specifically target slag transport properties. The model
predictions and the experimental data are compared in Fifiurdt is to be noted that
model prediction is very good for the initial period of the reaction for all different cases,
but as presented in the previous Witkthe model fails to predict prematigieutdown for

lower conductivity slags. For the highest conductivity slag, the model fits the data very
well over the entire reaction period. A tentative explanation based on charge accumulation
is proposed in the sectioB.4.3 to explain the disagreememntt the end stage of
decarburization for low conductivity slag. It would be fair in some cases to consider what
the authors have termed premature shut down, as a dramatic slowing of the reaction
because of a change in mechanism. Regardless of the tergyimotployed, the physics
responsible for the shutdown are clearly not captured in the model which would suggest a
change in mechanism. It is important to note that although the reaction is under mixed
control the dominant step is mass transport in the Slage worket&** have included a
combination of gas/slag and gas/metal chemical @ad¢t explain the kinetics. These
workers were typically operating at lower {®econcentrations. On the other hand,
Molloseau and Frueh&4 who were working undesimilar conditions to the current work

did not invoke a slag/gas, gas/metal reaction scheme and suggested that the reaction control
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was dominated by slag mass transport. Notwithstanding the foregoing argument, the

possibility of slag/gas reaction contislanalyzed below.
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As mentioned above, the authors have assumed that the slag/metal chemical reaction occurs
by direct contact of slag and metal. This assumption is based on numerous experiments on
this reaction system conducted in the authors labof&téty®>*?! Furhermore, this
assumption is supported by predictions of the expected rate from the work of Sasaki et
al®and similarwork?f r om t he aut horsdé own | aboratory
almost all cases, the decarburization rate measured is close to an order of magnitude greater
than that predicted from the work of Sasaki éf‘aland from Barati & Cole§?. The

authors submit that the overall rate canydrg faster, than that for slag reaction with CO

if the reaction actually proceeds by slag/metal contact rather than a gaseous intermediary.
This is supported by visual observation byay video although the resolution is such that
these observations cauhot be deemed conclusive. In addition, the work of Molloseau and

FruehaHY shows similar rates to those presented in the current work.

Table5.2 Comparison opeak decarburization rate with possible gas/slag reaction rate

Peak Rate from Rate of possible gas/slag reaction

Ferric Fraction experiments Correlation From Barati & Correlation from
(mol/m2-s) Coley*? Sasaki et al#!

0.1 3.19E01 3.21E02 1.55E01

0.25 6.33E01 3.41E03 1.64E01

0.5 8.40E01 9.60E03 2.36E02

0.75 7.81E01 2.46E05 1.67E01

0.8 6.05E01 9.44E06 1.68E01
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5.4.2. Kinetic Model

In this section, a theoretical framework is developed to address electrochemical mass
transport of oxygen in the slag andt@ady state kinetic model is developed based on
Wagner 6s o x{ldoantrodoce thet effeetmirelectronic and ionic conductivity

on the transport of ions in the slag. This approach has been useduygber of other

authors to describe oxygen transport in §?e§274!

Based on a qualitative assessment of the data presented in §egtiors clear that an
appropriate model of oxygen transport in the slag should consider the transport of ions in
the presence of not only a chemical potential gradient but also due to the presence of an
electrical field. It is important to consider both the effect of chemaral electrical
potential gradient because the slag is an ionic melt and involves electron transfer while
reacting with metal. In this regard we may take a similar approach to that taken by Wagner
in the development of his model for oxidation of métafs2743l The flix 0 of a charged

species ‘Qn an electrochemical potential gradient would be

S b can , , , 0 Q ,,"@8883&
U LR LY !_‘ a Al U
0 aé€ 0 T0 Qo ¢ Q_w
Where, s the total conductivity of slag is the transference no of specigq is the

charge number of species— is the chemical potential gradient of spe(niermd—n is the

electrical field. For high temperature systems, Wagnerloped a theoretical equation to
predict the rate of oxidation of metal assuming that mobilities of ions and electrons limit

the kinetics. Based on Wagner 0s thehateofr vy,
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transport of oxygen in the slag, howevers iestablished convention in process metallurgy

to express oxygen transport in the slag as the transport of FeO. Whilst the authors
acknowledge that the latter approach is entirely phenomenological and does not represent
the mechanism of transport, its w&pread use confers some value in probing the
relationship between the two approaches. Combining these approaches:gigltien

5.3

z s A

— b i———z—2 ~Ql h 888

For metal oxidatiorsystems, the driving force for the transport of oxygen ions in the oxide
layer is the difference inqa between the gas/oxide and metal/oxide interface. For the
current system, the driving force for transport of oxygen in slag is the difference in oxygen
potential between the bulk slag and the slag/metal interface. With the variation of oxygen
potential from slag/metal interface to bulk, there will also be a variation in ionic and

electronic conductivity. The ionic and electronic conducti®¥ati#**land the pA* 48! can
be expressed as a function of ferric fraction(y——) and introducinghe relevant

relations for eachEquation5.3 can be integrated from the slag/metal interfadbédulk

slag and the flux of FeO (molfss) can be expressed as

+>

z — 011, &0 dap [ Bu8

¥
Wherig sAa function of slag compositi,on and
Wandare functions of slag compositidern aidts a

of this integration and a comprehensive |
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in Appendi x A. To avoid havinbguabi oepewe W
define the terms as foll ows
D* -Fi, &0 ddgp o [ . 8 8ud
S =z g 88ue
| f one wants to think about the physical
di ffusivities with the electroni and i oni
separate the diffusivities and thelsonduc
includes the chemical driving force for ox
constants with the ppbouhllasg d¢arwyetranths ckme s

details in App.emadw xc &An IEe uvartii totnerb as
x Y2'O' 8 8
Qo U

In this section, an analysis has been performed based on the kinetic model represented by

Equation5.7 to study the effect of slag conductivity during the initial decarburization

period for cases where mass transfer of oxygen in the slag seecomttoF the

decarburization kinetics. During thimitial decarburization period, the rate of CO

generation is at a

ma X i mu m worken. the adihore a k r

laboratory, the model employed in the current work showed that mass transport in the slag

dominated the rate control during this period. In addition, during the initial period of

reaction there is more certainty over slag compositiah sdag conductivity. For these

reasons, the authors have chosen this period of the reaction to compare the rate with

electrical properties of the slag according to Equatighatd5.7. From experimental
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decarburization data, the— can bedetermineda n d the term 6D*06 <

calculated as presented in Equatich where, , wandal | vary as known |

concentration?obnsoial t he ahagCaBplottedt he an

againstD* . T o c athecferric &actmny)bntist be known for both bulk slag and
slag/metal interface. At the slag/metal interfatéas been assumed that the local ferric
fractionfy) is controlled by the C/CO equilibrium and in theseaf the bulk slag, the
measured ferric fraction values were used as mentioned in F.aldead for rest cases, the

ratio of FeOs to FeQin the original mixture was used to determine this fraction.

Case 1Figure57 s hows the wvariation of thferadéPeak
range of ferric ratio (between0to 0.8) at 16% Fe slag Figure5.7s hows excel | €
agreemeah beéweeti cal calcul ation and expe
rate for a r anThe eleotfonicfcenductivitg is maximunt at’f@Eer of

0.59%2. So, for slag with ferric fraction 0.5, the peak rate of decarburization was highest,

and the decarburization also continued until closthé thermodynamic equilibrium. This

latter observation is believed to be due to fast rate of charge dissipation in high electronic
conductive slag as shownhkigure5.2. In this case, the ionic conductivity of the slag being
comparatively higher compateto the electronic conductivity (Nearly 10 times), the

kinetics are possibly limited by the electronic transport of the slag.

188



08 | y = 0.04x o
c R?=0.97
=
g 06 L IS ¢
=
I3
© 04 F
o S
©
T 02 |
o

0 1 1 1

0 5 10 15 20

D* from Equation 6

Figure5.7 O Peak decarburization rated plotted

Ferric fractions at 16% k@ concentration in slag

Case2 The OPeak dewsar®d®bh*%dé zptoboni s aped®sented
concentration in the slag from 2.5% to 16% at a ferric rafip@®5 and0.8in Figure5.8

(a), (b) and (c) respectively. It is to be observed that the decarburizatidoli@ates the

trends expected for electrochemical transport of oxygen in thersllagling theeffect of

ionic and electronic conductivitjt may be furtheobserved that the slope of the line(S) is

higher for ferric fraction A whereas it is smaller for higher ferric fraction slajse slope

is - 2hecioMados typically i h3?tFidslopenciuges(1and t o 0.
g xmay vary with slag viscosity. But again the slag viscosity clabgéveen ferric

fraction of Q1to 0.5 is less than 10 perckéfitmaking it difficult to justify the almoghree

fold change in slope.
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FromFigure5.4, the maximum decarburization rate increases sharply with increasidg Fe
concentration in the slag. Barati & CoR®showedhat the electronic conductivity of slag
increases with R® concentration to the per 2. At low FeO concentration in the slag,

the electronic conductivity is vetgw due toalow concentration of ferric and ferrous ions.
So, the effect of variation of ferric fractior——) on the decarburization rate is not
significant However, as the @ concentration in the slag increases, the influence of ferric

fractont———) on el ectronic conductivity become

on decarburization kinetics is also prominent.
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respectively

Case 3:The study of decarburization witimcreagng basicity shows that there is a

significant effect at ferric ratio 0.1 and 0.8, whereas ffagure5.5, it appears that for

ferric ratio 0.5, slag transport is sufficiently fast that either does not control the

decarburization kinetics or thatrther increases in basicity do not significantly alter the

rate of oxygen transpotVith increasing basicity, a significant increase in slag transport

properties is expected due depolymerization of silica network. This results in higher

ionic conductvity in slags with higher basici§#*’. However, for a ferric ratio 0.5, the
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electronic conductivity being very high regardless of the basicityjnfiigence of the

increase in ionic transport due to high basicity is insignificant. Whereas in lower electronic
conductivity systems{————0.1 and 0.8), the ionic conductivity has a significant effect

on the kinetics of decarburization aegented irFigure 55. So, the kinetic model as
presented ifequation5.7is applied only for the ferric fractions 0.1 and 0.8 igure5.9,
showing a fairly gooédgreement. As previously discussed, similar observation of smaller

slope with higher ferric fraction slag is foundrigure5.9.

=N
[}
N

— y=0.12x -
A y = 0.45x . ) R?=0.96 “ &
‘12 R®=0.99 _* o 16 | .
= e E
[=} 7 =
E o 212 A
08 | - E P
% - (@) 2 A
§ .« @0 ¢ (b)
5 04 I <
0.4
o o
o
O L 1 1 1 1 ) ) ) )
0 05 1 15 2 25 3 0
0 5 10 15 20

D*from Equation & D* from Equation 6

Figure59 6 Peak decarburization rate6 plotted

basicity in the slag derric fraction 01 and0.8in (a), (b) respectively

This analysis suggests that it is important to include the efffeicinic and electronic

conductvity on oxygen transpoit slag HoweverEqu atSi.odmed f or t he f o
analysis is rather cumber some but i's requi
, and, on the ferric fractitotmahelbulik waEl pes sao
are relacrovekytben &#tthaenhitka a yn t |Eayw eatbji 8m o f

becomes much siEgpa®dr.@dmesul ting in
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To verify the validity of this approach, the peak rate is plotted againist Figure5.10
using the experimentalataoriginally presented ifrigure5.7. This plot demonstrates a
very poor correlation further suggesting the importance of includingichie and

electronic conductivity effect.
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It is common to employEquation’5.12 in calculating oxygen transport in slag and in
particular Fruehan & Gavorkers'*'? have successfully empyed this method in a similar

situation to the current work.

[0
Qo

QY6 88 ud ¢

Where'Q is the mass transfer coefficient in slag. The reason for considerable success of
Equation5.12 could be that metallurgical industries deals with mostly highly conducting

slag systems such as in BOF the slag is highly basic and highly electronic conducting.
5.4.3. Proposed Mechanism for Premature Shutdown:

When a liquid iron carbon droplet reacts with oxidizing slag, the reaction happens through
several steps some of which involve transfer of electrons. Typically, slags may conduct

through ionic conduction or, if multivalent ions are present, they can coeléatronically
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through charge hoppifig*°l. At the slagmetal interface, possible electron transfer

reactions may occur:
Cathodic reactioni( Q "M or@ ¢Q OBuvd ow
Anodic Reaction:;0 0 G éé 5H13(b)

Depending on the difference in the rate of transport of different charged species and the
relative rates ofhereactions which produce and consume electrons, there is a possibility
of accumulation of charge at the slag/metal interface. This accumula@igrcreate a
barrier to transport, and to further reaction. This barrier will be dissipated if the slag is
sufficiently conductive. Whereas in case of lower conductivity slag, a local charge build
up may cause a local electric field at the surfadbexinetal dropletthereby inhibiting the
reaction Depending upon the variation in electronic and ionic conductivity of the slag, the
rate of charge build up will vary and will determine the point at which the reaction stops.
At this point, it is worth conskting the various factors effecting conductivigfectronic
conductivity in iron oxide containing slags is typically controlled by the total iron content
and the ferric fractid??l. The ionic conductivity is typically controlled by the concentration

of C&* and Fé* cation$*® %8 and their mobilities. The latter being strongly influenced by

the viscosity of the slag. The interplay between tligerent factors and the way in which

they are influenced by changing oxygen potential and slag composition leads to a complex
picture of changing conductivity. For example, increasing the oxygen potential will
initially increase the electronic conductivias the ferric ratio increases, decreases again

once the ferric ratio reaches 0.5. The same increase in oxygen potential will decrease the
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ionic conductivity as Fé is converted to Fé and the viscosity is increased. Increasing the
basicity will increae the ionic conductivity because of the increased concentratiod*of Ca

as well as the decreased viscosity. The former effect is expected to be less important in the
current case, because as a-netucible ion C& will make no contribution to DC
conducivity after initial polarization. Increasing total iron oxide concentration will

increase both ionic and electronic conductivity of the slag.

If we examine each of these factors in the context of the results shown in BEQuagsl

5.5, we may develop see understanding of the premature shutdown of the reaction. The
data presented in FiguBe2 shows that premature shutdown occurs for low conductivity
slags; those with ferric ratios close to 0.1 and those approaching 0.8. Whereas, in the case
of high condictivity slag with ferric fraction 0.5, the reaction approaches thermodynamic
equilibrium. These observations are consistent with the idea that charge accumulation at
slag metal interface is responsible for the premature shutdown of the reaction. If we now
consider the data presented in Fighf® we see that in the case of higher basicity slags
the reaction approaches equilibrium regardless of ferric fraction. This observation suggests
that ionic conduction may also contribute to charge dissipation. lichwtase the
contribution of basicity must be to the mobility of theé'Fens. It is worth noting that for

ferric ratio of 0.5 the basicity has no effect on the extent or rate of decarburization. This
would suggest that highly conducting slags both thesipation of charge and the

facilitation of oxygen transport are more than adequate to support the reaction.

Previous research by Dragt al®¥ on decarburization kinetics for droplets of 2.51%C

0.07% Pi 0.008%S composition withigher basicity slag (CaO/S{&2.56) containing

196



16% FeO at 165C showed that the reaction shut down when the droplet carbon reached
approximately 0.8%C which was considerably higher than the equilibrium value. Based
on the calculation method employed here, the electronic conductivity of the slag employed
by these workesrwas very low. Relating the observations of Dedial to the current work

it appeardo be consistent with the aforementioned idea that although ionic conductivity
may offer ability to dissipate charge in the case of irreducibké ©as, this abilityis

limited, andpolarization eventually leado cessation of the reaction.

It is to be noted that the premature shutdown of decarburization is only observed when
metal droplets are reacted in slag but not in oxidizing gases. There are stenkes] 525!

of decarburization kinetics of levited droplets reacting in oxidizing gases (@ O+ Ar),

and in all of these cases, the reaction has been observed to approach thermodynamic

equilibrium.

To further investigate the conductivity effect, a measurement of ferric fraction was
conducted of skg samples which were collected after completion of decarburization for
experiments with an initial slag ferric fraction of 0.5. The analysis showed that at the end
of reaction, the ferric fraction was 0.1. A charge balance calculation suggests that
decarbuization mainly occurred reduction of ferric ions which is in agreement with the
study of Woolley and P&fl. This result presents some problem in interpretation of current
work. From the foregoing discussion, it seems clear that mass transport in the slag is highly
dependent on the eleictal conductivity of the slag. In addition, analysis of the current data
employingEquation5.4 and5.7 offers quantitative agreement with this assertion. On the

other hand, a strong dependence on electrical conductivity and therefore ferric fraction
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would suggest that the mass transfer coefficient should have changed significantly with
time, as ferric ions were reduced to ferrous ions. This was clearly not the case, as very
good agreement was obtained between the experimental data and the mixed caleftol mo
based on a single mass transfer coefficient over the entire time of reaction. The authors
have shown in their previous work that for a given slag composition a mixed control model,
which considers the transport of oxygen in the slag as transpoetyfWrorks very well.

The utility of considering transport of oxygen as transport of FeO is also supported by
numerous practitioners over many y&arg:54%] The authors are left to conclude that
while mass transport of oxygen in slag is strongly dependent on electrical conductivity and
the concepts devabed here shows some promise, the way in which this is incorporated

into kinetic models requires further development.

In summary, for cases where the slag exhibits low electronic conductivity, the foregoing
experiments show that the decarburization of ganbon dropletstop prematurely, despite

the existence of ample thermodynamic driving force. When the low conductivity slag is
replaced with a slag of higher conductivity the reaction proceeds to very close to
equilibrium. These observations suggest thatcessation mechanism is related to charge
accumulation at the interface, however, the authors are currently not able to offer a
definitive explanation, or to develop a sufficiently detailed mechanism to predict the
shutdown of the reaction. It is wontloting that, despite the absence of such an explanation,
recognition of these facts allow researcher engaged in developing kinetic models for BOF
steelmaking, to ignore the possibility of premature shutdown because the conditions will

always involve hight conducting slags.
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5.5. Conclusion

This articleinvestigates the effecin decarburization kinetics of varying the slag ionic and
electronic conductivity. The investigation shows that both electronic and ionic conductivity
are important in determining the decarburization rate. A few key outcomes of this analysis

are
1/ The vaiation of ——— at constant total iron oxide concentration in the slag shows
clearly that peak rate of decarburization increases with electronic and ionic conductivity,

and that electronic conduction is more significant in controlling oxygarsport.

2/ The observed shutdown of the decarburization reaction under conditions of ample
thermodynamic driving force is most likely to be due to charge accumulation at the slag
metal interface. When the electronic conductivity of the slag is sritigi high this charge

can be dissipated, and the reaction may proceed to equilibrium.

3/ The electrochemical approach to oxygen transport explains very well the effect of

basicity, ferric ratio and F® concentration on the decarburization kinetics.
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Appendix A

The slag oxygen potential is a function of ig€** ratio and can be expressedaowing
I 7 ozagm— DM QQowe €1 0WE O
(€))]
Qh 60 B 5oeq PR 5 ocal 1
m ‘a p W
0

The sl ag conductivities can be expressed a

l.1lonic Conductivity

2. Electronic Conductivity

Where the constanis , ®andare function of slag composition. From Nernst Einstein

eqguation for ionic conductivity,

. 1O, o
&

From diffusion assisted charge hopping model for electronic conductivity,
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Applying these on equation 4 and integrating from slag/metal interface to bulk
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List of Symbols

— decarburization rate at the peak period (moién

6  concentration of FeO (molfn

‘O  Electric Field at the critical point of reaction shut dofivfm)
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0 Flux of charged species i (molfrs)

@ activity of FeO in the slag)

@ and® activity of charged species i at the bulk slag and s/m interface respectively
)

—— Flux of FeO in the Slagmol/m?-s)

— Chemical Potential Gradient of speci€3/molm)

— Electrical Potential Gradierf//m)

"Q Mass Transfer Coefficient(m/s)

"Q  Electrochemical Mass Transfer Coefficigmnt/s)
N oxygen potential in the slg@a)

0 Transference number of charged speties

a Charge no of specieg-)

* Chemical Potential of speciem slag

» Electronic Conductivity of sla¢s/m)

» lonic Conductivity of slagS/m)

,  Total conductivity of slagS/m)

YoBoundary Layer thickness in the slag)(
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"OFaraday ConstatC/mol)
Y Universal Gas Constad/motK)
“YTemperaturgK)

® 0 Volume of droplet at time(m?3)

wFerric -F+aetiionn (fhe sl ag
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Chapter 6

6. Consideration of the competitive adsorption of oxygen and sulfur on

droplet decarburization and bloating kinetics

In Chapter 5, a major influence on the droplet decarburization kinetics on the peak
decarburization period and at the end stage is repdrtgghrticular it is noted that the
normal effect of sulfur in retarding the reaction is diminished in the pressnicigh
conductivity slagslin Chapter 6, an experimental study for droplets aitarying sulfur
concentration in high conductivity slags presented. A explanation of these results is
offered based on the concept of competitive adsorption of oxygkesudur, suggesting

that for slags offering high oxygen transport rates the higher oxygen potential results in a
greater fraction of the droplet surface being occupied by oxygen, creating pathways

through the otherwise resistant adsorbed sulfur layer.

This chapter will be submitted as a manuscript shortly.

All the experiments were done by me along with assistance BhorfezhuanGu. The
preliminary draft preparation along with theoretical analysis was done by me. Dr. Kezhuan
Gu helped editing the initial draft. Dr. Kenneth Coley guided me to understand the

theoretical backgrounandto analyze the data.

Abstract
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An experimental tsidy was performed to understatig effect of competitive adsorption
between oxygen and sulfur on the kinetics of decarburization of droplets in oxidizing slag.
Experiments were conducted by varying droplet sulfur concentration and slag electrical
conducivity. The results show that for a fixed slag composition, with increasing sulfur
concentration in the droplet, the kinetics of decarburization were impeded by surface
poisoning. On the other hand, for a fixed sulfur concentration in the droplet, ingréaesin

slag conductivity at constant &econcentration accelerated the transport of oxygen in the
slag and leading to increased oxygen adsorption on the droplet surface. The interplay
between oxygen and sulfur adsorption appeared to control the oxygentdlulke metal.

When sulfur adsorption was dominant, transport of oxygen into the droplet and subsequent
decarburization were inhibited, whereas by displacing adsorbed sulfur, enhanced oxygen

adsorption appeared to create pathways for oxygen into thiedrop

6.1. Introduction

In pyrometallurgical refining industries, slag/metal interfacial reaction kinetics is very
crucial in controlling the process especially when surface active elements such as sulfur is
present in the system. This surfaaive element reduces the intertddension which in

turn favors the nucleation kinetics of new phases. Another major role of this sacfaee
elements is blocking the reaction sites on the surface thereby slowing down the interfacial
reaction kinetics. When a surfaaetive element i@ reactant involved in the refining
reactions, then its influence on reaction kinetics is different. Most importantly when two

types of surfacactive elements are present, for example oxygen and sulfur in this study,
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one of these, in this case oxygenaiparticipant in the reaction and the other one is not,

the reaction kinetics become even more complicated.

The influence of sulfur in the metal on refining reactions has been investigated extensively.
Several researchéfs! found that sulfur has a profound and reproducible retarding effect
on the decarburization of iron carbon melts in oxidizing gas atmosphere. In terms of droplet
decarburization, few studies have been carried out to understand the poisoning effect of
sulfur on the decarburization kinetics of droplets in oxidizing slag. Gaya® andMin

et alll observed that the decarburization rate slowed down with increasing sulfur
concentration in dropteHowever, Gare and Hazeld&observed an opposite trend that

the decarburization kinetics were enhanced with the presence of sulfur. Molloseau and
Fruehaf! observedte droplet decarburization rate first increased till 0.011 wt% thereafter
decreased with increasing sulfur concentration in the droplet having sulfur ranges from
0.003 to 0.42 wt%. They further proposed two opposing factors regarding the sulfur effect,
i.e., first sulfur lowers the surface tension of droplet, which enhances the tendency of metal
fragmentation leading to a larger slag/metal reaction area; ssotfud blocks reaction

sites on the surface therefore slowing the decarburization kinetics, katdies in the
authors laboratoRf 1 on the effect of sulfur on droplet decarburization kinetics
confirmed the work of Molloseau and Fruehan proposing the following mechanisms: first
sulfur reduces the metal surface tension which enhances the nucleation kinetics, second
sulfur blocks bdt slag/metal and gas/metal reaction sites thereby slowing down the oxygen
supply and bubble growth rate. Several researéfiéfshave claimed that the presence of

a surface active element or transfer of a surface active element through an interface created
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turbulence at the slag/metal interface due to variation of local interfacial tension enhancing
the reaction kinetics significantly. On the other hand, there ayesearce studies on the
kinetics of oxygen adsorption in iron melhere have been few studfe18 showing

the effect of oxygen as a surfaaetive element on surface tension variatiBeports
related to the influence of oxygen asfaae active element on interfacial reaction kinetics
are limited in the literature. Most relevant works are confined to understand the effect of
oxygen on nitrogen desorption into liquid iS5t The common agreement from those
works is that oxygen is surface active in liquid iron and blocks reaction sites for the

formation or dissociation of the nitrogen molecule.

For droplet decarburization in oxidizing slag, there two surface active elements involved,
i.e., oxygen and sulfur. The adsorption of oxygen is part of the decarburization mechanism,;
whereas the adsorption of suliumpedes the interfacial reaction kinetics and at the same
time favorsthe kinetics by lowering surface tensidio date, no studies Y@ been reported

to investigate the interplay between the adsorption of these two surface active elements in
relation to decarburization kinetics. It is the purpose of the present investigation to
understand the influence of competitive absorption of axyged sulfur on droplet
decarburization kinetics for droplets reacting with oxidizing slag. By varying the metal
sulfur concentration and the oxygen transport properties of the slag, this competitive

adsorption effect is discussed in detail in the cursarndy.

6.2. Experimental Procedure

6.2.1. Material Preparation
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Metal droplets were prepared from high purity electrolytic iron, graphite rods and ferro
sulfur alloys. Three materials were weighted according to the desired composition, mixed
and melted in anlamina crucible in resistance heated furnace at AG5¥mperature. After
homogenizing for 1.5 hours, cylindrical samples were pipetted out, cut into sections of
specific mass and remelted in electric arc melter to prepared droplets. The composition of
this droplets were confirmed using LECO C & S analyzer. To prepare the slag, @ag, Al
and SiQ powders were premelted at 1360 quenched, crushed and mixedether with

FeO, FeOs powders for experiments. The ferric fraction of the slags was varied by varying
the mass percentage of FeO,@epowders while kept the total iron oxide (Fet@p
constant (16 wt%)ror this study2 gramdroplets of three sets were prepared by varying
the metal droplet carbon and sultoncentratiorand three different slag compositions
were preparedThe AbOs concentration (17 wt%) was same for all three sladge
composition ofdropletand slagemployed in this studgre listed inTable6.1 Here he

basicity of slag (B) refers to the ratio of CaO to SiOwt%.

Table6.1 Droplet and slag compositi(wit%o)

Type 1 Type 2 Type 3

Droplets Fe2.5%G0.011%S  Fe2.5%G0.016%S Fe3.9%C-0.129%S

Slags g _(a0/si0209 B=CaO/Si0=09 B=CaO/SIQ=2

Fe'Fe =0 Fe**'/Fe =0.5 Fe'/lFe =0

6.2.2. Experimental setup
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The experimental technique is the same as that used in recent work by thé?aefthb
convenience the description from a recent publicatioeirgroducedhere A resistance
heated vertical tube furnace connected to a pressure transducer along withayan X
imaging device were used for the experiments. The furnace consisted of molybdenum
disilicide heating elements, an alumina tube of 80 mm inner diameter omatiery jackets

at the top and the bottom ends of the alumina tube, dropper rod from the top along with a
metal cap to hold the metal droplet, a support rod from the bottom to hold the crucible and
a cooling column surrounding water cooled copper colt flirnace was connected to a
cylinder of argon, which had a columndrierite and titania turnings to absorb moisture
and oxygen before entering the furnace. ThayXvideo were recorded during experiments

in a computer using One touch grabber softwArechematic of the setup is shown in

Figure6.1.
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Figure 61: Schematic of experimental setiéf
6.2.3. Procedure

To do the experiment, first the crucible wih + 0.5gramslag was placed in the hot zone

of the furnace and the metal droplet at the top was hold using magnet. The furnace valves
for inlet and outlet were closed and evacuated to 800 millitorr. Then the furnace was
backfilled with argon and the flow was contituduring the heating. At the desired
temperature, the argon flow was stopped, all the inlet and outlet valves were closed except
the one connected with the pressure transducer. Fitagy Xevice were placed aligning

with the hot zone to record the videotb& crucible. The metal droplet was dropped by
removing the magnet and the reaction time were started counting from the point when
liquid metal droplet enters the slag, and this can be exactly pointed from continuays X

video. Once the experiment wasneéo the support rod with the crucible (having sdad
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the reactediroplet) was lowered to the cooling chamber to quench and the furnace was
cooled down slowly. The reacted droplets were collected and performed LECO C & S
analysis to measure the final canbconcentration of the droplets. The recorded pressure
transducer data were calibrated based on the final carbon concentration of the droplets. The
data were smoothened in MATLAB and presented. The recordag Xideo was splitted

into image frames foraeh second, and the area of the droplets from-bé2age frames

were measured using ImageJ software and then the area were converted to volumes by
calibrating with the known droplet volume for time zero. All experimantisis studywere

carried out athe temperature of 1566.

6.3. Results

A set of decarburization experiments were performed to understand the effect of
competitive adsorption between S and O at the slag/metal interface on droplet
decarburization. The droplet sulfooncentration was varied at three different levels and
the oxygen transport kinetics in the slag were controlled by varying the slag composition.
The results are presented for three different sulfur levels in the following separated
sections. For each afe sulfur levels, droplet decarburization kinetics were investigated

under three different slag compositions listed in Téhle

6.3.1. Decarburization for droplets with 0.011 wt% sulfur

Metal droplets with composition of 25 wt% G0.011 wt% S of 2 gvere reacted with
oxidizing slag (16% FR®) of three different compositions at 1305 The total CO

generation and the bloated droplet volume profiles are presented in FHgu¢asand (b).
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For the case of B=0.9, with increasing slag ferric fraction from 0 to 0.5, the reaction rate
increased by almost three times during the initial period and the CO fornvatisn
observed to continue for longer time. The rate of bloatingiatseasedy appoximately

two times in the case of higher ferric fraction slag. For a constant ferric fraction, when the
basicity (B)was increaseffom 0.9 to 2, the peak rate of decarburization and the rate of
bloating were found to increase by approximately a factbrtveo. The droplet sulfur

concentration being low, no poisonings observed in any of these cases.
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Figure 62: Total CO generation with time (a) and the droplet volume variation with time (b) for

2.5 wt%C- 0.011 wt%S droplets
6.3.2. Decarburization for droplets with 0.016 wt% sulfur

Three experiments with three different composgiah slag were performed for 2 g

droplets with the composition 2.5 wt%@016 wt% S at 1508 temperature. The CO

generation and bloating profilase presented in Figurés3 (a) and (b) respectively. Figure

6.3 (a) shows that the decarburization for droplets with 0.016 wt% sulfur experiences a
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very large effect of poisoning during the initial 10 seconds in the case of B=0.9%#kFe

= 0 slag. he corresponding droplet volume profile presented in Fi§8@) shows the

same trend. However, when the slag ferric fraction was increased from 0 to 0.5, the sulfur
poisoning effectisappearedSimilarly, for slag with B=2, poisoning was not observed.
The droplet volume profile shows that although the bloatwragdelayed for the case of
B=0.9 and F&/Fe = 0 slag, the extent of bloatimgs highest compared to the volume

profiles for other two slags despite the fact that less CO was generated ttiendtirer

conditions.
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Figure 63: Total CO generation with time (a) and the droplet volume variation with time

(b) for 2.5 wt%C- 0.016 wt%S droplets
6.3.3. Decarburization for droplets with 0.129 wt% sulfur

Decarburization experiments were carried out foi3Fewt%G0.129 wt%S with three
different slags at 150&. The CO generation profile and the bloating behavior are
presented in Figure84 (a) and (b). Figuré.4 (a) shows that decarburization kinetics
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dowly increased with increasing ferric fraction from 0 to 0.5 as well as with increasing
slag basicity. In this case, the increase in peak decarburization rate was not as great as
presented in the previous two casésere the sdilr content was an order ofagnitude

less However, the bloated droplet volume profiles presented in Fi§di@) show a
significant delay in bloating for all three cases. In the case of B = 0.9 slag WitRéFe

0, therewashardly any bloating observed. With increasing fefiraction (FE*/Fe = 0.5)

for the B=0.9 slag, the droplet partially bloated from the beginning of reaction and then
became fully bloated after roughly 380 seconds. Whereas in the case of B=2.0"4el Fe

=0, the droplet bloated to almost 5 times its oadjvolume after 100 seconds of reaction.
Another important result in Figurés4(a) and (b) is that droplet decarburization in the
cases of B = 0.9 slag with ¥#e = 0.5 and B=2.6xperiencedwo distinct stages,e., a
relatively slower external decarburizaticate before 100 seconds followed by a faster
internal decarburizatioriThis wasnot observed in the previotiso different sulfurcases.

Whilst the decarburization mainly occurs externally in the case o®B and F&/Fe = 0

slag. This twestage reaction mechanissmasmainly due to the poisoning effect of sulfur
and has been explained i n d®%2%9 Moeder,itha t he
external decarburization for all three cases, occurring before 100s of reaction, presented in

Figure6.5 suggest it is independent of sja@perties.
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Figure 64: Total CO generation with time (a) and the droplet volume variation with time (b) for

3.9 wt%C- 0.129 wt%S droplets
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Figure 65: Total CO generation profile for 3.9 wt%@®.129 wt%S for initial 100 seconds

6.4. Discussion
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In this work, an experimental study to investigate the effect of competitive adsorption of
oxygen and sulfur on decarburization kinetics was performed by varying the droplet sulfur
concentration and slag composition. At the slag/metal interface, sikmown toinhibit

the decarburization reaction kinetics by blocking available reactiof?§it€s], whereas
oxygen being a reactant in the decarburization readti®nadsorptionis a step in the
reaction proces®8y increasing the caentration of sulfur ithedroplet, theoccupancy of

by sulfur of surface sites is increas@mh the other hand, increasing the oxygen transport
in the slag by increasing slag basicity and ferric fraction, the supply of oxygen for
adsorption at the slag aetal interface increases. The competition between sulfur and
oxygen determines the fraction of slag/metakrfaceto beoccupiedby each ofthese
elementsin this section, a brief theoretical framework is presetdddcilitatediscussion

of the experinental results Based ora decarburization modebreviouslydeveloped!?®!

by the current author®!, the prediction of decarburization kinetics is shown which
incorporates the partitioning of oxygen at the Ataggal interface in the presencetbé

surface active elementsulfur.
6.4.1. Theoretical Framework

When a dropletontainingsulfur reacts with oxidizing slaghe adsorptiomf sulfurat the

slag/metal interfaceccurs in following way
Y Y 8 o9

Where Y is the bulk metal sulfuconcentration)Y is the adsorbed sulfur

concentration is the vacant reaction site.
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The rate of adsorption of sulfur at the interface can be expressed as
Y ®dp o 8B’

Where'® is the forward rate constant of sulfur adsorption reaatiti unit of mol/cn?-
s, @ is the activity of sulfur at the interface, is the adsorption constant. and  are

the fraction of reaction sites occupied by the adsorbed sulfur and oxygen respectively.

On the other side of the slag/metal interface, oxygen transports liobutk slag to the
slag/metal interface, adsorbs and then dissolves into the liquid metal and reacts with
dissolved carbon. Assuming the transport of oxygen in the slag in the conventional
molecular way, the rate of transport of oxygen(mofisinfrom thebulk slag to the

slag/metal interface can be expressed as

“r"Q z "

pT[T P'OQUL POQUL 88 @&

WhereQ is the mass transfer coefficient in the slag(cm/s), which is dependent on slag
electronic and ionic conductivity. is the slag densitg/cn?), O is the molecular mass
of FeQ P "OQ Uand b"OQ U are the bulk and interfacial concentration of Fe@t%.

At the slag/metal interface, this molecular FeO dissociates, and oxygen gets adsorbed as
"0Q0 0OQ 0 88 @8
The rate of adsorption of oxygen according of the reaction can be written as

5
YO® p Q H PO p —— 88 8
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Where®d and® are the activity of FeO and Fe at the interf&@gndQ is the forward

and backward reactiaate constant anal is the equilibrium constant fofOQ 0

"OQ 0 reaction In the third step, this adsorbed oxygen dissolves into liquid metal as
0 0 8 B

The rate of dissolution of oxygen can be expressed as

Y ® Q0 z p ‘P 0 z® 2z p 8 8 8%
Where® and 'Q are tle forward and backward rate constants of oxygen dissolution

reaction andd is the activity of oxygen at the interface.

By rearranging and combining equatidi3, 6.5 and6.7, the rate of dissolution of oxygen

can beexpressed as

POQl T—p 20 2h
Y o wn p mit p prut ® , P o Bowy
0z L) ®p [ 0 U ®p
The overall rate constaftdr oxygen dissolution can be written as
P p TIUT p TIUT , p p Ut d)z p 8 808
Q Tz 1 0 wp 00 o

Both the external and internatlecarburization ratelepem upon the availability of
dissolved oxygen in the met&xygen dissolved into the metal partitions at the interface
T if sufficient carbon is availabla part reacts at the interface orlye remaindeenters

into the metal droplet and causes internablide generation. The countercurrent
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competition between carbon and oxygen determimeat fraction of oxygen will be

consumed at the slag/metal interface aat fractionwill enter into the metal droplet to

cause internal decarburization. During intérdacarburization, due to the difference

bet ween the rate of generation and rate of

observed.

If one assumes that both oxygen and sulfur adsorptionioracre very fast, then the
equation6.2 and6.5 collapsego theequilibrium condition described by equatiofslO

and6.11.

0 ®

——— 8 B 1
p L UL &

VIR

888¢pp p

It is interesting to mentiothat in the case of the saption at the bubble/metal interface
during bubble growth, the oxygen for adsorptcmmesfrom the dissolved oxygen in the
liquid metal. So, in that case the equilibrium fraction of sulfur and oxygen could be

expressed according to the Langmuir adsorpisotherm as

0w

8 &
T e

(VI

———— 880 o
P OO UV

In previous work by the current authors, a decarburization model was developed for an iron

carbondropletreacting with oxidizing slagrhe model considerethe transport of oxygen
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in the slag, interfacial chemical reactiand nucleation and growth of bubbles in metal
droplet. The model only considered the poisoning effect of sulfur both at the slag/metal
interface and at the bubble/meitaterface It did not consider the effect of competition for
surface sites between oxygen andfigulin this work, the previous model has been
improved incorporating the dynamic variation of fraction of sulfur and oxygen adsorption
as a function of bulk sulfur concentration and interfacial FeO activity. The model has been
applied for three different sulfucases (0.011, 0.016 and 0.12®%) sulfur droplets
reacting with different slag compositions. The effect of ionic and electronic conductivities
on the transport kinetics of oxygen in slag déinel consequergffect on decarburization
kinetics is presenteith previous workoy the current authot&l. It has been shown that

by increasingdtric fraction in the slag ahat slag basicity(B) for a fixed oxygen potential

or fixed total Fe concentration, the conductivity of the slag increag@shincreases the

rate of transport of oxygen. In the current model, for simplification the massfdra
coefficient has been adjusted to reflect the effect of variation of ionic and electronic
conductivity in the transport kineticse. the oxygen flux was modulated by varying the
mass transfer coefficienBut the same mass transfer coefficient waedufor different
sulfur concentration droplets reacting with a single type of glag. model results are

presented in the following sections.
6.4.2. Case for 0.011 wt% Sulfur

As shown above in Figu®2 when a droplet with F8.5wt% C-0.01wt% Sreactedwith
oxidizing slag, the decarburization maintccurred within the dropleti.e., internal

decarburizationln this particular case the lower sulphur concentration, resulted in low
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levels of surface poisoniné\s the CO generation profile and theoplet volume profile
presented in Figuré.2 for B=0.9 and Fe€**/Fe = Oslag, showsdroplet startedinternal
decarburizationmmediately after falling into the slagnd no delay in bloatingwas
observedlncreasingthe slag ferric fraction from 0 to 0.5hé electronic conductivity of

the slageached anaximum for that total RF® concentration due to the presence of highest
number of F&-F&* couplé®®. In the previous work of current authidéts the flux of
oxygen in the slag was presented as a function of ferric fraction and the effect of variation
of electronic and ionic conductty on oxygen transport was shown. Basedhat analysis,

it is known that both by increasing slag ferric fraction and the slag basicity, the oxygen
transport rate can be increased. According to equétipthe rate of oxygen adsorption at
the slag/metainterfaceis expected tancrease with increasingctivity of FeO whichin

turn would be dictatebly the slag mass transfer coefficient. As the mass transfer coefficient
of the slagwas increasedavith increasing slag conductivity, the interfacial ironidex
concentrationwould have riserclose to that othe bulk composition. Thisvould have
increasedthe rate ofadsorbed oxygen thus facilitatiraghigher rate of dissolution of
oxygen in the metal creating highelriving force for decarburization The sulfur
concentration being low in this case, a large fraction of reactionwsdekl have been
available foroxygen in comparison to othéigh sulfur casesvhich will be discussed
below.The countercurrent competition betweeart O within the droplet allows most of

the dissolved oxygen to enter into the metal dropl&e. nearly100% internal

decarburization is observed in this range of carbon concentration droplets.
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The equilibrium fraction of adsorbed sites by sulfur and eryaccording to Equatidl0
and6.11 with the variation of iron oxide activity is presented in Figife In the same

plot, the estimated interfacial iron oxide activity during very initial decarburization period
(initial few seconds) for three differeslag concentrations from the model is presented. It

is important to mention that iron oxide activity at the interface increases with the progress
of reaction, but for comparison purpose, selection of values for very early period is
reasonable. This showhat with increasing iron oxide activity the oxygadsorption

increases, whereas sulfagtsorptiordecreases resulting in a faster decarburization kinetics.
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Figure 66: Equilibrium fraction of adsorption sites variation with activity of oxygen for 2.5

wt%C - 0.011 wt%S

The predictionsof droplet decarburization from the model with three different slag

composition areompaed with experirental datan Figure6.7. The figureshows that the
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model is able to capture the effect\@riations inoxygen trangort propertieson the
decarburization kinetics. However, the modeérpredictehe decarburization at the end
stage for the case of B=0.9 aRé*/Fe = Oslag. A mechanism of charge accumulation to
inhibit the ion transport was proposed in previous waykthe authof$. Whilst the
authors believe that mechanism to be corretd,nitt incorporated in the current model. It

is important to mention that as the ferric fraction and basicity increases, the slag electronic
and ionic conductivity increases, and thechanism that causes premature shutdown of
the reaction no longer operatestise models able to capture the decarburization kinetics

in all reactionstages very well. In reality, the condition of slag in BOF process is highly
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basic, and the electronic conductivity is also comparatively high, so the model would be

expected to perform well in the industrial case.
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Figure 67: Model predicted total CO generation profile for 2.5%@.011%S droplets in

(a) B=0.9 with F&/Fe = 0, (b) B=0.9 with F&/Fe = 0.5, (c) B=2.0 with F&§Fe =0

As per the model calculations, the dynamic variation of the fraction of slag/metal interfacial
area overed by sulfur and oxygen for three different slag compositions are presented in
Figure 6.8 The figure shows that for all the cases, initially the fraction of reaction sites
covered by oxygen compared to sulfur is smaller rising with the progressatibnea

Comparison ofigure 6.8(a) and (b) shows that the fraction of reaction sites occupied by
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oxygen increases more sharper than that for sulfur in the cases of high conductivity slag.
If one compares the surface fraction blocked by sulfur among thifeeent slags, it
decreases from ~0.7 to ~0.5 as slag mass transfer coefficient increases. It is to be noted that
with this sulfur concentration, the poisoning effect is not dominant therefore no significant

delay on oxygen supply and subsequently tbhatiig of droplet is observed.
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Figure 68: Variation of fraction of surface area covered by oxygen and sulfur with three different

slags: (a) B=0.9 with F&Fe = 0, (b) B=0.9 with F&/Fe = 0.5, (c) B=2.0 with F§Fe =0
6.4.3. Case for 0.016 wt% Sulfur
The decarburization results in Figue& for droples with 0.016wt%S and of 2.5t%C

concentration in oxidizing slag show that foslagwith B=0.9 andFe**/Fe=Q there is a
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significant delay in bloatingn that casgat a sulfur concentration of 0.048% sulfur, the
occupancy of surface sites bylfur may be expected to bégher( in Equation6.10).
This will have impeded oxygen dissolutitaking longer time for the dissolved oxygen to
build up to the critical concentration required for homogeneous bubble nucleation. For this
reasonthis case, showed a significaimé of delay for internal decarburization airdplet
bloating to commence&imilarly, for the case 00.016wt% sulfur concentration droplet,
with increasing slag electronic and ionic conductivity, the oxygen flepo ([d Equation
6.3) would have incre&sl, and accordingly the interfacial FeO activity increaskgher
interfacialactivity of FeOwould have promoteddsorption of oxygen and in comparison,
to sulfur adsorption, the oxygen adsorptould havebecome dominant as reaction
proceeded. These phenomena would have resolgedreatefraction of reaction sites at
the slag/metal interfackeing occupied byoxygen.Consequentlymore oxygerwould
have dissolveal into the liquid metal resulting in early bloating. schematic for the
adsorbtion situations at the slag metal interface is preserfglire 6.9vhich shows how

the fractional coverage of sulfur@oxygenvariesfrom low to highconductivity slag.
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Figure 69: Competition inadsorptiorbetween sulfur and oxygen at the slag/metal interface with

(a) low conductivity slag (b) high conductivity slag for F&25%C- 0.016%S droplets

For a better understanding, the equilibrium fraction of reaction sites occupied by sulfur and
oxygen as a fustion of interfacial iron oxide activity for 0.016 wt% sulfur droplets is
presented ifrigure 6.10along with estimated interfacial iron oxide concentration for three
different slag concentrations. Similar like in Fig@6, the interfacial iron oxide aetty

value during early time period is selected for comparison for three different slags.it

has been assumed that transport of sulfur within the metal droplet is fast enough, so that
the concentration of sulfur at the interface is same as thatkipbase. It can be seen that

the fraction of sites adsorbed by sulfur decreases with increasing activity of iron oxide at
the interface. It is to be noticed that the point at which fraction oxygen adsorbed site
becomes more than 50% has shifted from owride activity of 0.5 to 0.65 by increasing

sulfur concentration from 0.011% to 0.016%.
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Figure 610: Equilibrium fraction of adsorption sites variation with activity of oxygen for

2.5 wt%C- 0.016 wt%S

The prediction of total CO generation from thedabs shown in Figre 6.11 for thethree
different slagconditions discussed in this sectigigure 6.11shows that the model is able

to capture the behavior of poisoning by sulfur in competition with oxygehthe way in

which it is affected by the transport properties of the slag. It should be noted that the slag
transport properties are fitted for each slag case using one dataesstldrhey are not
adjusted to accommodate different sulphur conditions. Simjldwdyeffect of competitive
adsorption is included entirely based on theoretical considerations and adsorption
coeffident data from the published literatufeor the case d8=0.9 andFe**/Fe=0slag,

the significant incubation period shown in the data is predicted well by the model. This
feature was a result of the combination of sulfur poisoning and the low slag electronic

conductivity slag. The incubation period does nqtesgp in the data for higher slag basicity
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or ferric fraction. The elimination of the incubation period is also predicted by the model

the only change being the increased slag mass transfer coefficient.
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Figure 611 Model predicted total CO generation profile for 2.5 wt%C016 wt%S droplets in

(a) B=0.9 and F&/Fe = 0, (a) B=0.9 and FéFe = 0.5, (c) B=2.0 and Fé~e = 0

A comparison for the fraction of surface amezupiedby sulfur and oxygen is presented

in Figure 6.12for the case of 0.016 wt% sulfur droplets. It can be observed that with
increasing the ferric fraction from 0 to 0.5, twresponding increase in slagss transfer
coefficient results in increasing the surface coverage of oxygen. For higher basicity slags

(B = 2), the oxygen fractional coverage is comparatively higher from the start itself
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compared to other two cases, but with the progress of reatt@aoxygen potential at the
interface is not high enough to facilitate the oxygen adsorption reach more than 50% of
surface coverage. Although the mass transfer coefficient in the slag with both low basicity
Fe**/Fe = 0.5 anchigher basicityFe**/Fe = 0.0slag has higher transport of FeO due to
higher conductivity, but smaller activity coefficient with higher basicity slag is possibly
keeping the interfacial iron oxide activity low compared to lower basicity/fFe = 0.5
slag.Similar to the case of 0.014t% sulfur, this dynamic variation in adsorption fractions
shows why the effect of poisoning diminished for droplets with 0.016 wt% sulfur as the

conductivity ofthe slag was increased.
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Figure 612 Variation of fraction of surface area covered by oxygen and sulfur with three
different slags (a) B=0.9 with FéFe = 0, (b) B=0.9 with F&/Fe = 0.5, (c) B=2.0 with F&¢Fe =

0]
6.4.4. Case for 0.129 wt% Sulfur

The CO generation profile along with the droplet volume profile for droplets with 3.9
wt%C- 0.129wt%S presentedin Figures 6.4 and6.5 show that thergvas asignificant
effect of sulfur in inhibiting the reaction kinetics. For the azf®=0.9 and~€**/Fe=0slag

for 20 secondsanegligible amount of CO generation is observed. ihizecaussulfur
occupiedalmost all ahe surface reaction sitesothat therewasalmostno possibility of

either external omternal decarburisationThen slowly decarburization stadtbut only
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externally at the slag/metal interface and no bloatiagobserved for this casven at the
end of reactionlt is worth metioning thatin all related work of the authdtd for high
carbon droplets, in the countercurrent competition between C and O, terbalwvays
won reacling the the slag/metal interfadeefore reacting Along with this,the presence
of high sulfur allowsevenless oxygen toenter the dropletTherebre, no bloatingvas
observed for this case. When the slag electronic conduciasyncreasd by increasing
the ferric fraction, theoxygen transfer ratencreasd. Based on the model prediction
subsequently the rate of oxygen adsorption) @so inceasd . and the consequent
increase iradsorbed oxygeimcreased oxygen transport into theplet toinitiate internal
decarburizationln addition to the fraction of the oxygn enteing the droplet, alarge
fraction of decarburizatiowas seena occur at the slag/metal interface. Therefohe,
droplet volume profile shows a partial bloating of the droplet ftoevery early period
later fully bloatingafter a long time of reaction(approximately 380 secand&)en the
slagbasicitywasincreased to B=2.Q after 40 secondsf reactionthe droplet bloadvery
rapidly to almost 5 times dfs original volume. This fast rate of bloatimgould not have
been possibleat sulfur poisoning levels expected predicted from theory, evethéocase
of higher conductivity slags.There was a significant desulfurizati@uring droplet
decarburizatiorwhich decreased the level of surface poisonatigwing fasteroxygen
transfer across thelag metal interface subsequendlyabing a fasterrate of internal
decarburizationand bloatingThe sulfur concentration dropped almost by an order of
magnitude withB= 2.0 slag whereas in the case of other tglags therewas no

desulfurizationduring decarburizaitanSo sulfur poisoning continued tilthe end forthe
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cases of B=0.9 slag§he equilibrium fraction of reaction sitesveredby sulfur and
oxygenas the functiomwf iron oxideactivity is presented iRigure 6.13It shows that when
theiron oxideactivity is low,thereaction sitesmre almst completely blocked by sulfur
sodecarburization would be very slow and external (at the slag/metal interface) as shown

in both the prediction and the data in Figari4 and6.15.

04 Slag 1: B0.9 Fe*/Fe=0
Slag 2. B0.9 Fe*/Fe=0.5
Slag 3: B2.0 Fe*/Fe=0
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Figure 613: Equilibrium fraction of adsorption sites variation with activity of oxygen for 3.9

wt%C - 0.129 wt%S

The model prediction of total CO generation profile with time for three different
conductivity slags for Fe 3.9%C1 0.129%S droplet is presented Fiigure 6.14 It is

i mportant to mention that for this high
parameter for calculating the CO nucleation rate from modified classical nucleation theory

as discussed in the previous pé&fSeotherwise the model overpredicted. The model results
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agree well for the B = 0.9 F#Fe = 0 which is a low conductivity slag, but gwedicts
for the low basicity F&/Fe = 0.5 slag and underpredicts for B = Z2'fe = 0 slag.
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Figure 614: Model predicted total CO generation profile 88wt%C- 0.129wt%S droplets in

(a) B=0.9 and F&/Fe =0, (a) B=0.9 and FéFe = 0.5, (c) B=2.0 and FéFe =0

The dynamic fractional coverage predicted for these three cases are presented here in
Figure 6.15showing that almost 90% of the reaction sites were blocked by sulfur
irrespective of slag composition which explains the absence of bloating for low basicity

Fe**/Fe = 0 slag, partial bloating for low basicity>FEe = 0.5 slag. For the higher basicity
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