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ahoos ano n  decarbusizatiqh process model

1-1 Introduction

1.1.1 The Mlddelburg Steel and Alloys Xeltshon
Klddelburg Steel and Alloys (KSSA), the major producer of 
stainless stael in South Africa, operates an integrated steelworks 
at its Klddelburg plant. The steelworks includes a meltshop which 
converts a variety of raw materials into liquid steel via a 50 ton 
25KVA Demag electric arc melting furnace and a 55 ton Demag argon 
oxygen decarburization (AQD) refining vessel,
The Heltshop at MS&A typically produces between eight an eleven 
heats per day. The arc furnace normally taps out approximately 50 
liquid tons of steel per heat at about 1620°C, The tap-out carbon 
content is generally in the range 1,3-2,2*.
The ADD refining operation drops the carbon content of the liquid 
steal down to the 0,020-0,050% range, In addition to carbon 
removal, the final chemistry of the steel is "fine tuned" by the 
addition of a variety of suitable alloying materials, reductants 
and fluxes during the process. This results in a mass increase and 
the tap-out mass of refined steel is typically 53-55 tons,
The liquid steel, following an argon stirring operation to 
homogenize the temperature in a transfer ladle, is continuously 
cast into slab, The slab serves as the feedstock for the rolling 
operation for the production of hot rolled plate and cold rolled 
sheet material,
A wide range of both austenitic and ferritlc grades of stainless 
steel, including 3CH12 (developed by MSSA) are produced.

1.1.2 Description of the

1.1.2.1 Basis of the process
The AOD process was originally developed by the Union Carbide 
Corporation during the 1560's. The process has been well 
documented (see section 1.2 for a summary of the relevant
literature), It is based on the principle of diluting the carbon
monoxide, produced by the decarburization reaction:-
CC1 + [03 <=> CO (1.1)
with an inert gas such ae argon or nitrogen.
This dilution of the carbon monoxide reaction product shifts the



equilibrium represented by equation 1,1 In the direction of carbon 
nonoxide formation, This sijm?Cicaotly iaprovae the efficiency of 
carbon removal by oxyger a situation of strong thermodynamic 
competition for oxygen by elenente such as chromium and manganese, 
ChromiuiB is typically present in concentrations ranging from 
approximately 11% to 241, depending on the steel type being 
produced.

1.1,2,2 Vessel construction
The AOD reaction vessel consists of a refractory brick lined steel 
shell. The middle section is cylindrical. The base consists of a 
segment of a sphere. The lower aud upper sections of the vessel 
are sections of a cone. There is an opening in the upper section 
to allow charging of liquid natal, the addition of alloying, 
fluxing and reducing materials and the escape of gaseous reaction 
products and inert gases.
The lining material for the vessel is direct bonded fired dolomite 
bricks. During the early days of AOD development chrome magnesite 
was the commonly used refractory material.

1,1,2,3 Tuyere construction
A mixture of oxygen and inert gas is introduced into the liquid 
metal via four tuyeres extending through the vessel shell and 
refractory lining, They are located near the bottom at the loner 
conical section of the vessel. Each tuyere consists of two pipes; 
a copper inner pipe supported inside a stainless steel outer pipe.
The annulus formed between the two pipes (known as the "shroud") 
is kept cool by blowing part of the inert gas requirement through 
it. The balance of ths inert gas requirement and all the oxygen is 
blown through the central copper pipe (normally called the 
"tuyere").

The vessel is supported in a ring that is in turn supported by two 
trunnion mounted bearings, The vessel and iing assembly nay be 
rotated through 380° by a gearbox applying torque via a bull gear 
cn one of the trunnions. This allows the vessel to be rotated, for 
example, from a horizontal position (used for "holding" 
operations, temperature measurement, sampling and tapping) into 
vortical and back-tilted positions (for metal charging, blowing 
and making vessel additions),
The trunion mounted on the opposite side of the of the ring from 
the gearbox incorporates a rotary valve assembly, This provides a 
continuous connection between the gas supply lines coming in from 
the gas flow control room and the manifolds distributing the 
variouo gases to the shrouds and the tuyeres.



Oae flow to the vessel is controlled via a network- of piped, flow 
control valves and associated instrumentation. This enables 
different inert gases to be selected and the flonrstes of oxygen 
and inert gas to be individually controlled
This is neceejery tu allow different ratios of oxygen and inert 
fae to be blown into the vessel, depending on carbon concentration 
and temperature. It is also possible to blow only an inert gas 
into the vessel for stirring purposes.
The coaiiguration of pipes, valves and instrumentation varies from 
Installation to installation, reflecting individual operator 
preferences and dj tferences in inert gas availability.

Hat metal from the electric arc furnace is charged through the 
mouth of this vessel from a ladle slung froa an overhead crane. The 
metal typically contains 1,0-2,5 XC and 0,1-0,3 ZSi,
Concentrations of other elements such as Kn, Cr, No, Hi and Fe 
depend on the particu)ar type of steel being produced.
Soft burnt lima (and daloreitic lime in the case of the HS&A 
operation) is added In sufficient quantity at the start of a heat 
to react with the silica that is formed during the decarburiaation 
process. This is necessary to protect the refractory lining frou 
excessive attack by silica. The aetfll temperature after the line 
addition at the commencement of the decarburization blow is 
typically 1486-15S0°C,

1,1.2.6 Dscarburlzatlon strips
initially, while hi&h carbon concentrations exist, high oxygen to 
inert gas ratios (4il and 3i1 being the most common) are used. 
Carbon removal efficiency, although improved by higher 
temperatures, begins to decline as the carbon concentration in the 
liquid metal decreases.
In order to maintain economically acceptable carbon remove! 
efficiency and prevent undue chromium (and other metallics) 
oxidation, the ratio of oxygen to inert gaa is progrestslvaly 
reduced in a stepwise fashion as the carbon concentration drops. 
Satios that are typically used at XSSA are as follows:-

Ratio 0,i Inert Gaa
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1,1,.3,7 Tenoarature and composition control
From tlierno'1',''inlc considerations ulone it Is deelreable to 
operate the r .. ss at as high a temperature as possible to 
naximlee i m n  soval efficiency. Practical cocsldsra-' Idds of 
refractory lining . r dictate a maximum operating ten; -attire of 
l?10-l?20°C,
Since the process Is strongly exothermic, It Is necessary to add 
coolant to the vessel to prevent the temperature exceeding 17S0°C. 
Ideally this Is done wltn an automatic feed system where coolant 
feedrates can be controlled to maintain more or less constant 
temperatures once the 1670-1?20°C operating range has been 
reached.
The rate of temperature rise in a particular ratio Is currently 
predicted by the operator using empirical temperature rise 
factors. These factors are not very accurate and the need for an 
accurate prediction of the process temperature trajectory Is a 
strong motivation for the development of a process mod'sl.
Many Installations, Including that at MS&A are restricted to batch 
charging of coolant. In operations such as these, the temperature 
follows x "sawtooth” trajectory ones the 167®-1720°C operating 
range has been reached. Sufficient coolant Is added every time the 
bath temperature reaches 1710-1720°C to drop it to 1670-1680"C.
This le normally two to three times par heat,
ideal coolants include low carbon content materials such as 
nickel, ferro-nolybdenua and mild steel scrap. However, because of 
the difficulty of accurately controlling the chemistry of the hot 
metal tapped from the arc furnace (variability of composition and 
recovery of raw materials, particularly scrap), coolants may also 
Include high carbon al.oys such as charge chrome and high carbon 
ferro-nenganeee,
These high carbon materials are used during the decarburization 
stage of the process for reasons of economy. They are added for 
flnnl chemlotry control as well as for cooling the process. It 
should be emphasized however that chemistry control starts in the 
scrapyard with the control of incoming raw materials and the 
design of the arc furnace charge,
Soft burnt H im and dclomitic lime are also used as coolants 
although It Is preferable to restrict their use for this purpose 
us far an possible, This is because extended exposure to the high 
proooixi tnmperaturets cause these materials to becomn "hard-burnt” 
/>nii loro roActive (in respect of boUj able to preferentially



react with SiO, to protect the dolomite lining from attack).
A heat typically requires between two and four coolant additions, 
depending on initial and final carbon concentrations.

1.1.2.8 Reduction steo. slag basicity control and desulphurization
Decarburization is completed, depending on steel type, when the 
carbon level in the metal has been reduced to the 0,02-9,05 SC 
range. At this stage, in addition to the deoarburlzed liquid natal 
and line, the vessel contains a large quantity of oxides, 
principally Cr20g, with I1" ser quantities of MnO and FeO, It is 
necessary to reduce these oxides, both to recover the metal 
content and to drop the oxygen content of the steal,
Ferro-sillcon is the most commonly used reductant. It is added it 
the end of the decarburization stage of the process, together with 
any outstanding lime and dolomitic lima that may be required to 
achieve a slag with an acceptable basicity ratio 
C«CaO+KHgO>/%SiCb>. Slag basicities of 1,5-2,2 are typical, 
depending on the operation.
A high slag basicity reduces o. osion of the refractory lining by 
SiO? generated during the the reduction process, A high basicity 
is also advantageous for good sulphur removal, as is a post 
reduction level of >0,30 XSi in the metal. However excessively 
high 0*2,0) basicities can cause problems such ae- difficulty in 
deslagglng and slag build-up in ladles unless special precautions 
are taken, These include the use of fluorspar ae a fluxing agent 
or the application at slag-free tapping procedures.
The reduction stage of the process is accomplished by stirring in 
the ferro-sillcon and lime additions with argon for .pproxlnately 
five minutes, At this stage, the slag that has been ; onerated is 
tapped off and a liquid metal sample is taken for final chemistry 
control,
Vhile waiting for the analysis to be reported, a do: i;ij i.nrlzatlon 
mixture of lime and fluorspar may be charged and r.tirroa in for 
about two minutes, both for sulphur removal am to aiii-irb atirplus 
heat. Where surplus heat is expected to be limited, t.hv 
desulphurization mixture can be charged together wl i li I no 
reduction additions.

1,1.2 9 Final additions and tanning
It is normally neowssary to make final atijui.'.roent , t.n t, liquid 
metal's chemistry at this stage. Addition: . i low .arbcr alloys 
(and high carbon alloys if upward adjusts,-n. of carbon 
necessary) are made to the vessel prior tapping. It nay also bn 
necessary to use final alloy and/or fur’li. - ,1cguI])1iui 1, tlon 
mixture additions as a moans to lower ti, mpernuim the 
liquid metal to thu desired aim point.



After tapping the vessel, the next heat la charged and the whole 
process is repeated,

1,2 Literature Survey
The AOD process ms invented by the Union Carbide Corporation 
during the late fifties, This followed an Investigation into the 
differences between the theoretical work of Richardson and the 
experimental work by Hilty and Craft on the equilibrium ratios of 
chromium and carbon, It was found that significantly improved 
decarburlzatlon was achieved when argon was used as a coolant when 
attempting to perform Isothermal expei iments Involving blowing 
oxygen onto the surface of molten chromium alloys.
Several years of research and development work culminated in the 
first patents for the ADD process being lodged in the USA in 1968. 
The first fullscale plant tests were conducted in conjunction with 
the Jcslyn Steel company in I960. However, it was not until 1968 
that Joelyn was able to report their first successful 69 heats in 
the AOD vessel.
Since those pioneering days considerable work has been done on the 
AOD by numerous authors, Tie ffnton Carbide Corporation may have 
initiated the work on the development of mathematical models of 
the AOD process with the thermodynamic equilibrium model that they 
issued to their licensees as part of their technical knowhow 
package,
A number of viable models have been subsequently developed by a 
number of authors, the most Important of which are briefly 
discussed below.
Asai and Szekely"6.'61 proposed a mathematical model for 
describing the bath temperature and composition trajectories for 
the decarburlzatlon of stainless steel for processes operating on 
an Industrial scale, The model is based on a set of component 
balances, written with the aid of driving force expressions, the 
appropriate equilibrium relationships, and a heat balance.
They apply the concept (originally proposed by Asai and 
Xuehi<l,‘le'1»’> that "during the oxygen blow the concentration of 
each alloying element in the bath may be calculated by 
establishing a balance between two driving forces, namelyi-
(i) the driving force that will cause the system to tend towards 

thermodynamic equilibrium:
(il> another driving force, due to oxygen supplied to the bath, 

which will tend to keep the system from reaching 
equilibrium."

R J Fruohon U1 developed a model of the AOD stealmaking process 
that predicts the rates of oxidation of chromium and carbon. The



'•nodal is based on the assumption that the oxygen (that ie injected 
together with an inert gas such as argon at the tuyeres) primarily 
oxidises chromium In the tuyere reaction zone.
The CrjOa that Is formed oxidises the carbon as it rises in the 
\»th with the argon bubbles.In his nodal single effective values 
of interface carbon concentration and interface CO pressui e are 
calculated by assuming that the concentration of cbromlun at the 
interface Is the same as In the bulk, It is also assured that the 
oxidation of carbon by Cr?Oa ie the rate-controlling reaction and 
le controlled by the liquid phase mass transfer of carbon to the 
bubble surface,
T Deb Boy and D O C  Robertson’81 developed a model applicable to 
both argon-oxygon (ADD) and argon-oxygen-steaa (CLUJ processes.
The model predict• the variation of gas composition with height, 
and the rates of all the mass transfer processes occurlng at a 
given height in the bath. The effect of gas phase resistance at 
the metal/gas interface of a bubb’ is taken Into account and the 
model allows the effects of chn> j In pressure above the bath 
surface to b= predicted.
In their model (as it applies to the AOD process) equilibria is 
assumed to yxiet at the metal/gas Interface between solid Cra0a, 
dissolved carbon, dissolved cirocitia and CO In tie gas phase. It 
is assumed that initially dissolution of the oxide in the melt 
occurs at the oxide/metal Interface. Then follows the reaction of 
dissolved carbon with dissolved oxygen to form CO at the matal/gas 
interface.
Their model is extended to cats'- for the multi-component systems 
typical of the commercial stainless steel vufining environment,
The model takes Into aconnnt the non-isotherrcal conditions and the 
presence of SI, Hn, and It In the melt,
It is assumed that all the oxygen which enters the vessel as 0, 
reacts to form Cr«0,, S102 and KnO. A small amount of Iron gets 
oxidised but is quickly reduced by carbon, The oxides are carried 
up by the gases and subsequently various amounts of the metals are 
reduced back Into the melt by reduction of their oxides by carbon.
A heat balance Is Introduced to account for the non-lsothermal 
behaviour of the bath.
Simulation of the system involves simultaneous solution of 
therijcdynaoic, kinetic and conservation equations at all positions 
In tho bath,
I Hatsuki et. al,"1 developed a model of the AOD process on which 
this work is largely based, T'ieir model Is very similar to the 
model described in the paper and OK patent application by I Tonghe 
at, al.'1'31. The authors postulate that oxygen from the tuyeres 
reacts with metallic elements such as Si, Hn, Cr, or Fe In the 
bath to for? oxf-ins. The relative formation rates of these oxides 
Is assumed to be proportional to the rate of diffusion of the



metallic elements through a boundary layer surrounding each 
bubble. The direct reaction with C is considered to be negligable.
The oxidized metals become suspended in the molten metal as dine 
particles. Decarburization proceeds as reduction of these 
particles by carbon. The relative rates of these reduction 
reactions are assumed to be proportional to their free energies. 
The unreduced metallic oxide particles enter the bulk slag phase 
floating on top of the liquid metal. The oxides in the slag are 
assumed to make no further contribution to decarturlzatlon.
In the model it is postulated that decaiburization takes place via 
the following steps:-
(i) dissociation of the metallic oxides;
(11) mass transfer of 0 from the oxide surface to the molten

(ill) mass transfer of of 0 and C from the ten metal to the 
metal/gas interface of the bubbles

(iv) decarburization reaction at the interface;
(v) mrss transfer 'f vas from the interface to the bulk gaa 

phase of the bubbles.
The model takes into account the effect of bath depth and applies 
to both high and low carbon ranges, In the high carbon range the 
decarburization rate is said to be control'ed by oxygen mass 
transfer and in the low carbon ranges iv .c controlled by carbon 
mass transfer.
0 G Pauw"” of HIHTEK has recently developed a
kinetic-equilibrium model of the AC® process as part of an overall 
process optimization end control package for the AOD operation at 
Hfddelburg Steel an. Alloys. In the model it is assumed that there 
are three main reaction zones,
The primary reaction zone is where the gas is blown into the bath 
and it breaks up into equal sized bubbles. „e.->mlc4l reaction 
between the oxygen in the gas and the meta. p^ase takes place at a 
high rate because of the high tenperature and oxygen potential. It 
is assumed that the reacting species from the metal phase come 
from the layer of metal surrounding the bubble and not from the 
bulk liquid metal. It is assured that the gas in the bubble comes 
into equilibrium with all the metal in this layer.
After equilibrium has been obtained, remaining metal from the 
metal layer is mixed back into the bulk metal phase in the 
secondary reaction zone. Slag and gas formed rise to the top of 
the bulk metal phase where the slag is taken up into the bulk slag 
phase and the gas escapes from the vessel mouth.
In the tertiary reaction zone thin layers of metal and slag at the
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bulk eslag/reetal Interlace are considered to cone to equilibrium. 
These layers are replaced with fresh onos at a given rate. 
Meanwhile naterlal from the cquilIbrlcted ones are mixed back Into 
the bulk octal and slag pauses.
Equilibrium conditions am determined by first writing an 
expression foi the total Gibbs free energy of the system (bubble, 
surrounding metal layer and reaction products) as a function of 
the taolot. o; ".i'-h compound in each phase In the equilibrium 
mixture [hr ol tho number moles of each compound present,
whi'-h minimi/" the ult-b;, Iree energy function, is solved within 
'he - I'ti'itiaiat- m  ea’.v. consvivatlon. The solution to this problem 

: •uni tv »! .' or *h“ technique of undetermined Lagrange

. Vv=t> ban b,>"r, made to apply the models of 
’<■ an 1 V.i'ansbc-'2 >•, with some modifications, to 
v  Nl tie 1 burg i:tcel and Alloys. It is assumed that 

' 11 ' u. * rwa-tlon zones, namely:-

ters, via the tuyeres, Into 
n .Ion". Hera the gas mixture 
i particular diameter.

f with elements such as L, Si, 
>o at the metal/gag interface 
that equilibrium is 
n oxygen in the bubble, the 
in-1 the • or responding oxide m

ii bun, "piuii-rium is assumed to exist between to 
'ilk g r. ; ha-," thv bubble and i: dissolved in the 
>t." ya- infr-vta<
: ""t m-idll ii"l '.I allow tor the oxidation ot He and 
a-, "tlining" options. However thermodynamic 
•iuggi",f thni II Dxide-.. ol these elements are formed
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sleneuts such as C, St, Kn and Cr.
Because of the equilibrium conditions existing at the netal/gae 
Interface, a concentration gradient of the reacting metal phase 
elements is established across the boundary layer surrounding each 
bubble. The relative formation rate nf each oxide and CO is 
assumed to depend an the diffusion rate of the corresponding 
reacting metal phase element through the boundary layer.
The depletion of oxygen from the bubble proceeds at a very high 
rate because of the high temperature and high oxygen potential. A 
bubble is assumed to leave the tuyere reaction zone when Its 
gaseous oxygen content becomes depleted.
It is assumed that equilibrium exists between nitrogen In the bulk 
gas phase of a bubble and nitrogen dissolved In the metal phase at 
the aetal/gas interface. Thus a concentration gradient of nitrogen 
exists across the boundary layer surrounding a bubble. The 
depletion or accumulation rate of nitrogen in a bubble depends on 
Its diffusion rate through the boundary layer.

The Rising Bubble Reaction Zone is assumed to extend from the end 
of the Tuyere Reaction Zone to the siag/oetal interface of the 
bulk slag phase floating on top of liquid metal.
As a bubble enters the Rising Bubble Reaction Zone, the oxide 
mixture (le. slag) contained within is assumed to disengage as a 
single spherical droplet. The bubble and its associated oxide 
droplet continue to rise up In close association with one another 
in a plume of liquid metal and other entrained bubbles and oxide 
droplets.
Boundary layers of stagnant liquid metal a 
each bubble and droplet as they float upwa 
liquid metal In the rising plume.
Carbon aarl oxygen dissolved In the metal phase react at the 
metal/gas interface to £orm CO In the gas phase. It Is assumed 
that equilibrium exists, at the gas/metal interface cl a bubble, 
between tue following-:-
(i) CO In the bulk gas phase;
fii) C and 0 dissolved In the metal phase at the interlace.
Diffusion of C and 0 takes place through the boundary layer due tc 
the respective concentration gradients existing between the bulk 
liquid metal find the metal phase at the Interface.
The decarburization cr CO formation rate in a bubble depends on 
the mass transler of C and 0 through the boundary layer 
surrounding it.



It Is aesuned that equilibrium exists, at the netal/oxlde 
Interface of an oxide droplet, between the following:-
(I) oxygen dissolved In the metal phase at the Interface;
(II) oxide with a high oxygen potential (eg, Cr,0,) at the oxide 

particle surface. As a amplifying assumption it Is assumed 
that the surface concentration of the oxide Is the saree as 
its bulk concentration in the particle;

(III) element (eg. Cr) dissolved In the metal phase at the 
Interface. As a simplifying assumption it is assumed that 
the interfacial concentration of the element Is the same as
Its concentration Is the built liquid metal,

Oxygen Is removed from the liquid metal of the rising plums by the
decarburIsatlon reaction taking place in a bubble. Thus, In
addition to that in the boundary layer surrounding a bubble, an 
oxygen concentration gradient exists in the metal phase boundary 
layer surrounding an oxide droplet. Because of the lower oxygen 
potential In the bulk liquid metal (with respect to that existing 
at the oxide/netal Interface), oxides at the particle sv-iace 
dissociate.
The dissociation or reduction rate of the p.-rtlcle is dependent on 
oxygen mass transfer through the boundary la>sr surrounding it.

Although the existence of this reaction zone Is recognized. It h 
not been included in the model at this stage. In the model In it 
present form it is assumed that any metal oxides captured by the 
bulk slag phase no longer participate in any further reactions.



3,1 Qualitative Description of Hodel
It is postulated tiat as the mixture of oxygen and Inert gas Is 
blown through the tuyeres Into the liquid metal, bubbles ere 
formed. It is aseuoad that, once formed, they neither coalesce nor 
subdivide. Oxygen in these bubbles 1 mediately reacts with C, 81, 
8zi, Cr, snd Fe at the gas/metal interface. Oxides such as CO,
810,, KnO, CriOa and FeO are produced.
In reality, elements such as Ho and HI probably also react with 
oxygen to form oxides. However, because the free energies of 
formation of these oxides are substantially less negative than 
those discussed above, they are probably limeacutely reduced by 
elements having a much higher affinity for oxygen, The model does 
allow for the participation of these elements as an option for 
tuning the overall AOD model,
in line with other authors''''' it is assumed that the rate of 
formation of these oxides (and hence the composition of the oxide 
mixture leaving the tuyere reaction zone? is dependent on the rate 
of mass transport of the oxide forming elements through the metal 
phase to the gas/metal interface of the bubbles.
rhuti, in the foraulstion of the model, it is assumed that mass 
transfer takes place as a result of diffusion of the reacting 
species in the metal phase through a metal phase boundary layer 
surrounding each bubble. The driving force for this diffusion 
process is the concentration gradient of each diffusing element 
that exists between the bulk liquid metal phase and the gas/metal 
interface of a bubble. The concentration of a reacting element at 
this interface is determined by the thermodynamic equilibrium 
assumed to exist between It, its equivalent oxide and oxygen in 
the bubble.
Since the thickness of this boundary layer is not known, the 
Higbie Surface fienewal Model1 'a'e is used to estimate the mass 
transfer coefficients fur the various reacting elements,
In addition to the reactions between oxygen and metal phase 
elements, the tuyere reaction model allows for the mass transfer 
of nitrogen through the estal phase boundary layer surrounding a 
bubble, This Is because nitrogen Is one of the inert games used in 
the AOD process for reasons of economics,
Sltrogen ie fairly soluble in liquid iron «rd its alloys7, This is 
in contrast to argon which appears, from lack of references to the 
contrary In the literature, to be virtually insoluble for all 
practical purposes.
The mass transfer rate of nitrogen Is also assumed to bo diffusion



controlled. The driving force for diffusion Is a concentration 
gradient through the boundary layer between the bulk llqld metal 
and the gae/netal interface of the bubble, Kitrogen dissolved in 
the metal, phase at tha gae/metal interface is assumed to be in 
thermodynaaio equilibrium with the partial pressure of nitrogen in 
tha bubble,
It is documented in the literature1'* that surface active elements 
such as oxygen and sulphur reduce the maes transfer rate of 
nitrogen across the gas/metal interface, The overall nitrogen mass 
transfer coefficient is derived by combining the Higbie Surface 
Renewal Model mass transfer coefficient for the boundary layer 
with the mass transfer coefficient foi the layer rich in 
surface-active agents.

& as Phase of Bu s&ls Ikitiall'v
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Figure 8,Is Schematic representation of the Tuyere Reaction Model



3.2 Mathematical Description of tbs Model

?,2. t Btihbls Fcrnatlan at thf Tuyeres
As the mixture of oxygen and inert gas leaves the tuyeres and 
enters the liquid metal, It is assumed to heat up virtually 
Instantaneously to the temperature of the bath and to form 
discrete bubbles. The diameter dn,a<0> of the bubbles that are 
Initially formed is one of the parameters of the AOD model that 
may be varied for the purpose of "tuning" it to fit observed plant

The rate of bubble formation nous is given byi - 

neu, = QVVw.W (2.1)
where the volume V„»(0) of an individual bubble of diameter doue<0> 
is given byi-
VmsW = m/6)*dK1B(0)s <2.2)
and the volumetric flow rate Q* of the gas mixture entering the 
bath at tuyere level pressure PTUv and bath temperature TB ie 
given by;-
9‘ = Q*Te/(273,15*P,B,) <2.3)
Sote that Q is the total volumetric flow rate of gases being 
supplied to the tuyeres at standard temperature and pressure.
The initial flowrate of the j’th gas (where j)l) in the bubbles 
formed at the tuyeres is given byi-

h'oRe,j(0) - Of,j <2.4)
where Gf,, is the flowrate (kgmol/sec) of the j’th gas supplied to 
the tuyeres.
It is assumed that the initial flowrate of carbon monoxide H’co (0) 
(=NlB,e,i(0)> is zero,
Tho ferrostatic pressure Prv, (atm) at the tuyere level in the 
bath is given by:-

Pror = (PFrit+ <J>*Xni>*j)a.e*Xa.*)XG) Z101325 (2.5,1)
The calculation of xtuv, the depth of the tuyeres below th" 
slag/metal interface and XoLO, the thickness of the slag layer ia 
described in chapter 5. The calculation of the metal and slag 
densities j> and paLa is also discussed in ohapter 5.



For a bubble uf age t at an arbitrary distance h(t) above the 
tuyeres, the ferrost&tic pressure P:t> Is given by; -

p(t> = (PATn+ ipt (x,„v-ii (2.3.2)

2.2,2 Thermodynamic Equilibrium at the Metal/Gas Interface of the

As each oxygen containing bubble moves from the tuyeres into the 
liquid metal, oxides and carbon nonoxide begin to form at the 
gaa/aetal Interface according to the following reactionsi-
X [Ml + y/2 0, <=> X,0, (2.6)
CO + y/2 Os <=> CO (2.7)
In the case of nitrogen, dissolution 'or evolution) takes place at 
the gas/metal interface:-
1/2 Hi <*> CH3 (2.8)
It is assumed that thermodynamic equilibrium exists between oxygen 
and carbon monoxide in the bulk gas phase of the bubble, metal 
oxides in the oxide aixture tensing at the gas/metal interface and 
carbon and other Metallic components present in the metal phase at 
the gas/metal interface.
Thus, in the case of the formation of the j' th oxide HA, the 
equilibrium constant K, is given tiy:-
Kj = a0,,,(t>/((a,,4Ct)**z,,J)*<Pc,<t>**(z,,1/2)>> (2.9)

Similarly, it is assumed that themodynamic equilibrium exists 
between nitrogen gas In the bubble and dissolved nitrogen in the 
metal phase ,-t the metal/gas interface.
Thus, the the equilibrium constant Kh for the nitrogen dissolution 
reaction, represented by equation 2,n, is given by:~
Kn = %B,(t)*f„/(P,,:(t))'" (2.10)
wheie Its i (t) is the oonoentration (’/.) of nitrogen in the metal 
phase at the gas/metal interface anti t* is the activity 
coefficient.
Tho equilibrium constant K, is calculated fi-on the free energy of 
formation of the respective oxides:-
K, = Bxp('^G,/<m„)> (2.11)
In the case of nitrogen dissolution, the equilibrium constant Kn 
is calculated from the standard froa energy of formation of a 1% 
solution of nitrogen in liquid iron (ref. 7)i-
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%  = Exp<-<359e+2S.«9*TV/<R*?0>; (2.12)
For elements In the natal phase displaying Raoultlan behaviour, 
the standard tree energy of formation of the j1 th oxide H,Ov

AQ0i = A,+Bi#Td (2.13.1)
Values for the co-effiolents A, and B, are taken from reference 7.
For elements In the metal phase displaying Henrlan behaviour (le. 
IS solution standard state), the standard free energy of formation 
Aj'j of the j' th oxide MjOy is given by:-
AG=, = Ai-fi)*z,,J + (BJ-BJ*z,.1)*T8 = AĜ -z,.,*&!”, (2.13.2)
Values for tie co-efficients A, and B, (used for calculating the 
standard free energy AF°, of a IS solution of the j1th element in 
liquid Iron) are taken from reference 7.
Initially the activity of each oxide that starts to appear in a 
newly formed bubble is assumed to equal one (thib excludes CO for 
which J=1 in the subscript numbering system being used). However, 
as the oxidation reactions proceed, it Is assumed that an oxide 
mixture forms at the gas/metal interface. The activity of each 
oxide in this mixture is assumed to be equal Its molar fraction.
Thus the activity a0j,i (t) of the j1 th oxide MxOy (for pi) is 
given by (assuming an ideal solution)!-

ae*., (t> = Xox.j (t) = H'm.j <t>/2 ,i. (t) (2,14)

Initially the partial pressure PcoOJ) of carbon monoxide in a
newly formed bubble is assumed to bo equal to zero, As the
formation of carbon monoxide proceeds, Pea(t) is given by the 
product of the ferrostatio pressure and the molar fraction of 
carbon monoxide in the gas mixture in the bubblei-
Pca(t) - P(t)*H'ea(t)/H'«s(t> (2,15)
Initially the partial pressures of oxygen and nitrogen in a newly 
formed bubble are given by the product of the ferrostatio pressure 
at tho tuyeres and the molar fractions of these gases in the 
bubble;-
P«(») = Pwv*rm(0>/HW(e> (2.16)
F«(®> = Ptuvffl'ti (#)/?'.«(#] (2,17)
As oxygen is depleted from the gas phase of the bubble, its 
partial pressure PoiCt) io given by the product of tho teolnr 
fraction of oxygon in the gas and tho ferrostatio prcscurat-



Foa<t) = P (2,16'
In the case of nitrogen, depletion or accumulation can take place 
in a bubble. Its pertW pressure P.Xt) is slnilarly Riven by:-

= P(t:*S's,(t)/K,M,<t) (2,19)
Concentrations of each element in the bulk lijnld metal are given 
by the product of the metal molar density px and the molar 
fraction of the element,
The concentration of each element in the metal phase at the 
pas/matal interface is calculated from thi equilibrium conditions 
discussed above,
It can be shown that the molar fraction Xi,i(t> of the J'th 
element (displaying Henriaa behaviour) in the metal phase at the 
setal/gas interface is given by:-
X,,,(t) "= <a,,j<t)/f,)*p/(Mj*l#Xf') (2.26,1)
In the case of elements displaying Raoultlan behaviour!-
Xi,i(t> = oi,i (t) (2,20.2)
In both caseei-
ai.j(*1 = (Xe,,i(t)/(K,*Pw <t>**<z,,,/2)))#*(l/8,,,,) (2.21)
In the case of nitrogen, %,(t), the equilibrium concentration («) 
In the metal phase at the metal/gas interface, is given byi-
%Ei(t) = K„a:(P«(t))''VfN (2,22)

2,2,3 Kinetics of Oxide Formation and other Mass Transfer

The rate at which carbon nonoxide and the various metallic oxides 
form is assumed to depend on the rates at which carbon and the 
other metallic phase elements diffuse through the metallic phase 
boundary layer surrounding a bubble. A concentration gradient of 
each diffuning element is assumed to exist between the bulk liquid 
metal and bhe gae/metal interface, ,
Thus the Jtolar flux J»(t) of the k'th element through the bound"'y 
layer Is fciven by; -
J , ( t )  = kcvB,k(t)*j}«*(Xn=T>-X,.k( t) )  <3.23)

The calculation of the mass transfor coefficient koia,.(t) is 
diecueced separately in chapter 3,
It i .i thua implicitly assumed that naas transfor rather than 
intarfaclel roactlon rates Is the overall rate controlling factor,



This assumption is made on th basis of the high temperatures 
existing in > l<e AOD process and is in line with similar 
assumptions by other authors'
it is also assumed that the mass transfer rates of CO, 0, and Ha 
throufn a gas phase boundary layer at the gas/metal Interface are 
8uf<i- iently high (in comparison to the mass transfer rates of the 
reacting elements through the metal phase boundary layer) that 
they can be ignored,
it is assumed that no hold-up of bubbles occurs in any horizontal 
plans in the metal hath at or above the tuyere level. Furthermore 
it is assumed that bubbles do not coalesce or subdivide, The 
bubbles that form at the tuyeres rise up through the tuyere 
reaction zone. As they rise the oxidation reactions discussed 
above proceed until the oxygen content has been virtually 
depleted. Therefore it is apparent that there must be an 
associated accumulation of oxides and carbon monoxide in the 
bubbles as they rise through the tuyere reaction zone,
A bubble will rise through an incremental vertical distance dh in 
the inciemental tiros dt, Thus the Instantaneous rising velocity 
Ueie Ch) of a bubble at a particular position in the tuyere 
reaction zone is given byi-
Ueuith) = dh/dt » -dx/dt <.j.24>
Mote that h Is the vertical distance between the tuyeres and a 
bubble and x is the distance between a bubble anl the slag/metal 
interface,
The calculation of the rising velocity Uainih) is discussed in 
chapter 3.
The rate of increase of the integrated vertical flowrate of the 
2'th oxide (including CO) is given by:-
d(H 1dx,i <h) )/dh = (1/UouBih)) ikeuo, i (h)*nBuB*Aove(h)Xj)t( (XnETj j-Xt, i (h) )/z *, j

This can be expressed in terms of the tuyere reaction time t (la, 
the time that it takas for oxygen depletion of a bubble in the 
tuyere reaction zone)i-
(KH'm .j (t))/dt “ kiiUc,i<t)*nBus*AiwB(t)*p**(Xhc-,)-Xi,j(t))/'zx,J (2.35.2)
The rate of decrease of the integrated vertical flowrate of oxygen 
in given by a mass balance expressed as follows:-



Similarly, In terms n- the tuyere reaction time ti-

d(K'«(t))/dt = •Zt(d(F‘w,,<t))/dt)*z,.i/2] (2,26.2)

The rate of change of the Integrated vertical flowrate of nitrogen

«<h))/dh -Cl/uout<h))*is„<!i>*n»J8*AB„i><h)*j5*tSH-*Ki<h))/(K«*200) (2.27,
•’•1'f, in terns of the tuyere reaction tine t:-

'dt = i»(t)*n»je*ASUo(t)*p*(*Sr«K,<t))/{«„Jc2®0) (2.27.2)
.atlon of the mass transfer coefficients (kjue,i<t)) u.

-t. .oefflclents <f, and f„) are dealt with in chapter 3 and
appt respectively,

2.2.4 Numerical Integration of the Model
The solution of the set of simultaneous differential equations 
represented by 2.24, 2.25.2, 2.26.2 and 2,27.2 la achieved by the 
use of a numerical Bunge-Kutte. or Bulirsch-Stoer integration 
method11 with automatic step length control.
The Integration is performed over successive equal length time 
(le. Incremental bubble age) intervals. At the end of each 
interval the oxygen content of the bubbles Is checked. Unless the 
criterion for oxygen depletion has been met, the Integration 
continues over the next time interval.
The criterion foi the t; -mination of integration (and a bubble 
leaving the tuyere reaction zone) is when the oxygen content Is 
lass than or equal to some very small arbitrary percentage (eg, 
6,001%) of the Initial content whan the bubble was formed.
It is assumed that the quantity at free oxygen remaining in a 
bubble leaving the tuyere reaction zone is so snail that It can be 
approximated to rp-o. The converse of this Is that all the oxygen 
inside a bubble when it was formed leaves the tuyere reaction zone 
in the form of CO and other oxides. This is a reasonable
the partial pressure of oxygen In equilibrium with oxides such as 
Crj03 at the temperatures applicable to the AUU process is very

On lea.mg the tuyere reaction zone, the oxides that were formed 
inside a bubbly are assumed to uisengaga themselves from It as a 
spherical particle or droplet. Thus It Is assumed that each bubble 
gives biith to a tslnglo oxidi1 particle. These bubbler, and oxide 
pat ticloc arq then asoumed tu rise up, in clow.' association with 
ono another in u plume, thiuuRb the rising bubble rsm-tlnn zone



Typical calculated oxide and gas flowrates In the bubbles as a 
function of bubble age are presented In Figures 2.2 to 2.5.
In Figures 2.2 and 2.3 the gas and oxide flowrates in the tuyere 
reaction zone, as a function of bubble age, are shown. In the 
simulation, an initial ISnuo bubble diameter was used and the 
liquid metal composition ic representative of a typical 30* type 
steel as initially charged Into the ADD vessel. The carbon 
concentration and temperature are representative of the conditions 
at the start of an initial 3:1 blow (ie. 45m302ain-': i5m,N,Bin-1 >.
In the simulation, Hi and Fe have been allowed to be participating 
elements in addition to C, Si, Hn and Cr.
it can be seen that the tuyere reaction reaches completion 
extremely rapidly with the free oxygen content of , bubble being 
depleted within about 6*1W"*b.
Tim approximately linear flowrate trajectories suggest that the 
computational overhead of the tuyere reaction model integration 
could be significantly reduced. This could be achieved by assuming 
that the flowrates of the various oxides at the end of the tuyere 
reaction zone are proportional to the flowrates at the start and 
applying conservation of mass in respect of oxygen.
The rate of change oi the nitrogen flowrate is negltgable and 
could be ignored.
The rate of Increase of the CO flowrate suggests that significant 
deoarburlzation takes place in the tuyere reaction zone, 
particularly with high carbon levels in the oath.
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: :tl- Hodal data la respect oi 

oxide flowratee resulting from a 3i 1 0>:Fj blowln,
Flinire 2.3; Typical Tuyere Reaction Modelfie action



In figures 2.4 and 2.5 bath conditions at the start of a 1:1 blow 
(le. 3®m,0,!ilo-1: seuPtkmln-') were simulated. Again an arbitrary 
15mm Initial bubble diameter was selected,
The plateaus evident between 5 and 6*10"'s are purely a function 
of the integrator integrating over successive l*lu"s intervals 
(as specified by the user) before the next test for oxygen 
depletion of the bubbles is performed. Thus oxygen depletion was 
achieved in just over 5*10-*s.
The reduction in the time for free oxygen depletion to occur is 
largely a function of the reduced initial oxygen flowrate, The 
temperature dependence of the diffusivities of individual elements 
has not been taken into account at the present stage of the model 
development.



"'v.'

1 '1 • 1 Figure 2-4: Typical Tuyere Reaction Model data In respect of gas
and an Initial 15mm diameter bubble
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Figure 2,4; Typical Tuyere Reaction Model data in respect ot /• 
flcwratae resulting Iron a .11 0«:H5 blowing ratio
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REACTION ZONES

3.1 Introduction
As was discussed in chapter 2, the rate of mass transfer to and 
from a bubble Is assumed to depend on the diffusion of the 
reacting elements through a metal phase boundary layer surrounding 
It. The driving farce for this diffusion is a concentration 
gradient that exists across the boundary layer.
Since the thickness of this boundary layer Is not known, It is 
necessary to use models such as the Hlgble Surface Renewal Model® 
or other seml-emplrical and empirical correlations in order to 
estimate approximate mass transfer coefficients for the reacting 
elements.
One of the Important variables that is needed to estimate the mass 
transfer coefficients is the rising velocity of a bubble, which In 
turn is a function of its diameter, This Is discussed in more 
detail In the next section,
In the case of the mass transfer of nitrogen it was pointed out in 
chapter 2 that the presence of surface active elements such as 
oxygen and sulphur in the liquid metal have to be taken into 
consideration. In the literature1'2 It is documented that these 
elements reduce the mass transfer rate of nitrogen across the 
gas/metal interface of a bubble.
Other variables that are needed for the estimation of mass 
transfer coefficients are the dlffusivlties of the respective 
elements In the liquid metal. There appears to be a paucity of 
diffusivity data in the literature relating to the multicomponent 
systems encountered in the stainless steel making environment, 
Therefore, as an approximation, the diffusivitles in pure liquid 
Iron at 1650°C are used (see table 3.1),

Element Diffusivity Element Dlfiuaivlty Element Diffusivity

<4,S0E-«

£ 0,b<iH-6 #0,b0E-8 
W,50E- 6

« M M

# Estimate •• no available data
Table <, 1: Diilu-.-ivitiH'.. ot elements in liquid iron at



The data presented In table 3.1 Is taken from reference 1 or 
estimated from Fig 13,17 in reference H, The Arbenina type 
temperature dependence of diffualvitias Is not taken into account 
‘n the model although it would be ft simpls rentter to do bo if 
required at a later stage

3.2 Mathematical Description
The Higbie Surface Renewal Model le used to estimate the mass 
transfer coefficients. U  this model, es It applies to a rising 
bubble, it is postulated that a fluid alenent representing the 
composition of the bulk liquid metal coiies in contact with the 
gas/metal interface of a bubble for a certain time period. During 
this contact tires unsteady state diffusion occurs between the 
fluid element and the gae/oetal interface, At the end of thin tine 
period, the fluid element is left behind and le replaced by a new 
fluid element from the bulk liquid metal as the bubble floats 
upwards.
For a btibble at depth x below the slag/metal interface it can be 
shown8 that the mass transfer coefficient kmVx) for the i'th 
diffusing element le given byi-
U D,k(x) = 2*<D»/<mt.,„v„<x>>>,/= (3.1)
where the parameter t,,nuo(x) is the contact time.
For a bubble of diameter dam (x) Cat a depth x below the 
slag/metal Interface), rising at a velocity Uou><x', the contact 
tine can be approximated as: -
te.nvnCx) ° dvunM/Uovotx) <3.3)
However, both the diameter and the rising velocity are functions 
of the fsrrostatie pressure, the temperature and the quantity of 
gas in the bubble,
The forroetatio pressure PCx) (in atmospheres) In a bubble at a 
depth x below tha matal/slag interface is given byt-
P(x> = (P„,h+ <p*x+pciotx0Lo>«>> /101325 (3,3)
The quantity of gas In a bubble is given by the molar gas flowrate 
divided by the bubble formation rata (since It assumed that 
bubbles do not coalesce or subdivide). Therefore, the diameter 
dnuD(x) of a bubble (as; o function of the ferrostatlc pressure 
PCx), the total molar gas flowrate HWCx) and the bubble 
formation rate no on) le given byt-
doioCx) ” (W«,WW#T^'(TT*m«^#T3,K»W))w (3,4)
Ac an approximation. It Is au unied that modolo for ninglo rising 
bubbles may be applied to drtnrmino the riQi.ng velocity,



It Is documented In the literature’ that the behaviour of single
rising bubbles can be classified into four ■•jgions:-
<i> Very small bubblej with diameters Iogl than about 2mm behave 

as rigid spheres obeying Stoke1s law and iise with a 
terminal velocity given by:-
Uaie = G* <p-p«As) *dnuBV  <16*jl) (3.5,1)
Since p»paKs, equation 3,5.1 may be approximated ae:-
uw = QtptdnS/m*.)!) <3, S. 2)

(II) Intermediate sized bubbles where bubbles are still spherical 
aid rise in a rectilinear path, The equivalent dianeter of 
these bubbles Is approximately 2-4mm. However, their rising 
velocity may be as much as 5t% greater than that predicted 
by equation 3.5.2 because of gas circulation Inside the 
bubble that results in the movement of the liquid interface 
and a reduction of the drag force,

(III) Spheroidal and ellipsoidal bubbles that rise in a spiral 
path, The equivalent diameter of these bubbles Is 
approximately in the range 5-Snm,

(iv) Spherical cap bubbles of equivalent diameter greater than 
approximately 10mm, An equation describing the rising 
velocity of suoh bubbles was derived by Davies and 
Taylor, where:-
Uovo = 2,@S*(MdeM/a>'zl (3,6)

Rising volooit/ of Ginglo bubbloo in wator



From Figure 3.1 (reproduced from Fig 19.2.5 In reference 6), the 
Stoke’F equation 3,5.2 is assumed to apply far bubbles with a 
diameter up to laa. For bubbles of equivalent diameter greater 
than 10mm, the Davies and Taylor equation 3.' n  assumed to apply. 
Far bubble diameters in the range i-l®mm, the .ising velocity is 
determined by linear interpolation:-
Uwd = (dwD-0,001)*((Y2-n>/(0, 01-0,001) >+n (3,7)

where:-
Y1 -  G*p*0,001V(16*)i> (3.8.1)

Y2 -  l 102*(G*®,01/2),' ! (3 ,8 .2)

The mass transfer coefficient W., (x> for a bubble at a depth x 
below the metal/slag interface is given by combining equations 3.1 
and 3.2:-
kcue.jlx) = 2*(D,*Uw<,<x)/m*dws(x>))''' (3,9)

I,, the case of nitrogen, the boundary layer mass transfer 
êfficient is iven by:-

kV%) = 2*(D„< 'x )/(T T *dw ,(x ))) '"  (3,10)

The mass tran̂ ,.f coefficient for the gas/metal interfaoe poisoned 
by S and 0 is given by the empirical correlatlon’i-
k‘„ = -6,27B-4+e,34B-7*(457-562*Ln(CSO3+0,0783*(»S)’,s))  (3.11)

It is assumed, for lack of evidence to the contrary in ice 
reference, that [SOI and tXS] are the concentrations of oxygen end 
sulphur in the bulk liquid metal.
Tho overall nitrogen mass transfer coefficient kH(x) is given byi-
k»Cx> = l/(l/k'»(x) + l/k\) (3.12)
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Bismo wt REACTION MODEL

4.1.1 Purpose of model
The purpose of the rising bubble reaction nodal Is to determine 
the flowrates of CO, K, and metal oxides M<Or leaving the metal 
bath. These variables are subsequently used in the the overall 
heat and mass balances needed to calculate the temperature and 
composition trajectories of the metal and -ag in the ADD vessel.

4.1.2 Rising bubble reaction zone
The rising bubble reaction zone is considered to be the plume of 
bubbles, associated liquid metal anl oxide particles rising up 
through the liquid mstal bath. It extends from the point in the. 
liquid metal where a bubble leaves the tuyere reaction zone to 
where it intersects the slag/metal interface. The departure point 
from the tuyere reaction zone Is an abitrary position where the 
nxygen content of the bubble has become depleted to a negligible 
quantity.

Figure 4.1; Scnematlc representation of .be Rising Bubble Reaction



4.1.3 Oxide Particle formation
As a bubble leaves the tuyere reaction zone, the metal oxide 
mixture that has formed within disengages into the surrounding 
liquid metal phase as a spherical particle. A single oxide 
particle is assumed to form per bubble. Subsequently each particle 
neither subdivides nor coalesces with others.

4.1.4 Passage of bubbles and oxide particles tnrough the rising 
bubble reaction zone

As bubbles and oxide particles float up through the rising bubble 
reaction zone, carbon and oxygen dissolved in the liquid metal 
react at the metal/gas interface of the bubbles to form carbon 
monoxide:-
1C) + 10) <=> CO <4.1)
This results in an accumulation of CO in the bubbles and a 
lowering of the oxygen (and carbon) potential of the liquid metal, 
As the oxygen potential of the liquid metal Is lo'-ered, metal 
oxides in the oxide particles dissociate to re-establish it;-
XxOy <=> xt») t ylD) (4 «')
Thus oxygen for the decarburization reaction Is indirectly 
provided by the dissociation of metal oxides in the oxide 
particles.
There is a simultaneous depletion of reducible oxides in the oxide 
particles due to their reduction by silicon dissolved in the 
liquid metal:-
CSi) + 2/y H.0, <=> 810, * 2x/y EX) (4,3)
This results in an accumulation of SiOj in the particles.
Nitrogen, being soluble in the liquid metal, may accumulate in or 
be depleted from the bubbles, depending for example, on whether 
argon or nitrogen is being used as the inert gasi-
H, <=> 2EH) (4.4)
The model takes Into account the the change in bubble size 
associated with the decrease in ferrostatic pressure and the 
changes in the gas composition as the bubble floats upwards. The 
associated effects on metal/gas interface equilibria and bubble 
boundary layer mass transfer rates are also cc. ' red.
The change in oxide particle size, associated ■ jxide reduction 
and 810; accumulation, is accounted for, as are tne associated 
effects on boundary layer mass transfer rates.
The oxide particles that reach the slag/metal interface at the top



of the metal bath are captured by the slag phase. The gas cjntent 
of the bubbles passes through the slag layer without further 
reaction and ultimately escapes to the atmosphere via the vessel 
mouth,

) PflP.TIC.l-e.'

Figure 4.2; Schematic representation of a bubble, an oxide 
particle aid the associated boundary layers and 
concentration gradients in the Rising Bubble Reaction
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+■1'5 Itocarburlzatlon reaction at aetal/gaB Interface of bubble
There Is no reference to CO being soluble in liquid iron in the 
literature surveyed. It is assumed" *.:) that carbon and oxygen 
diffuse through the metal phase boundary layer surrounding a 
bubble as it rises upwards through the rising bubble reaction 
zone. They react at the aeta1/gas Interface to form carbon 
monoxide according to the decarburlzation reaction:-
tCl + [01 <-> CO (4.1)
It is assumed"-'-3’ that equilibrium exists between carbon and 
oxygen dissolved in the metal phase at the metal/gas interface and 
carbon monoxide in the gas phase.
It is assumed that mass transfer of CO through the gas phase 
boundary layer at the gas/metal interface is not rate determining. 
Thus, as a simplifying approximation, it is assumed that the 
partial pressure of CO at the interface equals that in the bulk 
gas phase of the bubble.
The partial pressure of CO in a bubsle is a function of the gas 
composition and the vertical distance above the tuyeres tie. the 
ferrostatic pressure).

4.1.6 Mass transfer of carbon and oxygen through boundary layer 
surrounding bubbles

The concentration gradients of carbon and oxygen between the bulk 
liquid metal (in the plume at rising bubbles, liquid metal and 
oxide particles) and the metal/gas interface is the driving force 
for the diffusion of these elements through the metal phase 
boundary layer surrounding a bubble. Refer to figure 4,2 and 
figure hi in appendix A.
The fluxes of carbon and oxygen through the boundary layer are

J c = keus. ft (Cflgr. c-Ci,r' (4.5)
To - keue ,o*(CnET .a“C/.a) (4.6)

using the Higbie Surface Renewi Model discussed in chapters 2

kaui.c - 2*(lV<rm„.0l,„>)'-- (4.7i
kaua.a = 2t <!)«/< m t . W  ) ( 4 . 8 )
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The aouroe of oxygen for the decarburization reaction la the 
dissociation <ie, reduction) of natal oxides (HnO, CrzOa, FeO, 
ate,) at the surface of the oxide particles:-
M,Or <=> x[ H) + yE01 (4.2)
it is assumed that equilibrium exists between oxygen (QJ end the 
metal element CHJ in the metal phase at the oxide/metal Interface 
and the oxide H>Or In the particle surface. Thus it is assumed 
that this dissociation reaction is not rate controlling.

4.1.6 Hass transfer of oxygen through boundary layer surrounding 
oxide particles

A nstal phase boundary layer is also assumed to exist around an 
oxide particle as It floats up through the liquid metal. Oxygen 
diffuses from the oxide particle surface, through the boundary 
layer to the bulk metal phase. The oxygen concentration gradient 
between the meta)zoxlde interface and the bulk liquid petal 
provides the driving force far this diffusion process.
The flux of oxygen through the boundary layer is given by:-

Jo s kcrt.o* (Coi.o-CnEr.o) (4. 9)
The oxygen mass transfer coefficient is estimated using the Hlgbie 
Surface Renewal Model:-
k«.o = 2% <D</(TT*t.,«.))"' (4.10)

4.1.9 Coupling of oxygen mass transfer through oxide particle and 
bubble boundary layers

During the early stages of the model develcpment the oxygen 
diffusion processes through the oxide particle and bubble boundary 
layers were not coupled. The oxygen concentration In the bulk 
liquid reetal was assumed to be uniform throughout the bath at any 
time. The time dependence of this concentration was dependent on 
an oxygen mass balance. However this led to serious Instability 
problems with the numerical integration procedure used at the time 
lprior to the much later adoption of more sophisticated 
Integration techniques11*’).
in an attempt to overcome this problem, the mass transfer of 
oxygen through the oxide particle boundary layer was directly 
coupled to that through the bubble boundary layer. The physical 
implication of this simplifying assumption is that an oxide 
particle (alttiough disengaged from Itc corresponding bubble) rises 
up, together with liquid metal. In "close association" with a 
bubble. It also Implies that the oxygen concentration In the bulk



particles varies with vertical position. This rather artificial 
approach to solving what was essentially a numerical analysis 
problen Is recognized as a weakness In the model in Its present

In the model the decarburlzatlon rata Is a function of the mass 
transfer rates of oxygen and carbon through the bubble boundary 
layer and oxygen through the oxide particle boundary layer.

4.1.10 Hass transfer of nitrogen between bubbles and liquid metal
Sltrogen mass transfer also takes pl ĉe between the bubble and the 
bulk liquid metal. It is assumed that equilibrium exists between 
nltmgai; dissolved in the metal phase and nitrogen in the gas 
phase at the metal/gas interface:-
h, <=> atm <4.4)
The concentration gradient of nitrogen between the bulk liquid 
metal and the natal/gas Interface provides tha driving force for 
diffusion through the bubble boundary layer. As discussed in 
chapters 2 S 3, the mass transfer rate of nitrogen is reduced by 
the presence of surface active elements such as sulphur and oxygen 
In the liquid metal.
The molar flux of nitrogen through the boundary layer is given 

Jn = kous, H* fCng r H-C i. *) <4,12}
The nitrogen mass transfer coefficient Is estimated using the 
Higble Surface Renewal Model:-
W.. = 2*(D«/(mt..M ))''« <4.1?)

4.1.11 Reduction of oxide particles bv silicon
The Independent reduction of the oxide particles by silicon Is 
allowed for In addition to the indirect reduction by carbon 
discussed in 4.1,4 and 4.1.7 above. The following equilibrium is 
assumed to exist at the metal/oxide interfacs:-
ESil 2/y M,U /= SiO, * 2x/y tXl '4 ;< ■

4,1. ... K,v>'j transt-n ai silicon through boundary layer surrcrjn.tlnp 
yxlde-Parl.iGles

Tlio i o f  the reactions represented by equation <4,3) ar» 
assumed tn dopnn.i on the diffusion of nilicon through the nrntal 
phase bouudarv layer vurroundlng an oxtdo particlo. 'Iho 
concentration grodior.u ot ylllcon betw-ioh thi- bulk liquid motal
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Thus the molar flux of silicon to the oxide particle euriace Is 

Jn  = kfli,si^(Cmr.ei"Coi.si 3 (4.13)

The silicon mass transfer coefficient is estimated using the 
Higbie Surface Renewal Model:-
to,,.,, « 2*(D«i/(TT'l’t«.«.> " (4,14)

4.1.13 Dissociation and reduction rates of individual oxides in 
oxide particles

For each of the overall carbon reduction reactions represented 

1/y K,0, + (C) -> CO + x/y IKJ (4,15)
the individual oxygen flux originating from the dissociation of
the oxide represented t-> Is  .. to he in proportion
to the magnitude of the Gibb’ a free energy of the respect '.va 
reduction reaction, Therefore, for example, the oxygen fluxes 
Jo.k.ov for the dissociation of HnO, Crj03 and FeO are given >v;-
Jn.nm = 1 0*S5i«i0. i;/Ẑph.o, .c (4.IS'
Jc.Craio * Jo*AGenM.c/Zfrtinx<!r. I <4-17)
.r«o - Ja*£pFB0,c/r£pn.0*.t (4, 18)

Although not specifIcali. indicated, the model can also allow for 
other oxides such as MoU, and MID.
The total oxygen flux J„ is the sura ol the Individual nxygen 
fluxes:-

•Jo " Z I O.n-Or (4.19'

Similarly, the individual fluxes ol silicon to ruduve uach of the 
oxides repreoonted by K.U, ac o:ding to the reactlon:-
£/} H.0, + [UiJ ■ tilU, * <;x y i K) >4.̂ «)
arti assumed tn bo in proportion to thy magnitude to the Ultib’ 
free energy of the respective reduction reaction-;, Thnraioto, lui 
example, the Gilicon fluxos. ^  tov the reduction ol KnU,
CrjOj an<l Fol) arc given l>v:
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i f*o - Jei ̂Gpee.a /Xtfirub, ,ei
e total silicon flux Ja, : 3 individual tlu>

(reverse) reaction t
.0 take place if the free 
1 Is made by Tiot allowing a 
its free energy is positive o

The fluxes of oxygen a 
resulting changes in t

I silicon associated with the dissociation 
lual oxides are used to calculate the 
i vertical oxide flowrates.

m constants
hat, during the tine that a bubble and its 

associated oxide particle travels through the rising bubble 
reaction zone, the temperature of the bath remains constant. 
Therefore the equilibrium constants (functions of temperature) 
that are subsequently used repeatedly in the model are calculated 
at the outset.
The equilibrium constant Kco for the decarburization reaction at

sasic thermodynamic principles

Km = pV(ExplUtsl‘5t}H:j,0b*Te)''tK*ff,> m i r* tl,J

For elements displaying Henrian behaviour, • 
constants K6,,., for the dissociation rea<-t<p 
the oetal/oxide interlace:-
1/y HZ). <-> x/y [«KJ '

- £xp[-Aij-0,1.J/<R<
- Expi-<-A,/z,.,*/ 
+T0K-B, /2.,, ■‘■Bo+

1



In the cose of oxides of elements displaying Saoultlan behaviour! - 
1/y fUJ, <-> x/y IK) t C'AOl <4.27.2)

Koie.j ’  Exp( -ip'on,.]/CRXTiji)
= ExpE - <-A.,/tr ,,+Aa+tat <-B,/zv, ,+Bp)) / (RtTo) 1 (4.28.2)

For the dissolution reaction of nitrogen at the metal/gas 
interfaoe:-
1/2H, <=> 1XH3 (4.29)
the equilibrium constant K, Is given by:-

&  = Sxp( 1-3598-23.89*TD)/ (R*T0)) (4.38)

4.2.2 Outline of procedure for calculating gas and oxide flowrates 
as functions of position

Ac bubbles float up through the rising bubble reaction sons, 
variables such as their diameter, surface area, gas content, gas 
partial pressures, rising velocity, fluxes of dlffue*. ; elements, 
etc, change continuously as Indirect functions of distance below 
the slag/metal Interface. This also applies to the oxide 
particles. These variables are used in the formulation of the 
simultaneous first order differential equations that describe the 
rate of change (with respect to bubble height above the buyer is) 
of the integrated vertical gas and oxide flowrates.
As an approximation, the metal bath (from the end of the tuyere 
reaction zone to the slag/metal interface) is divided into a 
number of uniformly spaced Imaginary horizontal planes or levels. 
The differential equations are numerically integrated from one 
level to the next using a Runge-Kutta or Bulirsch-Stcer method 
with automatic step length control.
Ao an approximation It is assumed that the temperature, 
composition and density of the bulX liquid metal are independent 
of vertical position in the bath, ;Ms excludes the localised 
oxygon content of the liquid metii iundated with the bubble 
pluoo (because of the coupling dice, ’d in 4,1.9 above).

4.2.3 Calculation of variables relating to bubbles at a vertical 
distance h above the tuyeres

The vertical distance x M  the bubbles elow the slog/metal 
interface is given byi-

where xtu* Is the depth jf the tvyorco below the ,'1%% '-rtnl



interface and b le the vertical distance between e bubble and the

The total gas flow rate H'woOi) through the plane distance h 
above the tuyeres ias-
8'Wt<h) = H-M <hMH'„Ch>*H'„<h) <4.33)
Hote that the oxygen flowrate H'M (h) is negligible and le assumed

The ferrostatic pressure P(h) is given by:- 
P(h) = (Paint <̂>* (X,i,Y-h)+j3St.=tXa«) J/101325 <4.33)
The diameter deuoih) of a bubble is given byi-
<Wh> = <e*HVa<h>MB*TV<mnm6*2?3,19tP<h)))’'a (4,34)
The surace area /̂ (̂h) of a bubble is given byi- 
AounCh) = TOdev.th)1 (4.38)
The partial pressure P,(h) of the J'th gas in the bubbles is given 

P<(h) s PChlXK'ô a,j(n)/K1(ies(h) (4.36)
The rising velocity of bubbles has been discussed in sores detail 
in chapter 3. For small bubbles (diameter less than 1mm) the 
rising velocity Uw/h) le given byi-
Uuve(h) - 0*(j>-j)we)M,v.<h)V<18*^> (4,37.1)
For large bubbles (diameter greater than 10mm) the rising velocity 
is given by:-
UauoCh) = l,02*(GMovo(h)/2)'" (4.37,2)
For intermediate elsed bubbles (diameter from 1 to 10mm) the 
i Ibiiig velocity io given byi-
u*w(b) = (dcuo(h)-®, 001)*((Y2-Y1)/(0,01-0,001.’ )tYl (4.37.3) 
wherei-
Y1 = Q*p*0,001V (18*y) (4,38.1)

Y3 = 1, 02*10*0,01/2)": (4.38.2)
The ootlmatlon of maos tranefer coeiiic it," the diffusion of
carbon, oxygen and nitrogen through the • t baoo t-oundury layer
currcunding a bubble hu:, htmn dlccufooi , ->.'i 3.
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kD»,c(h) = 2*<De?u0l,0<h)/(n*dccB<h)))''1 ( 39.1)
W.oCh) = 2*(Do*Uou6(h)/(TT*dBua<h)! > <i.S9.1>

Tie jbbbs transfer coefficient keve,«(h> tor nitrogen Is given by: - 
hun.,(h) = l/(l/kSva,M(h)+l/k"N) (4,46) 
wLerei-
k '6w.K( l)  = 9* (W n w  (h) /  (TTM*, O ) )  ) " "  <4.41,1)

k'„ = - e l 27E-4+6,34B-7*<457-562*Ln(%ef0,®763*%g.’ '»))

The equUlbrltiii, nitrogen % concentration %g.,(b) dissolved In the 
me tel phase at rhe natal/gas Interface of the bubbles is given

he equilibrium concentrations of carbon and oxygen dissolved in 
!i« ifr-fcsl phase at the metal/gae Interface are taken into etcount 
ct the derivation of the decarburization rate equation discussed 
n appendix A,

The total nolar flowrate of oxides B[nl (h) is , iven by: - 

K’o> th) == LH'c.jCV (4.43)

Xax .j = y'oe.v (h )/y  ̂  (h) (4, 44)

The volyaetrlc flowrate Qn,(h) of oxide particles le given by:-

£  'H'ox.j (h) XMox. j/jioir.j) (4. 45)

4



The maee £low rata VD,<h) of oxide particles isi-

V0,(u) =• I CH'm,, (lijmi.i) (4,46)

The molar flowrate V'ol(h) of reducible oxygen In the oxide 
particles (ie, oxygen combined with Hu, Cr, Ho, Ni and Fe> is 
given byi-

V*0,(h) = pj<S'«„<h)*ZY.,> (4,47)

This vc. -table Is used to test whether the rising bubble reaction 
model can proceed to the next level or whether premature 
termination is necessary because all the reducible oxides in the 
oxide particles have been exhausted.
The density po.-'b) of the oxide particles isi-
p=x<h) = W0,(h)/Qn«(h) (4,48)
The radius rox<h> of an oxide particle isi-

rn.th) - (3*Qo,(h)/(4*i‘T*nDUD>>’'3 (4.49)
The surface area Ao,(h> of an oxide particle isi-
Aa,(h) = 4*mrll,(h>’ (4.50)
The oxide particles are assumed to behave as rigid spheres. They 
rise with a velocity (relative to the built liquid metal in the 
plume of rising bubbles) that can be calculated with Stoke’s law. 
The mass transfer coefficients (for oxygen and silicon diffusing 
through the motnl phase boundary layer surrounding an oxide 
particle) is derived by combining Stake’s Law and the Hlgbie

Thuu the mass transfer coefficient k0>.Li(h) for oxygen is;-
Wo(h> = (1, 367tD.*r„ (h)S(p-p., (h)) /p) (4.51)
flJid for silicon the maco transfer coefficient Ip,,.,, (h) isi -
ku,.c,(h) (l,3U74I)cl*ro,(h)*(f-f0lCh))/)i)w’ (4.52)
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4.2.5 Calculation of Olbb s free energy of reduction of metal

aetal oxides4,2,5.1 Carbon
For the carbon reduction of oxide M.CX (for elements displaying 
Saoultlan behaviour) according to the reaction:-
1/y MiOv + ESC) -> x/y Iffl * CO (4.53,1)
the Gibb's free energy £fi, x (h) Is given by:-
A0j,c(h) = (-A,-B,*T6)/2,.r  133391-45, 8 7 m e

+E*Te*Ln(<X«T,i**Zi,j/Xo«,j (h) )*t(l/z», i)*̂ !!!))

*c(h) = P„(h)/(SC*ft!) (4.55)
In the case of the carbon reduction of oxides of elements 
displaying Henrlan behaviour:-
1/y M,0» + ESC) x/y ESH) * CO (4.53.2) 
the Glbb's free energy is given by:-
AGj.clh) = (-A.-BjtT̂ /z,, ,-133391-46,97141,

+ a.+B,*TB)*<z<. /z,.,)+SXTB*Ln%(h)) (4.54.8)

%(b) = {(Xg<*f,)m,.//X,1.,(h))**(l/Zv,I>*4‘(h) (4.56)
and 4t(h) is given by (4.55) above.

4.2.5.2 Silicon reduction of metal oxides
For the silicon reduction of oxide M,Ov of elements displaying 
Saoultlan behaviour:-
CSSi) + 8/y M,0, -> 2x/y EX) + SiO- (4.57.1)
the Gibb's free energy AGi.aXb) is given by: -
AGj,si Eh) - Asioj-2*A,/tv.j-Asi

+T*tEBs,„-2*BJ/zv,rB91)+H*lB*Ln<+s, (h)) (4.56.1)
where tei Ch) is: -
4,, <h> = (Xmr.tttxt, ,/Xot., (b)/** (2/z>.,) *X,»,eiojEh)/(!4Si*f si) (4.59.1)



For the silicon reduction of ox!das of elements displaying Henrian 
behaviour:-
EXSiJ + 2/yHS, -> 2x/y[XH) + SiO, (4.57.2)
the Gibb's free energy is:-
iGj.uCh) = Asim+2/z».,*<-A, +Z1.1

+T,*(Bsii2+2/Zy.,*(-Bj+z,, ,%B, )--Ba,)
+RXT.*Ln(V„(h)) (4.58.2)

where (h> is; -
Vsi(h) « ((eS,«1)«z..J/X=,.,(h))**(2/z,lV*X0,.,l„1(h)/CSSitisl) (4.59.

4.2.5.3 Combined reduction of aetal oxides
A simplifying assumption Is made in the model"-21 that only those 
reactions with negative free energies may proceed (le. the 
reduction of metal oxides in oxide particles Is considered, for 
the purposes of the model, to be irreversible).

£fjj. = <h> > @ (4.69.1)

AG,.c(h> = 0 (4.68.2)
Similarly, ifi-
frjj ,si (h) > e (4.61.1)

AG. ei <h> = e (4.61.2)
Thus, the sum ai the free energies for reduction by carbon Is:- 

#c(U - 1 A9,.c(h) (4.62)

and for silicon It is:-
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6 Calculation of nxvgen concentration la metal phase a

As a simplifying approximation, it Is assumed that the oxygen 
concentration Qj,.0(h) in the metal phase at the metal/oxide 
Interface is determined by the reaction:-
MiOy <=> x(Ml + yE01 (4.2)
that gives the highest oxygen concentration. This is determined by 
calculating tie oxygen concentratlr In tbs natal tor each 
reaction and selecting the highest. Strictly speaking this means 
that all other reduction reactions are going in reverse, but as a 
simplifying assumption this has been abitrarlly prevented in the 
previous section.
It is also assumed that the concentration of each element M at the 
interface is . .iproxlaa+cly equal to its concentration in the bulk 
liquid natal. The activity of each oxide is assumed to be equal to 
its molar fraction Xc,.,(h).
Thus G,,.0(h) is given byi-
Cos.B<h) = Hax(C“o>.i (h)) (4. 64)
where, for elements displaying Saoultlan behaviour
C“.,.»<h) = Kni..,»Cp/(f(1*lM®))»<XM .,<b)/X«T.J***,l()**<l/z,,,)

For elements displaying Benrian behaviour:-
Cc,.,(h> = K„„.J*(p/(fo*16®0))*<Xo,,,(h)/(%iilttJ)*l:z«.,)**a/z,.,)

4.2.7 Calculation of silicon concentration In the metal phase at 
the metal/oxlde Interface

The concentration of silicon in the metal at the metal/oxlde 
interface of an oxide particle at a distance h above the tuyeres 
is determined by the reaction:-
CSi3 + 2101 <=• SiQ, 14.06)
The oxygen concentration is as calculated in the
proceeding section. The 810, activity ir. the oxide is assumed to 
be equal to its molar fraction Xo..s,o2'h>. Prom the equilibrium 
constant of the reaction represented by 4.60 it can be shown that 
the molar concentration of silicon at the interface is g' ty
Q,,.».<h) = Xj,.,,0!lh)*j)VEBxp< (5y4128-212,67Hp>/(K*T») 

*7,19104U9UC,,, „ih>*f0)>] !4.
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For coupled oxygen fluxe 
the decarburlzatlon rate rc'.a/ et a 
tuyeres Is given by:-
f«<h) « <-B-m*S-iU*C>''*>/(2*&>

n„=fA8ue(h))»:*2)+kWB,<,(h)/(iiev,**2*A=„,i;h)*Ate (h)Xk„.0(li)) (4.6

4.68 end 4.69 ar

a height h above the tuyeres is given 

m (h)%kox. si (h>*(Kr*T,ei (h )) (4.70)

f the differential equations describing the

d(S'oi(h))/dli = fe<h)/uBU8<h) (4.71)
Therefore, tko CO tlowrate a* a height h+^h above the tuyeres 
given by:-

K'coCh+̂ h) = N'colhJ+j’ (r^h)/uK1B(h))dh (4.72)

The rate of change of the Sifts flowrate Is given byi - 
d(H5,0i!(b) )/dh = rsi (h)/Veu6(h) (4.73)
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Similarly, the SiO, flowrate at a position h+̂ Ji above the tuyeres 
is given by:-

lU,«<h+ih) = K„0I(h)+| Cfs.thlAWhHdh (4,74)

The rate of change of the j ’ th oxide H.O* flowrate is given by: -
d(K'«,,(h))/dh = (Yc.l(h)+rei,J(h>)/uw,(h) (4,75)
where j = 3, 4, ... and:-
Yc, j (b) = -rc(h)4iGi,c<b)/<iGc(h)*Zv,j> (4.76)

Yll,J(h) = -r«i (h)42*6,Gj,„ (h)/<̂ 3,, (h)*z,,J) (4.77)
Therefore the flowrate of the j1 th oxide K,0, at a height htyi 
above the tuyeres is given by:-

H'ax.j (h+ih) = HV,<h>+Jr<<Yc,j(hmB,.,(h>)/UBUB(h>)dh (4.78)

The rate of change of the nitrogen flowrate is given byi- 
d(Hl„(h))Zdh = Jm(h)/Uw0(h) (4.79) 
where JN,(h) is given by: -
JwCh) - <h)*aKBthWi(h)Xp*(%£, (h)-SN)/(H,m0) (4. 80)
Therefore, the nitrogen flowrate at a distance h+ih above the 
tuyeres is given byi-

H'«(h+ih) = H'«(h) + j  "(t:(h)/UBu«(h))dh (4.61)

The bubble depth below the Rlag/metal interface at a vertical 
height h+^h above the tuyeres is simply:-
X = Xrv,- (h+&h) <4,82)



4.3 numerical Integration between the level h and h+Ab above the
tia-sreg

The relevant equations presented In section 4,2.6 above (it, 
equations 4.72, 4.74, 4.76 and 4.82) are simultaneously Integrated 
through successive vertical distances dh using a Runge-Kutta or 
Bulirsoh-Stoer method’8 incorporating automatic step length 
control. The procedure terminates when x=@ (as given by equation 
4.82 above).

The results of typical simulations are presented in figures 4.3 to

In figure 4.3 and 4,4 the flowrates of gases and oxides in the 
Rising Bubble Reaction Zone are presented as functions of vertical 
distance above the tuyeres. The bath chemistry and temperature are 
typical of those at the commencement of the Initial 3:1 blow of a 
364 type austenitic steel. In this simulation HI and Fe were 
allowed to be participating elements in addition to C, Si, Kn, and 
Cr. The Initial bubble diameter at the tuyeres (at the start of 
the tuyere reaction zone) was an arbitrary 15mm,
It can be seen from figure 4.3 that decarburlzation is extremely 
rapid during the first 166mm that a bubble rises. Thereafter 
decarburlzation is almost negligible, From figure 4,4 it ie 
evident that this very high decarburlzation rate corresponds with 
very high reduction rates of particularly the HiO and FeO and, to 
a lesser extent, the CrjQ, Initially in the bubbles leaving the 
tuyere reaction zone. This can be attributed to the high oxygen 
potentials associated with particularly the former two oxides.
In general very high decarburlzation efficiencies (93-948) are 
predicted by the model when Hi and Fe (and Ko) are allowed to 
participate, Significantly lower decarburlzation efficiencies are 
evident when only Si, Hn and Cr,03 are allowed to participate. The 
model might well be improved if it were to be re-formulated to 
allow reduction of HiO, HoOa and FeO by Cr and Hn in addition to C

Deslliconlzation can be seen to continue well beyond the position 
in the bath where decarburlzation has ceased. This is accompanied 
by further reduction of HnO and Cr;Oa,
From figure 4,3 It can be seen that nitrogen goes Into solution 
from approximately 168mm to 408mm above the tuyeres. This is 
because, in this region, the partial pressure of nitrogen In the 
bubbles is higher than that representing equilibrium with nitrogen 
dissolved in the bath. Thereafter, as the ferrostatic pressure 
reduces with increased height above the tuyeres, nitrogen starts 
to ccss out of solution. This is evident from the increase in 
nitrogen flowrate from 400mm to 1100mm above the tuyeres.
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The initial increase In the nitrogen flowrate from titan to I Worn 
above the tuyeres is difficult to explain and nay represent a 
degree of instability in the integrator associated with the choice 
of initial step length and precision la a region characterized by 
very rapidly changing gas cocposition in the bubbles tie. very 
high initial decarburization rate). A more typical nitrogen 
flowrate vs. height trajectory is illustrated in figure 4.5.
In figures 4.5 and 4.6 the flowrates of gases and oxides in the 
Rising Bubble Reaction Zone are again presented as functions of 
vertical distance above the tuyeres. The bath chemistry and 
temperature are typical of those at the commencement of a 1t1 (ie, 
aenPOimin-1:Stia’Niiain-1) blow of a 304 type austenitic steel.
In this simulation, Hi and Fe were allowed to be participating 
elements, in addition to C, Si, Hn, and Cr, The initial bubble 
diameter at the tuyeres (at the start of the tuyere reaction zone) 
was an arbitrary 15mm.
Similar trends are evident as in figures 4.3 and 4.4, There is 
initially a very rapid increase in the CO flowrate associated with 
the reduction of FeO, $10 and CrjD,,
Hitrogen rapidly goes into solution in the first 300am above the 
tuyeres. This is because the partial pressure of nitrogen in the 
bubbles is greater than that in equilibrium with the nitrogen 
concentration in the bulk liquid metal. Thereafter it starts to 
come out of solution again to some extent as the ferroetatic 
pressure reduces with increased bubble height above the tuyeres.
In the case of the oxides, rapid initial reduction of HiO, FeO and 
CrjOj by carbon is evident. Reduction of oxides by Si is also in 
evidence with the increase in the SiO» flowrate.
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PlKure 4.3; Typical Rising Bubbla Soaction Model data output In 
rsspect of gas flowrates resulting from a 3:1 OjiMz 
blowing ratio and an Initial Ibnin dlamoter bubblf at 
the tuyareo.



&£¥£!!...Typical lUibblc Hoactlin Model data output In
blowing ratio and an Initial Ibnui dlamtor DuVblo at
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Plgnrp 4.5i Typinal Rising Bubble Reaction Model data output In

i



Hffuro 4.6; Typical Rising Bubble Beaction Model data output in
i Initial 15mn dieneter bubble e



5 TODBL FOR THE HETIHATIOM 01' THB BATH DBPTH AT THE TUYERE LEVEL

S.1 introduction
A cross sectional view of the AOD vessel shell and its lining is 
presented In figure 5.1,
The lining thickness varies according to both position (some areas 
are, by design, significantly thicker than others) and its age 
(measured in terms of heats processed). Thus the metal depth at 
the ttyere level (and hence ferrostatic pressure) has to be 
calculated numerically on a heat far heat basis, This is also so 
because variable metal and slag volumes have to be taken Into 
account, These change from heat to heat and from the start to the

In the model it is assumed thati-
(i) the lining thickness decreases linearly according to the 

number of beats processed (is. lining's age);
(11) the lining wear pattern te the same on either side of a

vertical plat, cutting the vessel in half between tku #2 mrt 
#3 tuyeres (refer figure 6.3 in chapter 6).

Referring to Fig 5.1 it is evident that the vessel consists of 
four distinct zonest-
(i) the base consisting of the segment of a sphere;
(11) a lower conical section;
(ill) a cylindrical middle section;
(tv) an upper conical section referred to as the dome.
Proa operating experience it is known that most of the lining wear 
takes place in items (1), (11) and (Hi) above. Lining wear in the 
duue Li negligible in comparison and ran he ignored. This is 
because the level of the bath never extends into the dome except 
when the vessel is tilted into the horizontal position.
The now and old working lining thickness of tha base is given by 
BT, and BTj respectively, wherei-
BTi = 350am and BT, - 200 mm,



Figure 5.1; Vertical cross section through vessel shell and lining



Lining thickness data ter items (11) and (ill) Is presented in 
Tables 5.1.1 (new lining) and 5.1.2 (worn out lining), For 
computational purposes in the model, this data Is stored in a 
three dimensional matrix LT, where 1, j and k are interpreted 
as follows:-
i = 1 i r 2 where 1 denotes the new working lining thickness; 

and 2 " " old " "
j = 1,2,...,33 where j is the brick layer number;
k = 1,2,...,7 where k is the radial position, In 30° increments 

from 0° to 180°, relative to the midpoint between 
#2 and #3 tuyeres.

The new working lining thickness data is the actual thickness of 
the brickwork of a newly installed lining. This excludes the 
backup lining whose thickness remains constant and which is taken 
into account separately,
The old lining data is an average of the actual thickness 
measurements, taken'1 during lining breakout and rebuilding 
operations, for a large number of linings installed to date. The 
backup lining thickness is excluded.
The lining thickness data for the lower conical and cylindrical 
sections is summarized in Tables 5.1.1 and 5.1.2 on the following

The lining thickness of the upper conical section or dome is 
assumed to remain more or less constant throughout the lifetime of 
a lining. Although this is taken into account in the model for 
heat flow through the lining (see chapter 7), the dome is not 
considered in the tuyere depth model. This is because the vessel 
Is never filled to the extent that the surface of the slag layer 
is above the top of the cylindrical section when the vessel is in 
the vertical blowing position.
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Radial Position 1

Working Lining Thickness in Millimetres

TABLE 5.1.1; Hew working lining thickness of the lower conical and 
cylindrical sections of the vessel



Radial Position n Degrees

‘ 36 5® 120 m 188
Working Lining Thickness in MillimetreB

33 M* 133 125 160

TABLE 5.1, 2: Final working lining thickness of th- oner conical 
and cylindrical sections of the vesse.



5.2.1 Calculation of metal and slag phase densities and volume
In order to calculate the tuyere depth and associated ferrostatio 
pressure, the volumes of liquid slag aad eetal corresponding to 
the known masses of these phases are required. Density data for 
the slag and metal compositions typically present in the ADD 
process does not appear to be available in the literature for the 
temperature range 1450-1750“C. However, density data is 
available'9 for the i'th pure metal and the j'th pure oxide as a 
linear function of temperature Ti-
pi (T> = A. + B,*T (5.1,1)
p=tl (T) = Acx.i + (5.1,2)
where A,, Aoi.j, B, and Boi.i are constants,
The model in its present fora usep the Individual densities p, and 
fax. i for each component at 185@°C to calculate metal and slag 
volumes; -

Vr, = Z (m[«T,ii')Ji) (5,3.1)

Veue “ i- (:iis.<a,j/p1i.6.,) (5 .2 .2)

It Is assumed, as an approximation, that there is no ’lange in 
volume with mixing.
The temperature dependence of density could be built into the 
model at a later stage without any difficulty if this was 
considered to be necessary.

R'2.% Calculation of mtal yolmae below tuyere level 
Tbe metal volume VB below the tuyere level is given by:-

Vo = V,,+2*(l: dV,)+dV, (5.3)

Hote that the tuyeres are located In the middle of brick layer S3.
Vor Is the volume of the segment of a sphere forming the bottom of 
the vessel and Is given by:-
V, = (TT/3) *h,"* (3*r (5.4)
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rEP and b* ore the radius and height of the segment of a sphere 
and are given by:-
r„ = 3,3-<e,13+X> (5.5)
hsp = 0,62-(0,i3+X) (5.6)
where X is the brick thickness of the vessel floor and is given 

X = BT,-(BT,-BT,>m,/VL2 (5.7)
BTt and BT, are the thicknesses of the vessel working lining floor 
bricks for a new and worn-out lining respectively,
VLi and VL, are the vessel lining age (heats complatad to date) 
and estimated lining lifespan (beats completed by the time the 
lining is replaced) respectively,
dVj is the volume of the "half disk" of metal of thickness 141=0, la 
<ie, the vertical height of each layer of brloka) enclosed by the 
j'th layer of bricks. dV, is estimated using Simpson's Buie to 
integrate, at 30° intervale, from 0° to 180° and is given byi-
dV, = 0,5*TT*(30/180)tDH*(l/3)*(r1,o°+2*(r1,M“+rJ.l2.°)

= DH*n/36*(n,,:+2*(r,,M°+r,,,,,')+# <r,,=»+r,,*°+r,,,..°)+r,,,,.°) (5.
where r,.» is the inner radius of the lining at brick layer j and 
radial position V degrees from the midpoint between #2 and #3 
tuyeres, It is given byi-
r,., = 1,476+0,04*(J-l)-(LT,.,..-VI„t(LT,.f,l-iTs,J,i,)/VL2+0,125) (5,9)
Note that equation 5.0 holds only for the lower conical section 
where 0<j<19,

5.3.3 Calculation of the vertical distance between the tuyeres 
and the elag/mtal Interface

The metal volume V* above the tuyeres is given by:
V» « V„-Ve (5.10)
ofiauming that the vessel is in a vertical position and no gas is 
being blown.
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The vertical distance between the tuyeres and the slag/roetal 
interface is Iteratively calculated by establishing at which brick 
layer number n the fallowing condition first appiiee;-

V, i (dV,t2%Z dV.) <5.11)

For 4<J<_15 equation *..1.1® applies.
For
rllB = 2, ®35- < CLTi.i,«- <I<T,, ,,»“1.T3, ifk>*VI.,/VL,)+0l 138) <6.18)
Equation 5.8 still applies for determining dV,.

V, < <dV,+2*£dVj) <5.13.2)

then the slag/metal interface is at some intermediate position up 
the side of the n'th brick layer.
The distance xTiiv between the slag/metal interface and the tuyeres 
is given by one of the following;-

V„ = <dV,t2*£dV,) <5.13.1)

Xu,, « 0,05+<n-4)*0,10 <5,14,1)

V, < <dV,+2*r dV,) <5,13.2)

Xu,, = 0, 05+<n-4)*0,10tdb <5.14.2)

dh = 0ll*<l-(dV3-f2X5:drrV,)/<2*dV„)) <5. 25)
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5.2.4 Calculation of the thickness of the sla* la/er
The thickness of the slag layer xste is calculated as follows. If 
the slag volumei-
Va., < 24dV,tt0,l-dh)/B,l (5.16,1)

jc*., = 0,l*V!vc/(2*dVn) (5.17.1)
where 2*dV„ is the volume element bounded by the n1 th brick layer 
that contains the slag/metal Interface,
However, if; -
VBLa ) 2*dV„*C0,l-dh)/M (5.16.2)

Xsua = (0, l-dh)*2*dV„/0,1+0, l^Cp-n-D+dhsta (5.17.2)

where p is the brick layer number of the volume element containing 
the top surface of the slag layer, "p" is calculated iteratively 
by establishing at which brick layer number the following 
condition first appllee:-

VSu, < (#, l-dhmtr/e, 1+3*1 dVj (5.16)

For 4<J$15 equation 5.9 applies.
*or J)15 equation 5.12 applies.
Equation 6,8 applies for the calculation of dV,.

If Veu, = 2*dV„*(0,l-dh>/0,l+2S£dV, (5.19)

then dhgu, = 0 (5.20)
If VBl0 ( 2*dV„*(0,l-dh)/0,l (5.21)

dlk„ - 0, iy(2-(2fdV.,y(0,l-dh)/A,l+2*LdV,-V,L=)/(2ydV„)) (5.22)
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5.2.5 Calculation of the ierrostatlc pressure at the tuyere level
Having calculated the distance Xrirv between the slag/metal 
interface and the tuyeres and the thickness Xsu> of the slag 
layer, the ferrostatic pressure PT̂  (In atmospheres) at tuyere 
level can be calculated:-
Fw. = (Ptrr+G* 1/161525 <8. 23)

Pflm = atmospheric pressure <H/m2)
G = acceleration due to gravity (m/s2)
The density ji of the metal phase Is given by: -

^ = (L nh6r,j)/(21 (Bnur, j/^j) 1 (5.24)

and the density of the slag phase is given byi-

Jkus - (Z2m$ua,j)/<K (mao.ĵ b.9,j)) (5.25)



PACE SURFACE AREA OF THE REFRACTORY LtMIKi

5,1 Introduction
For heat balance calculations the vessel lining thickness Is an 
important variable, as is the surface area of the lining in direct 
or radiant heat contact with tie slag and metal.
However, linin0 .hickness is a function of both position in the
vessel and the number of beats that have been made to date. 
Strictly speaking, lining thickness at any particular position 
decreases at various rates (depending on factors such js the stage 
in the process, recent thermal history 01 the Lining, slag 
chemistry, localized temperature, velocity gradients or the bath, 
to nane but a few) throughout the heat.
Quantification of the rate of lining thickness decrease ic a 
complex problem and, for simplicity, the following assumptions are 
Bade in the nodel In its present formi-
(I) the lining thickness renalns constant for the duration of a

(II) the lining thickness decreases stoj-.vlse in constant
decrements fron heat to heat during tho course of its life,

These assumptions are graphically illustrated in Fig. 6.1. The 
nodei could be refined to make lining thickness s continuous 
function of "ouisulatl.ve metal contact tlmv”. However, it is fnlt 
that the uncertain benefits to be gained v nud be heavily 
outweighed by a greatly increased pricc in uras of computation!

The model structure is of such a nature tli ■ 11 ir; theoretic.: v
poBSlblQ to individually calculate boat 1; u. "r through a 1 
number of discrete volume elements or th<. Iî hj 'to toke In 
account variation In thickness with nosii ■ .1: m  'he vessel) 
covering the entire lining surfa-.?. Howov i. Mu option hai lot 
been adopted because of the innruas -id ro'T.;-ii "i i ■■ and computu uiml 
time. It i-i also considered unlik.'ly thu .ii:v :t.i it boneiit .ould 
be obtalneo. tn torus of accuracy.
An on approximation, hoat flow tli: -ig]- L' , :.f; iu modullvii oa
if the ' ining was a parallel cl<io plat ni ■ valent thlcliner.G
Yu« and hot face aurfaco area Rum I'M;. c... i nn a
simplifying assumption that tbi.< i.::,ido and u;. idc aurfucd 
tenperaturep of tne vessel lining and clmll ' uniform over the
respective surfaces,
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Plgura 6.It Simplifying model of the dependence of lining 
thickness on heat number

This assumption is obviously not strictly true, particularly for 
the outside surface of the veseel where relatively high localised 
temperatures (compared to other areas) can be expected, For 
example, where:-
(I) the lining ie comparatively thin;
(II) the heat transfer rate from the vessel shell to the 

surroundings ie comparatively low for one or other reason 
Cog, a build-up of slag encrustations),

It also does not take into account that convective heat transfer 
taken place from tho liquid metal and slag to the "wotted" areas 
of the lining, In tho vessel dona however, heat transfer by



radiation and gas convection could be expected to be the 
doninatlng Bschaulsms, Thus it could be expected that the
refractory surface temperature la direct contact with the liquid
phases nay be marginally higher than that in contact with the gas

Nevertheless, any inaccuracies due to these simplifications can be 
dealt with using suitable empirically determined correction 
factors if subsequently found to be necessary. This also applies 
to the Inherent simplifications associated with the equivalent 
lining thickness concept to tie developed in tbe following section,
In calculating the "equivalent lining thickness” the well
known analogy is nade of thermal resistance with the equivalent 
resistance of a nuuber of resistors connected in parallel, This Is 
illusirated in Figure 6.2 below, together with the following 
exolanatlon which is included for sake of completeness.
Etch resistor is equiv itit to a discrste volume element of the 
vessel lining. Each • istor's resistance is analogous to The 
rssistance to heat 1 .w through the refractory brickwork 
associated with the corresponding volume element. The resistance 
to heat flow is approximately proportional tr. the thickness of the 
refractory and inversely proportional to the cross sectional area 
perpendicular to the direction of heat flow. The voltage drop 
across the resistor network is equivalent to the temperature 
difference between the Inner "hot face" (In contact with the 
liquid aetal> and outer surface of the refractory lining Un 
contact with the vessel shell),

V, 2. I, - Liquid matal 
temperature

temperature

Resistance Analogue ot imrt tlow through loirnctory
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6.2 Kathenatlcal Description of the Model

S.2.1 Equivalent lining thickness
Considering the preceding discussion, the overall heat transfer 
rate Q through the lining is analogous to the total current I 
through the resistor network.
Therefcre:-

is analogous to:- 
Q oc Aun/Yu * (6.2)

ALi« = Total surface area of the lin" uot face,
Yin. = Equivalent lining thickness.
Rtot = Equivalent . tance of the parallel resistor network.

1/Rtht = Z (1/8.) . (6.3)

Similarly: -
(jdA)/Yli„ = J(l/LT)dA (6.4)
=> Ylw = JdA/|u/LT>dA (6.5)

LT = Lining thickness at a particular position.
dA = Hot face surface area of lining at a particular position,
Equation 6.5 is expanded to incorporate the four main sections of 
the vessel (see chapter 5), naaely:-
(I) the bottom (bot);
(II) the lower conical section (con):
(ill) the middle cylindrical section (cyl);
(lv) the i" per conical section or dome (dom).
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■- a  jajl)«,+ C JdAI co»< < jdi) c.itfdA) cm
,(|(l/LT)dA)Mr-Kj"(l/LT)dA)ro,+ (|<l/

.2.2 Bottom aactlon o
a bottom section:-

i - . W

and BT, ■.•nd BT, are the thicknesses of the bottom lining 
(excluding backup lining) at the beginning and end of thu lining’s

BIT * 0,13m = backup lining thickness.
(Ju /L D dA )* ,, * cJdA)MT/mBLT> (6.9)

6.2.3 Lower conical and cylindrical sections of vessel

Figure 6.3: The n'th brick course of the vessel lining

4 - i
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Consider the n'th brick course in the lining where 1 
surface area of this brick course in contact with th 
the vessel is approximated by:-

dA = 2tj” <dx*r„.s)dS (S. 10)

Therefore: -

(j"dA)a,„+(|dA)<:»1. = 2*dx*I < j r„,ad0) (6,11)

. f i

S' V e  - 0/3*(VR„,,+ r,. j+VK», «+VBn, t)+2* (V

Similarly:- 

<j"(l/LT)dA)coi xAT- ( j (Tk, e/LTn,e)

j CrnVMVolde = e/3*(?3.,,/T.,,
6 +4t (VR*,2/Y«,atVBn, V,Yn,*tVSfl,6/Yfl,6)

+2*CVB„,,/Y„,,+VB„VY„,e)+VR„,/Y„,,> (6.14)
Sote that VR,., is the inner radius and Y„.« is the thickness of 
the lining (working lining plus backup lining) at brick layer n 
and radial position k. Thus:-
VR,,. = r, . (5.15)
where:-
0 = TT*(k-1)*30/160 = (k-1)*TT/9 radians (6.16)
For 1 <_ n £ 15 (ie, lower conical section) i - 
VR,.k - 1, 476+0, 04*n-Y,,« (6,17.1)

Yn,k “ LTl,„.,+0,138-(LT,,„.,-LT2,„,l) m lZVl8 (6.16)
Note that IT ,„.k and IT,,are the thicknesses of a new and 
worn out working lining at brick layer n and radial position k 
Refer to chapter 5.



For 16 £ n < 33 <le. cylindrical sectlon):-
VR,., = 2,035-Y„.k (6.17.2)
where Y„,k Is given by equation 6.18 above.

6.2.4 Vessel dona
In the case of the dome It assumed that the lining thickness 
remains more or less constant throughout the life of the lining, 
Furthermore, lining thickness in this section is uniform 
irrespective of position.
Thus it can be shown from the geometry of the vessel dome and its 
lining that;-

(JdAloo* = m(<0,475tl,745>*2,54- (0,475+0, 76)31,5/3) (6,19)

<J<l/LT)dA)M„ = (jdA)m,/0,26 (6.20)

8.2.5 Total vessel lining
The total lining "hot face" surface area Au,* is given by by 
combining equations 6.7, 6.11 and 6.19:-
Aim = (JdA) bot+< |dA) cok+ (JdA) cvl+ (JdA)oon (6.21)
The equivalent lining thickness Yl,m is given by combining 
equations 6.21, 6.9, 6.13, and 6.20;-
Yuk ' Ann/(tJci/LT)dA)Mt+!/(!/'T>dA)eon

t(f(l/LT)dA)c»i*(f<l/LT)dA)»n) (6.22)
In the model, Aim and Yu« are calculated at the start of each
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7 MODEL FOB THE UHSTBADY STATE HEAT PLOV THROUGH THE 
REFRACTORY LIH1HG

7.1 IntroductIon
As a simplifying approximation the vessel lining is modelled as a 
parallel sided plate of equivalent thickness YL]„ and surface area 
A*.». The calculation of Yu* and Au» is discussed In detail in 
chapter 6.
In order to calculate the heat flux between the contents of the 
vessel and the lining, it is necessary to calculate the 
temperature distribution through the lining, Knowing the 
temperature distribution, the temperature gradient of the 
incremental thickness of lining in direct contact with the 
contents of the vessel can be used to estimate the heat flux 
through the metal/lining Interface.
The equation for unsteady state heat flow through the lining is 
solved numerically for each process time step.

7,2 Mathematical Formulation of the Model

7,2.1 numerical formulation of the unsteady state heat flow 
through the lining

Consider figure 7.3 below:-

Figure 7.1: Finite element udel of temperature distribution and 
heat flow through the refractory lining



In figure 7,1, T,.» is the teraperature of tie lining at position Y 
from the natal/refractory Interface at time t since the start of a

For @ <, Y < Yu* the equation of unsteady state heat flow Is given

tx. is the thermal dlftusivity of the lining and is given by:- 
«  = (7.2)

kviN = thermal conductivity of lining! 
jX.m = density of lining;
Cp = heat capacity (specific heat) of lining.
The last three variables are functions of temperature and the 
development of an empirical elation for <*.= f(T> Is presented in 
section 7.2.2,
The boundary conditions far the differential equation 7.1 arei-
<11 T»., = at t « » for » < Y < VlIN <7.3)

Before Initially charging the first heat into a newly lined 
vessel, for example, a linear temperature gradient is 
assumed to exist.

(11) Ti,vUn = Tvg(t) for £ to., < t < £ t6,1 and Y = YL!» <7,4)

where n refers to the n'th process time step (of duration 
tg,„) since the creation of the initial linear temperature 
gradient.
Tvs(t), the shell temparatui is calculated from a heat 
balance taking lulu m.uuuui uual flux frun the lining and 
beat flux out to the atmosphere. This is discussed later in 
section 7.2,*,

(ill) Ti,, = T0(t) for Z t0l< < t < X t8,j and Y = 0 (7.5)

where Ta<t) is the temperature of the liquid metaj and slag 
in tha vessel,
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It can be shov.n (Ref,5, pl91), by applying Taylor's series 
expansions, that the differential terms can be expressed as:-

d’T/dY* = (T,.,.a,-2*T,.,+Tu..-4,)/^J (7.6)

dT/dt = (T.^.y-Tv.,)/^ (7.7)
Substituting equations 7.6 and 7.7 into 7.1:- 
0(.*(Tl,,.4,-2*T,,»+Tl,y-6,)/flY2 = (Tl.4tl,-T1,,)/&t (7.8)

= CO* (Ti,y*̂ ,-2tTl.y+Tt ,y-A.') (7,9,1)
In the model, the refractory lining temperature profile is stored 
in a matrix RT. Thus equation 7.9.1 oan be re-written in terms of

RTj., = RT,, ,+oi*(RTi, i-r2#RTi, j+KTi, i-i) #tt/AY] (7.9.2)

RTi.j = temperature of lining at position j (ie, a distance
(j-l)*dY> from the metal/refractory interface at tine t|

RT.,, = temperature of lining at position j at time t+£t)
*6 = thermal dlffusivity of lining at position j at start of a

process time step:
t6 = £t = duration of process time step;
AY = distance between position j and j+1,

AY » YUNZ(n-l) (7.19)
for n-1 equal distance increments between the hot face nf th" 
lining and the vessel shell, Refer to figure 7,2,



— Rof'-actary Lining—

Vlgure 7.2; Schemetic subdivision of vessel lining into
Incremental distance elements for unsteady state heat 
flow calculations. Lining temperatures at the start at 
a process time step and heat fluxes in and out of the 
verse1 she'1 are shown

7.2,2 Teaperatura dependence of refractory lining thermal 
dlffusivitv

For the determination of the temperature dependence of the thermal 
diffusivlty of the refractory lining, refer to figure 7,3 (from 
data sheet for Vulfrath dolomite bricks SINDOFORM K, fired, direct 
bonded).
From the nlot of % thernal expansion as a function of temperature, 
the following equation can bo derived for the density of the 
lining as a function of teupereturei-
p.m (1) = 2775/(0,9964+1,3E~5*T)a <7,1:)
The plot of thermal conductivity versus teraperat'ire war re-plntted 
on an expanded temperature scale ranging from 273“K to 2673 "K, See 
figure 4. An assumption was nada that at 273°K the thermal 
conductivity is 23,38*10-: ki/»/n/°K and that at 2973"X it Is 
%2,42X16"1 kJ/m/s/’K, The missing data points were graphically 
Intcrpolatad using a "Plexiourve". A best fit cubic equation was 
determined using the standard loaot tiquares regression technique.
Thus, ku,,<T) the thoroal conductivity of the lining, as a 
function of temperature (in degress Kelvin), is approximated by;-
kuH<T) = 3,314E-3+l,351B-6*T-2,067E-9*T!l+6,e83R-13*T'J kJ/m/e/T
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tilNUUhUHM-' tired, direct bonded

TlMlrml contJuctlvily
(Atotiulo valuro doiflrminyd in occorflanco with llio rtilu

AviJIJUU SOCCiflC lIC.ll

Data nhcot fur Vulfrath SiNDOPOBH K firc-d, diroct 
bonded, dolamito brlcko
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Fieurn 7,4i Tenporaturo dopendonco of tho thorml conductivity ot 
dolomite brickr.
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The temperature dependence of the .specific beat (or heat capacity) 
of the lining wae determined by fitting a logarithmic function to 
the third graph if figure 3 uslag the Least squares technique.
Thus Cp is given byi-
Cp = 0,437+0,06®*LnT kJ/kg/-K (7,13)
By i.smbining equations 7.11, 7.12 and 7.13, an approximation of 
the theriaal diffuslvity of the lining au s function of temperature

;<T) = <3,3141-3+1,35:B-6*T-a,®67E •m*+6,063E-13*'P>
/ 112775/(0,9964+1,3B-5«T)=)*<0, 437+9,»8*LnT)> (7.14)

Btlma'Ion of the heat flow rate between the vessel contents 
«d the refractory lining
- to estimate the heat flux from the liquid metal into the 

r iry lining, tha Incremental thickness of IWng In contact
witn '.ne liquid oe-al Is considered. Referring: to figure 7.2, this 
oorresprads to the segment betvreen position 1 and 2, Par the 
duration of an Incremental process time step i. it is assumed that 
there Is an approximately linear temperature gradient between 
these two points. Furthermore, It Is assumed that the nett heat 
accumulation (or loss) rate within this incremental thickness of 
lining Is so small in campai ison with the heat flow rate through 
it that the farmer can be ignored.
The average thermal conductivity k\.w of the segment is 
calculated using equation 7.12 and the mean RT«V of the 
temperatures RT,., and RT,.,i-
k'u. * 3,314E-3+1, 351E-6*RT,w

-2,8>b7B~,;'TiTav’+B, 083E-13*RTev- W/m/s/°K (7,15-

RT,v = 'RT, ,+8T,.,)/lf (7.16)
Bote thati-
FT, , ' Tc<t> 17)
where T«(t) it, thj tmnperature ol thn liquid metal and slag ;i thfl 
vassel at time t.
The hdat flow rate VlinU ' between the lining and vosshI contents 
i<s Riven by.-
Ai.if - R1, kU-,
whoic Ai i» is t.Jiv "hot lace" suria;- ar“ii ur 'he lining n > 
'.al<utate<i In 'Imptm iv
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7,2.4 Estimation of the v 1 shell tenoerature

i = temperature Of the refractory lining at a distance flY 
from the metal shell/refractory interface at the start 
the K'th process time step;

= number of distance increments through the refractory 
lining used in the numerical solutlc.. of equation 7.1 a 
given by 7.9,2;

sel shell at the start of the k'

uated at the n

' i f
'the heat flux out of the vessel shell is the sum of the convect 
heat flux qcel«(t) and the radiation heat flux q«0(t).
The heat transfer coefficient be»„(t) for convective heat 
transfer Is estimated assuming turbulent flow past a vertical 
plate (Ref.5, p239>:-
h«»,<t> = l,9E-3*<T«Ct>-T.,„)*.« (v.2D)
where Tv$(t) and T«in are the vessel she‘1 and ambient 
temperatures (”K) respectively. The convective 'nst flux it;

Therefore;-

The radiant beat llux q«»;ti is 
q»«(t> = fT«ltl*-lM„‘)fb,732H-l
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t Ilux q,vr(t) out of the vessel shell 1

qevrttl = qe=»(t>+q,„«

5,732E-11* (l», 91>9B-5 
i temperature of the shell per pr 3 time step t* Is

given by;-
AT = ts«!qti<< t)-q®.Ttt) 1.7.25)

= thickness (mi oi the vessel shell 
= density tkg/m’) of steel plate 

C. r. = specific heat ikl/kg/H) of steel plate 
Therefore the shell temperature at time t+At if v.ven by:- 
Tv:tt+At) = Tv3<t)+t5*(q,»(t)-qe,,(t))/!YvatJ)F,*C».r.) (7.26

The calculate! development of a temperature profile with t 
new ADD vessel lining is shown in figure 7.5. below, A 
dioenslonless distance of 0 represents the vessel shell an 
represents the refiactory "hot face" exposed to the vessel

The initial boundary conditions were as foUcvts:- 
<i> Shell temperature: 150°t
(11) Refractory "hs' face" temperature:
(ill) A linear temperature gradient was assumed to exist b

'rhic !_ u rough .ipp.uximatiuu uf the temperature distribution that 
Bight exist in the refrac'oiy lining of a newly lined vessel 
immediately before charging the first heat.
It represents an extreme case of unsteady state heat flow through 
the refractory lining and is easy to represent graphically because 
of the wide range of "hot face" temperatures.
At te» the hot face temperature was raised to HtiKV by charging a 
•standard 60 000 Kg 304 type charge. Blowing commenced immediately 
with a 3,1 0,:N: ratio He. 45a'0:aln" •, l5m%:nlT.-''. The tlw 
associated with charging prior to commencing the blow wa«: ignori'.i

I
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' J :

a total heat flux qa„, < 2 vessel shell 1

i In tenperat
►5,732B-11* W, 91+9B-5»T«i' 
» of the shell per pruces

&T = 17.25)

Yve = thickness la) of the vessel shell
jt. = density (kg/a3) of steel plate
Cp.s. = specific heat (l£J/kg/”K) of steel plate
Therefore the shell temperature at time t+̂ t Is ;
LsUt^t) = Tva(t)+t,*(q,«tt)-qcy,(t))/{Yv,«-p=.K..F.)

The calculated development of a temperature profile Kith tin 
new AOD vessel lining Is shown in figure 7,5. below. .1 
dlmenslonless distance of 9 represents the vessel shell and 
represents the refractory "hot face" exposed to the vessel

The initial boundary conditions were as follows.-
II) Shell temperature: 150°c
III) Refractory "hot foce” temperature: 10'""C
(ill) A linear temperature gradient was assumed tu -tot bet

(1) and (11) above.
Thlc is n rough approxinullim uT the temperature QlstriButio 
might exist ii, the refractory lining of a newly lined vessel 
immediately before charging the first heat.

unsteady state t
t graphically became

it represents ai. extreme case oi 
the refractory lining and is eat 
of the wide range of "hot face"
At t=» the hot face temperature was raised to 1A80=C by chargin 
standard 50 000 K; 304 type charge. Blowing commenced imnmdlat' 
with u 3:1 CaiK, ratio <■;♦. i. The time
associated vlth charging prior to commencing the blow w<i- Ignor



in tha simulation.
TBe temperature distribution in the lining was then calculated at 
fifteen second Intervals as the bath temperature rose from 1490°C 
to 1753°C over a sixteen minute period. The bath temperature at 
various times is indicated for a dimensionless distance equal to

For sake of clarity, the temperature distribution is shown at 
t=l,4,8,12 and IS minutes, Also shown is the linear temperature 
gradient Immediately before charging (ie.t<0>.
The development of the temperature profile on the "hot face” side 
of the lining follows an expected pattern. The calculated 
temperatures unfoiinnately cannot be verified on a plant scale 
because temperature measuring equipment has not been installed in 
a lining.
The developing profile on the vessel shall side of the lining is 
Interesting as it suggests that the initial shell temperature of 
ISQ'C was set too low. Heat is accumulating in the vessel shell 
because the heat input rate (conduction from the outer surface of 
the refractory lining) exceeds the rate of heat loss to the 
.surroundings (radiation and convection),
The unsteady state heat transfer model has in general been found 
to be stable provided that, in extreme cases as above, the 
integration time step length is not too long lie. )«®s). Longer 
time step lengths can be tolerated once a nearly steady state 
temperature profile has been established.



yigure 7.5; Calculated temperature profile development In a new
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THE UHIPtBD API) PROCESS MODEL

S. 1 Introduction
the AOS process consists of a number of distinct stages or 
phases:-
<1) ddcarburization of the liquid metal when a mixture of oxygen 

and an inert gas are simultaneously blown into the vessel;
(ii) charging of alloying materials and/or fluxes for tenperature 

and chemistry control of the metal and slag;
(ill) stirring of the liquid metal and slag when only an inert gas 

is blown into the vessel. Stirring is normally of short 
duration and is associated with rotating the vessel in and 
out of the blowing position or for stirring in alloys and 
fluxes. Undsr certain circumstances (such as when there are 
high concentrations of dissolved oxygen in the liquid metal 
and metal oxides in the slag) decarburization of the liquid 
metal nay still proceed;

(iv) charging and stirring in of ferro-sillcon or other suitable 
reducing agentr (normally in conjunction with fluxes for 
alag chemistry control) for reducing the accumulated metal 
oxides in the slag at the end of the decarburization phase;

(v> waiting periods (eg. for sampling, temperature measurement, 
de-slagging, tapping or plant delays) when the the vessel Is 
turned on its side and stagnant conditions exist in the 
bath. Waiting periods may also include times when the vessel 
is empty.

As discussed in the proceeding chapters, decarburization is 
achieved by injecting a mixture of oxygen and Inert gas into the 
liquid metal via the tuyeres. Bubbles are formed and start to rise 
up through the metal bath.
Initially, in the tuyere roaction zone model, gaseous oxygen 
reacts with various metallic pha§e elements to form an oxide 
mixture at the metal/gas interface of each bubble. Some carbon 
monoxide is also formed. The rate of formation of each oxide is 
d&n t dent on the rate of diffusion o f  the corresponding element 
through the bounds.y layer sur-oundlng each bubble. Bach bubble is 
rapidly depleted of its oxygen content, Simultaneously, there is 
mass tiansfer of nitrogen in or out of each bubble. The mass
transfer rate of nitrogen is also dep, iont on its diffusion rate
through the boundary layer,
In the case where only an inert gas is being blown (eg. during
backtilting of the vessel to charge additions or suirring in of
additions), the tuyere reaction zone model does not apply.



Bubbles leasing the tuyere reaction zone are essentially depleted 
of gaseous oxygen, The oxide mixture disengages from the bubble 
to fora droplets 1c tbs liquid metal, These droplets and bubbles 
rise up, In close association with one another in a plume, through 
the rising bubble reaction zone,
ks tiie bubbles rise up through the rising bubble reaction zone, 
carbon and oxygen dissolved In the bulk lln-ild metal diffuse 
through the boundary layer surrounding eai bubble. They react at 
the natal/gas interface of the bubbles to form carbon monoxide.
Oxygen le removed from the liquid metal by the decarburlzatlon 
reaction, However, there is a simultaneous input of oxygen Into 
thd liquid aetal from the dissociation of metal oxides contained 
in the oxide particles (and. slag).
Simultaneously, mtal oxides in the oxide droplets dissociate to 
replenish the oxygen removed by the decarburlzatlon reaction,
Silicon, being a strcng redunr^ agent, diffuses from the bulk 
metal phase to the surface cf t’ux oxide particles and reduces some 
of the oxides present <o l ■
In the sae* where only a,. being blown in at the
tuyeres the oxide partU formed, Oxygen for the
drcarburlzatlon reaction ia froa the bulk liquid metal,
causing the dissolved oxygen concentration to fall off 
accoralngly.
Nitrogen also continues to dlffust In or out oi the bubbles, 
depending on the partial pressure of nitrogen In the bubbles at a 
particular depth and the nitrogen content of the bulk liquid

Oxide particles that reach the metal/sleg interface are assumed to 
be captured by the slag layer floating on the metal 'surface. 
Mtho'igh not taken into account at present, thvio .wj a number ol 
reactions at the slag/metal interface that coui.' be considered. 
These Includt tho fo' lowing posslbllltlni": -
11) dlsf.ccl.atot BQtBl oxides to augment t.ie supply ot 

-iisaolved oxygen in the rectal a-3 it It, doplotori by th,‘ 
dsi.ar hnrxza-ion reaction;

<il> roductlon ol metal oxides by silicon •li's-Mlveu Ir. •

HID redvtion ol theroudynamicalj y 3tabli? im'tnl .ix i t-, .
FnO, HiO, HoQ,) In thi< slag by mti‘ rua- »lve ub'jyn'- ti,.. 
liquid m'-tal (eg. i.r, Hn).

Thi> nett formation ut n'tcil oxldi?.-. ii-j t' n. th.'li .v.unui.v j.



escapes from the vessel mouth) results la a corresponding 
depletion of carbon In the liquid metal. Nitrogen may also 
accumulate or be removed from the liquid metal. These changes are 
taken Into account In the model by means of dlffeientlal nbsa 
balances for the metal and slag phases.
The original model included an oxygen balance that took Into 
account the oxygen concentration In the bulk liquid metal phase. 
Subsequently a simpler oxyge,, balance was Implemented that 
directly coupled the oxygen transfer between oxide particles and 
bubbles. As previously discussed, this was a rather artificial 
solution to what was essentially a numerical analysis problem de. 
to avoid computational difficulties associated with the numerical 
solution of "stiff" simultaneous differential equations), It was 
achieved, as discussed in chapter d, by coupling the 
deearburization reactUn and the oxide particle dissociation 
reactions,
However, with the need to take slag/metal reactions and/or 
stirring with inert gases into account becoming more evident, an 
oxygen balance that takes Into accoun. the oxygen concentration in 
the bulk liquid metal phase will hav.i to be re-lntroduced. This Is 
feasible now that suitable numerical routines'"'" are available 
for solving "stiff" simultaneous differential equations,
The formation ot metal oxides and CO, while oxygen Is being 
injected, arc highly exothermic processes. Simultaneously there lo 
substantial heat loss from the metal/slag system via radiation, 
conduction and heat in the exhaust gases. The accumulation ot hea-- 
in the system causes the temperature to rise continuously during 
the deearburization process. The change of the heat content of the 
metal and slag Is taken into account by means of a generalized 
differential heat balance. The differential heat balance can also 
be applied to inert gas stirring situations.
The effect that charging alloying materials and fluxes hao on bath 
chemistry , ̂ temperature In taken into account, with suitable mass 
and heat balances.
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S’wo.-Ct) is the quantity (kgmol) of the n'th oxide K.Or in the

H'm.rvft) is the integrated flow rata of the n’th oxide KrOi 
leav ig the rising bubble raaoi'on zone (less the 
reduction rata of X«0« in the slag, If this is taken Into 
aooount).

Therefore, the quantity of the n’th oxide H*0v in the slag at time
t+At is given byi-

Seue.h(t+At) = Hgve,i.<t)+J N'o*,ndt <6.2)

The depletion rates of the metal phase elements are 
stoichiometrlclly proportional to the corresponding oxide 
formation rates, Thus:-
d2t,ET„,(0/dt = (6.3)

2iher.-(t) is the quantity (kgmol) of the n'th element X in the

e«,n is equivalent to x in the n’th oxide M,Ov.
Therefore, the quantity of the n’th elensnt in the liquid metal at 
tine t+At is given by:-

= S™r,„<t>-z,,„*jH,0t.n.t>dt (8,4)

The carbon depletion rate of,the liquid metal is equal to the flow 
rate of carbon monoxide in the bubbles leaving the rising bubble 
reaction zone (and leaving the vessel), Thue:-
dN„ci,e(t)/dt = -H'cc(t) (8.5)
wherei-

Nhki.eCt) io the quantity of carbon (kgmal' In the liquid metali
S'eoCb) is the flow rate (kgmol/a) of carbon monoxide leaving

the vessel.
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The depletion rate of nitrogen In the liquid, metal Is proportional 
to the difference between the flowrate of nitrogen in the bubbles 
leaving the rising bubble reaction zone (le. leaving the vessel) 
and the flowrate of nitrogen to the tuyeres,

y-"

dH«,,,Ct>/dt ■= -2*(N'„ 
where i -

a flowrate (kgmol Ki/b) of nitrogen leaving the

HNCT,n(t+At) = 5Mr,ll<t>-jr<lflN8(t)-GF,Nl)dt (8.8)

It le necessary to make additions of alloying materials and fluxes 
to the vessel during the deoarburizatlon process, There are three 
main reasons for thlei-

(111) to ensure sufficient CaQ and HgO in 
protection (against attack by SIQ, : 
desulphurization purposes.



When metallic additions (eg. charge chrome, ferro-manganese, 
ferro-molybdenum, mild csteel scrap, nickel, etc,) are made, the 
mams balance for tho k'th element in liquid metal is given

R igt,» (new) = Nhet.h (old)t (Z (mfluuiv,,k)) / (10@tHi,) (9.95

where:-
Kbst.. im the quantity Ckgmal) of element k in the liquid metoli
skLLov.j is the mass (kg) of the j'th alloying material charged:
%&.« is the concentration <8? of element k in the j'th alloying

material:
Hi is the atomic mass (kg/kgmol) of the k'th element,
When fluxes (eg. lime or dolomitic lime) are added, the mass 
balance tor the k'th oxide in the slag is given byi-

H6Lo,k(new> -  Hsi.8.«(old) + (Z (mn.v»,i*%K"j,i))/(100tXo;,i) (6.105

NsLa.i is the quantity (kgnol) of the k'th oxide in the slag:
a-i.vi.1 is the mass (kg) of the J’th fluxing material charged:
8K*i,i is the concentration (8) of oxide k in the j'th fluxing 

material:
Ifci.i is the molecular mass (kg/kgmol) of the k'th oxide,

Heat Balance

The main sources of hont input to the liquid metal and slag in tho 
vobooI are no follows:-
(15 exothermic formation of carbon monoxide and metal oxides:
(it) heat content of gauoc entering the vassal via the tuyeres 

(no an approximation, thio cun be ignored whan tho standard 
state fu- the relevant thermodynamic data is one atmosphon:
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3 last from the liquid metal a

conduction of heat 1 
adjacent to the 11 hot 
contents) \

1) radiation of <t vl

’V"' dHM,K<t)/dt = Q«(t)+Q, 
wherei-

the vessel:

heat accumulation In the liquid n 

Q<o.«Btt>-QM.Ct)-«!LIKCt)

s liquid metal and slag 1

s the rate of heat generation (kJ/s) from the formation 
f carbon monoxide and the oxides of other metal phase 
V ;nts and Is given by: -

is the standard heat of formation of the 1 th oxide
Tc(t) is the temperature of the liquid metal and

a rate of heat input (kJ/s) by the gases 
titering the vessel through the tuyeres, For the model 

s present form, Qmrow Is taken to be zero]

t
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is an empirically deceroined "view factor". & true view factor 
cannot be easily evaluated because of difficult to quantify 
effects such as slag build-up in the vessel mouth, dense natal 
oxide fumes in the exhaust, gases and back-radlatlon from the 
refractories lining the gas offtake hood:
is the Stephan-Boltzmann constant (b,67* 10 " kVi'm,/=K*S

i is the ambient temperature of the surroundings.

= An«*k‘i. tit ITa <t l-RTi. i>/df
-ivation of equation 8.15 and 
s presented in section 7.2.3 i

the symbols

The sensible heats oi the component elements and oxides a: 
In a linearized fora applicable over the temperature rang' 
1450-175®“C <1723-2®23*X> and are relative to a standard 
temperature of 2b°C <296“Ki. The data was derived from tab 
presented in reference 16.

,'+Z

1



and the temperature dependent term CB, is given by: - 
CB, = I (»«.«.,Ct+At’̂ HO,.,) C6.18)

Hwrnit) is the tota] relative heat content <kJ) of the liquid 
metal and slag at a temperature Te(t)|

B̂ n.jCt) is the quantity (kgmol) at the J'tb element in the 
liquid metal;

HHi.j is the temperature independent term of the sensible heat 
(W/kgmol) of the J'th element in the liquid metal;

Hlfe.j is the temperature dependent term of the sensible heat
(kJ/kgmol/*K) of the J'th element in the liquid metal;

SsLa.kCt) is the quantity (kgaol) of the k' th oxide in the slag;
H0>.» is the temperature independent term of the sensible heat

(ki/kgaol) of the k' t'r oxide In the slag;
HO,., is the temperature dependent term of the sensible heat

(kJ/kgmol/°K) of the k'tu oxide in the slag.
Therefore, T,(t+At>, the new bath temperature at time t+At is
given by:-
T.(t+&t) a (H^(ttAt)-CB,,/CB, (8.19)

8.3.2 Heat balance associated with the charging of vessel 
additions

Vhen alloying materials and/or fluxes are charged to the vessel, 
there is an associated drop in temperature.
As an approximation, it is assumed that the beat or enthalpy ot 
mixing is negllgable and can be ignored. It is assumed that the 
relative heat contents of the liquid metal, slag, alloys end 
fluxes are the sums of the relative heat contents of the component 
elements and oxides In their pure states.
Therefore, the relative heat content <kJ) of the liquid metal and 
slag, before the additions are made, is given by:-

H.„, = Z <H«,.J*CHJ(,.,+T9(t)*Hrtr,,)>+I MHO,.,tl, -•u'K.n ,g.

When additions are mad.., and Nac.. are updated a= per
equations 8.9 and 8.10. Since alloys and fluxes are normally added 
when they are at ambient temperature (approximately 25°C), their 
relative heat contents are taken to be zero. Therefore the total



relative heat content ilg„r„ 0f the liquid metal and slag remains 
unchanged.
Tbs temperature Independent term CBi of the overall beet capacity 
of the liquid metal and slag is given by:-
CB, = Z <Kh,r .J(new>XHM,.,)iZ: (»& ,,.(new)*H0,,k) (8.21)

and the temperature dependent term CB, is given by:- 
CB, = Z ( K w e T . i ( n e w ) * H M ? . ( n e w ) ( S . 22)

Therefore, after additions have been made, the new bath 
teaperature To,., is given by; -
Tem» -  <He«ni- CBi )/CBa (8.23)



I.4 Hunarlca] Saiution nf the Differential Hass and Energy 
Balances

6.4.1 Introduction
In order to predict the composition and temperature trajectories 
of the liquid metal and slag, it is necessary to simultaneously 
integrate equations 8.1, 8.3, 8.5, 8,7 and 8.11 with respect to 
process time, Unfortunately these are not simple functions of time 
and temperature that are amenable to an analytical solution. 
Therefore numerical Integration techniques have to be''used,

8.4.2 Initialization of variables at the start of the first 
process tiaa st ;c of a blowing stage

During a heat there are a number of blowing stages. A blowing 
stage is defined in this context as the period of tine during 
which the vessel is blown with one of the following:-
(I) constant flowrates of one of the inert gas options and oxygen 

fie. decarburizatdon);
(II) # constant flowrate of one of the inert gas options alone 

<;.e. stirring).
A number of variables must be initialized at the start of the 
first process time step of a particular blowing stage. Some are 
merely passed on from the preceeding process stage and others 
require operator or user input. They include the following;-
(i) The masses, composition and temperature of the liquid metal 

and sing phases;
<ii) The metal volume, tuyere depth and pressure at the tuyeres.

The calculation of these variables is discussed in detail in
chapter 5;

(lil> The flon-rates of the various gases to the tuyeres;
(iv) The maximum temperature or minimum carbon content limits

required ior tne termination of the currvnb dovojLuiIzhtlon

A number of other variables are also Initialized at the start of a 
blowing stage.-
n = 0 (8.24)
where r is the number of cnirpleted process time steps since the 
start of tne current blowing stage,



w«n*te ie the cunnilatlve time elapsed since the start of the 
current blowing stage.

K,et.i<6> Is the quantity (kgsnl) of the i'th element in the

Heue.iW is the quantity (kgnol) of the j'th oxide in the slag,
The relative heat content tWxCe) (kJ) of the bath is given by:- 
HswkC®) = £ ,))+!: <»ln.J<e>»lBO,1,+T,(®)*BO,.

The definition of the symbols used is presented In section 8.3.1.

S.4.3 Hussrical solution of the simultaneous differential
eouatlnns defi-.lng the trajectories of the metal and slag 
heat content and composition

The basis of the procedure is the numerical integration of 
equations 8.2, 6.4, 8.6, 3.8 and 6.13 over sucessive discrete 
process time intervals of duration t* . A Rurge-Kutta or
Bulirsch-Stoet- integration method with automatic Integration step 
length control""'"' can be used,
It is necersary to use a variable Integration step length dt in 
order to overcome the instability problems associated with the 
numerical solution of "stiff" simultaneous differential equations.
The calculation of the derivatives as defined by equations 8.1, 
8,3, 8,5, and 6.7 essentially bails down to the determination of 
the integrated flow rates H'oi.iU), H'co(t) and If'g(t) (as 
defined in section 8.3.1), The calculation of these integrated 
flow rates is the objective of the tuyere reaction zone and rising 
bubble react'on models,
The calculation of the derivative as defined by equation 8,11 is 
presented in section 8,2,1.
The bath temperature TBCt) is calculated using equations anttlunuua 
to 8.17, 8.16 and 6.19,

8.5 B- suits

8.5.1 Overall results
The results of simulating a plant scale 316 type beat are 
presented in figures 8.1 and 8,2,
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Igure d,1; Comparison of computed con̂ otiltion and temperature
trajectories with actual plant data tor a 4i1 blowing
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Figure 8.8i Conparlson of computed compoaition and temperature
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It should be note'' that the blowing tlae axis represents only that 
tine when oxygen was being blown. The finite times at the start, 
during sampling and/or temperature measuring and when scrap was 
charged have not been included. This Is because the subroutines 
for handling these situations Ue. blowing without oxygen) had not 
been developed at the time of writing. Apart from nitrogen 
concentration, bath composition and temperature Is not expected to 
change very much except when coolants are charged,

Figure 8.1 Is for a 4i 1 (le 4BifCkmln-’: 12m3Hiiiln-') blowing 
ratio, An initial 5mm diameter bubble at the tuyeres was selected. 
The elements C, Si, Mn and Cr were selected as participating 
elements, Thus HI, Ho and Fe were effectively treated as being 
inert in the simulation (the inherent assumption being that any 
oxides of these elements farming at the tuyeres would Immediately 
be reduced by more reactive Si, Hn and Cr),
Actual plant data Is presented in table 8.1 below and is shown on 
figure 8.1 as indicated,
It will be seen from figure 8,1 that the simulation did not run 
the full tine of just over 20 minutes, It was terminated after 16 
minutes when the upper temperature limit that had been specified 
was exceeded.

TABLE 8,li Plant data for 4:1 blowing step of Heat #79447

'T'
Blowing

14, aln 
Blowing Blowing

Metal mass 54500
Temperature
Carbon
Manganese
Molybdenum
Chromium

Sulphur
Phosphorus
Kltrogen
Oxygen



Figure 6.2 is for a 1:1 (is. aecPDzinla""': 30m3Ar min-’) blowing 
ratio. An initial Bum diameter bubble at the tuyeres was selected 
and HI, Ho and Fe were not particpating elements.
The discontinuity after 10 minutes blowing time represents an 
interuption in the decarburizaticn step when 1600 Kg mild steel 
scrap was charged as a coolant,
Actual plant data Is presented in table 6,2 below and is shown on 
figure 8.2 as indicated.

TABLE 8.2: Plant data for 1:1 blowing step of Heat #79447

13,4 min 
Blowing

Metal mass 54500*
Temperature
Carbon
Silicon
Manganese
Molybdenum
Chromium

72 ,’26
Sulphur
Phosphorus
Hltrogen
Oxygen

Apart from a few exceptions, it Is evident that the model, in its 
present "untuned" form, does not accurately predict the 
temperature and composition trajectories observed on the plant, 
However, in most cases, the expect- 1 trends are correct. 
Individual trajectories are discui, .:d below

8.5.2 Temperature
In both simulations it is evident that the predicted rate oi 
temperature increase was much too high compared to plant data, 
Possible reasons for this are tho folic:-ng:-
tl) The beats of solution of the vaiviva, elements were

considered to be asull enough to be nr-loctsd. This may be 
an ovor-simpUficaticn.

(11) The boat of formation data used applies only to ,.o
formation of oxides in their pure states, The possibility of
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subsequent endothermic tor exothermic ii reactions between 
the various oxides and the fluxes in the slag phase hove not 
been considered,

(ill) The linearized (with respect to temperature) heat capacities 
of the vavitmB metal and slag phase components may need 
revision.

(iv) The simplification introduced by the concept of an
equivalent lining thicsness and hot face surface area of the 
refractory lining.

Similar problems have recently been experienced by Pauw1' and, 
although the model could be tuned by using empirical correction 
factors, further analysis is needed to identify, understand and 
resolve the underlying problem,

8,5.3 Carbon
In the case of the 4:1 blow simulation the predicted 
decarburization rate was about 20% faster than the actual 
decarburization rate. To a large degree this can be attributed to 
the calculated high temperature rise rate. Basic thermodynamic 
considerations, confirmed by operating plant experience, dictate 
that high temperatures must significantly improve decarburization 
efficiency,
In the case of the 1:1 blow simulation, despite the calculated 
bath temperatures being higher than the actual ones, the 
calculated decarburization rate was about 74% slower than the 
actual decarburization rate. This deviation could be due to one or 
more of a number of possible factors:-
(1) The temperature dependence of the diffuslvity of carbon (and 

the other elements) was not taken into account,
Diffusivities applicable at the somewhat arbitrary 
temperature of 1850% have been used, Increasing 
diffusivities with increasing temperature would 
significantly improve the predicted decarburization rate.

(ii) The temperature dependence of activif coefficients was not 
taken into account except iu the ueue ul nitrogen. Data used 
was taken from the paper by Dab Soy et.al.” and Ka.kiag, 
Shaping and Treating of Steel'.

(ill) Interaction parameter data for caK-lating activity
coefficients ie, etrlctly epeakin;: .nly applicable to 
dilute solutions of solutca in lie i ;ran. For lack of 
alternative data, eonr of the Intr, r .Hon parameters have 
been applied to fairly high conco idtions of some of the 
solutes,
The Tuyere and Rir.lng Bubble Roav . ir.'nls uru, in 
general, fairly sensitive to the :i Interaction



pararotar data. Any inaccuracies in this respect could be 
expected to have a significant effect on the overall 
Accuracy of the AOD Model.
An arbitrary bubble disaster of 5mm at the tuyere level was 
selected. Because of the strong dependence of the 
decarburization rate equation on bubble and oxide particle 
surface areas, the selection of a smaller initial bubble 
diameter would have the effect of improving the kinetics of 
deoarburizetlon.
Conversely, in situations of an unrealIstlaally high 
decarburization rate, the rate could be slowed down by 
choosing a larger initial bubble size,
The AOD Mode)., in its present form, does not take Into 
account Glag/metal reactions at the interface between the 
bulk liquid metal and bulk slag phases.
By the tins the 111 How commences, there can be expected to 
be a significant accumulation of reducible oxides (ie, MnO, 
CviOa and Bone Fed) in the bulk slag phase. Soma secondary 
decarburization can be expected to take place at the 
interface between the bullr metal and Blag phases which has 
not been taken Into account by the model,
The decision was taken (for the sake of integrator stability 
daring the early stages of the model development) to make 
the somewhat crude approximation of coupling the 
decarburization reaction in a bubble to the reduction of 
oxides in an oxide particle. This may be a serious problem.
The alternative of calculating the oxygen concentration in 
the bulk liquid metal would be more realistic. This would be 
done via an oxygen balance that takes into account the 
oxygen depletion rate due to the decarl Tization reaction 
and the oxygen input rates from oxides dissociating in the 
oxide droplet and bulk slag phases.
The Tuyere Reaction Model has not been formulated in auch a 
manner as to allow reduction of "unstable" oxides such as 
610, HoCb and FeO by elements with a greater affinity for 
oxygon such as C, til, Mn or Ur,
As a result, if elements such as 81, Mo or Fe are allowed to 
participate in the tuyere reaction model, droplets of an 
oxide mixture with a very high oxygen potential are 
produced, Thin high oxygen potential causes very high 
decarburization rates in tho Riclng Bubble Beaction Zone. 
This in turn givos rise to unreallstlcally high 
decarburization efficiencies In ail ratios.
As in thia eaGQ of tho Tuyere Reaction Zone, the Riclng 
Bubble Reaction Zoie does not allow for the reduction of 
NiO, MoO* or FgO by Or or Mn nimult,ineouoly with tluit by



parauetar data. Any inaccuracies in thie raspeet could be 
expected to have a significant effect on the overall 
at ;vracy of tlw ADD Model.

<lv> An arbitrary bubble diaaetor of 5ran at the tuyere level was 
selected. Because of the strong dependence of tha 
decarburization rote equation on bubble ar.& oxide particle 
surface areas, the selection of a sjtalle*- 1"! tiul bubble 
diameter would have the effect of Improving tie kinetics of 
decarbur nation.
Conversely, in situations of an unrealistically Sigh 
decarburization rate, the rate could be slowed down by 
cbcoslag a lergar initial babble size.

(tv) The AOD Model, in its present torn, does not take into
account slag/c-xta). reactiona at the interface between the 
bulk liquid metal and bulk slag phases,
By the time the li1 blow cotmanoes, there can be expected to 
be a significant accumulation of reducible oxides (ie. HnQ, 
CrjOa and some FeO) in the bulk slag phase, Some secondary 
decarburization can be expected to take place at the 
interface between the bulk metal and slag phases which has 
not been taken into account by the model,

tv) The decision was taken (for the sake of integrator stability 
during the early stages of the modal development) to make 
the somewhat crude approximation of coupling the 
decurburization reaction in a bubble to the reduction of 
oxides in an oxide particle. This may be a serious problen.
The alternative of calculating the oxygen concentration in 
the bulk liquid metal would be more realistic. This would be 
done via an oxygen balance that takes into account the 
oxygen depletion rate due to the decarburization reaction 
and the oxygen input rates from oxidee dissociating in the 
oxide droplet and bulk slag phases.

(vi) The Tuyere Reaction Model has not been formulated in such a 
manner as to allow reduction of "unstable" oxides such ms 
H10, KuQa and $60 by elements with a greater affinity for 
oxygen such as C, Si, tin or Cr.
As a result, if elemaats ouch as 81, Ko or Fe are allowed to 
participate in the tuyere reaction mode:, droplets of an 
oxide mixture with » very high oxygen potential are 
produced. This high oxygen potential causes very high 
decarburiaai.ion rates in the Rising Bubble Reaction 2-ne. 
This in turn gtvvs rise to unrealietlcally high 
decarburization efficiencies in all ratios.
te in tho case of the Tuyere Keactioo Zone, the Bising 
Bubble Reaction Zona does not allow for the reduction at 
BIO, SoQ, or FoO by Cr or Kn simultaneously with that by C



The only way to reduce the oxygen potential of the oxide 
droplet phase entering the Rising Bubble Reaction Zone is to 
artificially completely suppress the participation of Hi, Ko 
and Fe in the tuyere reaction zone model. The basis of this 
is the possibly unrealistic assumption that if these oxides 
are initially formed, they are immediately virtually 
completely reduced by the elements (such as SI, Mn and Cr) 
with a much greater thermodynamic affinity for oxygen.
The ideal model would be rne that allows a certain degree of 
back reduction of FiO etc, this would allow the entry, into 
the rising bubble reaction hone, of oxide particles with 
limited but realistic levels of these oxides.

(vii) The model assumes that only one oxide droplet is produced 
per bubble leaving the tuyere reaction zone. The increased 
surface area effect of allowing a number of droplets to be 
produced per bubble would increase the decarburization rate.
Conversely, if oxide particles were allowed to coalesce, the 
decarburization rate would be reduced.

8,5.4 Silicon
In both cases, the silicon trajectory of the liquid metal followed 
the expected trend; an initial high desiliconization rate 
gradually tapering off as the silicon content of the metal became 
progressively depleted.
In figure 6.1 the actual desiliconization rate was faster than the 
calculated rate during the first two minutes of blowing time, 
Thereafter, the calculated rate appears to have overtaken the 
actual rate. In both simulations the calculated degree of 
desiliconization was higher than that actually observed by the end 
of the respective blow.
It should however be pointed out that the final SSi as analysed 
should be treated with some caution as the analytical technique 
used (X-Ray fluorescence) cannot distinguish between dissolved Si 
and Si in the form of SiO, containing inclusions suspended in the 
sample. At the low 381 levels under consideration, the background 
"noise” represented by minute suspended particles of SiOa 
containing material may be significant.
In general, many of the concepts discussed in section 8.5,3 are 
equally applicable in the case of silicon, Much tuning and/or 
modification of the models may be needed before really accurate 
predictions are achieved,
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In both figures 8.1 and 8.2, the calculated manganese trajectories 
of the liquid wtal bore little resemblance to those observed in 
the plant scale heat, The nain reason for the apparent "lack of 
reactivity1* of manganese is suspected to lie in the choice of 
interaction parameters used for calculating the manganese activity 
coefficient.
Again, many of th* concepts discussed in section 8.5,3 Bay also be 
relevant.

The calculated chromium trajectory in figure 8,1 shows an initial 
1ocrease followed by a levelling off of the chromium concentration 
in the liquid metal. Although chromium was being oxidised, there 
was a nett concentration effect because of the comparatively high 
removal rates of carbon and silicon from the bath. As the removal 
rates of these latter two elements decreased, the chromium removal 
rate increased to the extent that the concentration effect ceased.
There was an apparent very high initial increase in the actual 
chromium content in the first two minutes of the blow, This could 
have been, in pert, dva to the selection of the initial chromium 
analysis (input Into the model) which may have been lower than the 
true value to start with. There was a wide scatter in the analyses 
(range 18,17% to 19,64%) of a number of samples taken at the same 
time and consequently an average value was used.
The other alternative could have been the carry-over of a high 
CrjOj content slag from the arc furnace which was subsequently 
partially reduced by carbon auj silicon in a slag/metal reaction 
during the early stages of the blow,
The actual chromium level of the bath then dropped off from 18,94% 
to 18,655 during the subsequent twenty minutes of blowing time. 
Since the actual decarburization rate was not as fast as the 
predicted rate, the chromium removal rate was probably sufficient 
to drop the chromium concentration in the liquid metal. Agaiu 
however, uncertainty in the average final analysis cannot \e 
ignored altogether.
In the case of figure 8.2, the difference of 0,43% between the 
actual (If,31%) and predicted final (16,38%) chromium 
concentrations was largely due to the model predicting a poorer 
carbon removal efficiency than what was observed in practice. Thus 
the comments of section 8.5,3 above apply.
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6.5.7 MlckeX. Molybdenum and Iron
The comments of section 8.5.3<vl> above apply.

8.5.8 Hltrogsn
In figure 8.1 the actual and predicted nitrogen concentration 
trajectories did not bear any resemblar - to one another. This was 
because pure nitrogen alone was used to keep the tuyeres clear for 
the short period between turning off the oxygen flow and turning 
down the vessel for sampling and temperature measurement. These 
brief blowing periods with pure nitrogen were not taken into 
account In the simulation.
This problem can c=, resolveu by the development of the subroutines 
needed to cater for the case of blowing an inert gas without 
oxygen.
In ttn case of figure 8.2 where the turn-down gas was argon, the 
predicted and actual final nit" ogen concentrations were in 
reasonable agreement, being about 0,0155 and 0,016% respectively

8.5.9 Oxygen
The need for an oxygen balance to determine the oxygen 
concentration of the bulk liquid metal phase has been discussed in 
section 8.5.3(v) above,

8.5.10 Computation Time
By the use of variable step length integrators'®.'’, the problem 
of Instability that plagued the early stages of the model 
development has been ■•esalved. However this has been at a high 
cost In respect of computation time. In its present form when 
running the compiled and linked FORTRAB 77 source code on an 8KHz 
IBM compatible PC, the model Is substantially slower than real 
process time.
However the first objective of any future work oust remain he 
modification and tuning of the various model components so chat it 
can accurately predict process temperature and composition 
trajectories.
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9 CONCLUSIONS

9.1 Suanarv and conclusions

A model has been developed to describe the AOD decsrburizatian 
process at Klddelburg Steel and lllloys,
The model assumes that metal ph-se elements diffuse from the bulk 
metal through a metal phase boundary layer surrounding a rising 
bubble. They react with oxygen in the bubble at the metal/gas 
interface to form an oxide slag, This continues vntil the oxygen 
has been depleted.
The oxide slag is assumed to disengage from the bubble as an oxide 
droplet. The bubble and oxide droplet rise up together in a plWM 
of bubbles and entrained oxide droplets and liquid metal, As they 
rise up, oxygen and carbon diffuse froa the bulk metal through the 
metal phase boundary layer surrounding a bubble. They react at the 
gas/metal interface to form CO. Oxygen for the decarburization 
reaction is supplied by the dissociation of oxides in the oxide 
droplet.
Partially reduced oxide droplets are captured by the bulk slag 
phase flcattug on top of the bulk liquid aetal. Further reactions 
at the bulk metal/slag interface are not considered at this stage 
although they are known to occur. The composition changes occuring 
with respect to tine in the bulk metal aid slag phases are taken 
into account with differential raass balances.
The change of the bath temperature with respect to time is taken 
into account with a differential heat balance. The latter 
incorporates a model for the unsteady state heat transfer through 
the vessel refractory lining.
The bath temperature and composition trajectories are determined 
by the simultaneous integration of the differential heat and mass 
balances.
Although most of the predicted trajectories follow the expected 
trend, they are not sufficiently accurate for the model to be used 
as a "11ve" process simulator in its present etsge of development. 
Substantial tuning and modification of the component models are 
still required.
In particular, the computed temperature trajectory was found to 
rise too quickly compared to the actual plant unit,
At high carbon concentrations (>1S) excessively high carbon 
removal rates were predicted, particularly if elements such as 
nickel, molybdenum or iron were allowed to participate.
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At lower carbon concentrations <<0,5%) the predicted carbon 
concentration trajectory indicated a lower than actually observed 
carbon removal rate.

The calculated manganese concentration trajectories showed little 
concentration change with respect to time, They deviated 
considerably /roe the plant data. Indicating the possible use of 
incorrect interaction parameter data for calculating activity 
coefficients.
The calculated chromium concentration trajectories reflected the 
carbon removal rates in that a high carbon removal rate gave rise 
to a low chromium removal rate and vice versa.
The predicted nitrogen concentration trajectory looked promising 
in the case where nitrogen was not used as the inert gas for 
keeping the tuyeres unblocked during vessel turn-down operations, 
However a model to cater for blowing either inert gas in the 
absence of oxygen is needed,
It was concluded that the Rising Bubble Reaction Zone and AOD 
Models needed to be modified to Incorporate an overall oxygen 
balance for the bulk liquid metal phase. The approach of directly 
coupling the reduction of an oxide particle with the 
decarburization reaction at the metal/gas interface of a bubble 
sidestepped the need to calculate the oxygen concentration in the 
bulk liquid phase directly. Whilst contributing to integrator 
stability, it was suspected of introducing other problems 
adversely affecting the accuracy of the model,
The likely reasons for observed deviations between predicted and 
actual results, together with possible solutions were discussed in 
sons detail in the preceeding chapter. The solutions have been 
sunasrised in section 9,2
Despite the lack of 
trajectory predict: 
state, it provides

accurate composition and temperature 
ins by the model in its present "untuned" 
the framework for potentially significant

iprovement, both by "parameter tuning", and by modifying a
improving s
The model provides 
the fundamental ph 
AOD process.

he component models.

dependent diffusion d

(11) The Rising Bubble Reaction and Unified AOD models need to



be modified to allow for an oxygen balance for the bulk 
liquid metal. Thus the decerburization reaction at the 
netal/gas Interface of a bubble could be de-coupled from 
the reduction of an oxide particle.

(lit) The heat balance needs to be investigated in depth and,
where applicable, new or alternative data needs to be used. 
This includes taking into consideration heats of solution 
of metal phase elements and heats of formation of possible 
complex bulk slag phase compounds,

(iv) The concept of an equivalent lining thickness (used to 
transform the complex problem of unsteady state heat 
transfer through an irregularly shaped refractory lining 
into a sinpler one involving unsteady state heat transfer 
through a parallel sided plate) laa,- be an 
over-slnplificatlon in need of reri-sion.

(v) A model catering for the reactions taking place at the bulk 
metal/slag interface needs to be developed and Incorporated 
into the model.

(vi) The Tuyere Reaction Zone model needs to be modified to 
allow for the reduction of oxides such as FiO, KoC, and FeO 
by reactive elements such as C, Si, Kn and Cr.

(vll) The Rising Bubble Reaction Zone model needs to be modified 
to allow for the reduction of oxides such as S10, MoQj and 
FeO by elements such as Hn and Cr in addition to C and Si,

(viii) The interaction parameters used for calculating activity 
coefficients need to be revised and better data used if 
available.

(lx> A model for inert gas stirring In the absence of oxygen 
needs to be developed,

(x> The models. In their present or modified forms, need to be 
tuned to fit observed plant data,

Cxi) The immediate objective of the foregoing oust be to develop 
the model to the state that It can accurately predict 
operating plant temperature and composition trajectories 
under all normally encountered plant circumstances, 
Thereafter tie software needs to be refined to minimize 
computation time to a level that it is significantly less 
than real process time. Failing that, alternative hardware 
needs to be investigated,

(xli) Once a fast and accurate simulator Is available, the
development of an on-line procers optimization and control 
system could proceed. Such a system would have to, amongst 
other things, be able to drive the oxygen!inert gas ratio 
setpoint on a continuous optimum basis. It would have to 
Interface with existing plant Measuring and control



hardware, as well as existing charge correction hardware 
and software.



APPBHD1X A

DERIVATION DP THE DBCABBURIZATION RATE BQUAHQM USED 1H THE RISI8G 
BUBBLE REACTION MODEL

A.1 Introduction
In the Rising Bubble Reaction Model it is assumed that the rate of 
the decarburizatian reaction depends on the rate of diffusion of 
oxygen and carbon through the natal phase boundary layer 
surrounding the bubbles as they rise through the liquid metal. 
Because the daoarburisation reaction is coupled to the 
dissociation of oxides, the decarburization reaction rate is also 
dependent on the rate of diffusion of oxygen through the metal 
phase boundary layer surrounding the oxide particles.
The concentration gradients of carbon nonoxide, carbon and oxygen 
are schematically represented in Figure A1 where!-
Pco = Partial pressure of carbon monoxide in the bulk gas phase 

of a bubble.
Pco: = Partial pressure of carbon w  oxide <D ,ne gas phase of 

the gas/metal interface of a bubble.
Ci ,c = Concentration of carbon in the mutal phase of the

aetal/gas interface of a bubble.
Ce.c = Concentration of carton in the bulk metal phase,
Ci,o - Concentration of oxygen in the metal phase of the

metal/gis Interface of a bubble,
Cd.o = Concentration of oxygen in the bulk metal phase associated 

with the plume of bubbles.
Co«,o = Concentration of oxygon in the metal phase at the syrfnoo 

of an oxida particle.
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APPBHDIX A

DERIVATION OR THE DRCARBirRIZATmH RATE EQUATION USED IN THE RISIHO 
BUBBLE REACTIQB MODEL

A. 1 IntrnductlOR
In the Rising Bubble Reaction Model it is assuDsd that the rate of 
the decarburization reaction depends on the rate of diffusion of 
oxygen and carbon through the metal phase boundary layer 
surrounding the bubbles as they rise through the liquid metal. 
Because the decarburization reaction is coupled to the 
dissociation of oxides, the decarburization reaction rate is also 
dependent on the rate of diffusion of oxygen through the metal 
phase boundary layer surrounding tb. oxide particles.
The concentration gradients of carbon monoxide, car n and oxygen 
are schematically represented in Figure A1 where:-
Poo = Partial pressure of carbon monoxide in the bulk gas phase 

of a bubble.
Poo, = Partial pressure of carbon monoxide in the gas phase of 

the gas/metal interface of a bubble.
Ci.c = lancentration of carbon in the metal phase of the

atal/gas interface of a bubble.
Co.e = vnv'.cntration of carbon in the bulk metal phase,
<-i,o Concentration of oxygon in the metal phase of the

metal/gaa interface of a bubble.
Q. = i.oncentration of oxygen in the bulk metal phase assneiatad 

with the plume of bubbles,
Cn* - Concentration of oxygon in the metal phase at the surface 

of an oxide particle,
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Particle
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1 '-*4 .

i Schematic representation of concentration gradients 1 
the boundary layers at the metal/gae interface of a 
bubble and the metal/oxide interface of an oxide 
particle

1
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A. 2 Derivation of the Decarburlzation Rate Equation 
Considering the stoichiometry of the decarburlzation reaction;- 
tCJ * L03 -> CO (A.l)
it is evident that the fluxes of carbon, oxygen and CO to and from 
the metal/gas interface are equal.

J(h> = Jc<h> = fc*jo.cCh>*(Cs,c-C|,c(h>> (A.2)

J (h) = Jo<h> = hue,a(h>*(C»,o-Ci,0(h)) (A. 3)
J(h> = Jc0<h) = k,*(C,,c(h)*Ci,o(h)-Pco,(h)/K') (A. A)

J (h> = Flux of C, 0 and CO at nubble height h above the
tuyeres.

•fete ,c (h) = Kass transfer coefficient for carbon through the metal 
phase boundary layer surrounding a bubble.

W,a!h> = Mass transfer coefficient for oxygen through the metal 
phase boundary layer surrounding a bubble,

to> = Sate constant for the reaction (A.l),
K* = Equilibrium constant for the reaction;-

I Cl * 10) <=> CO li.5>

at the metal/gas interface.

K* = Pcoi(h)/<Ci .o(h>*Ci,o(h>) (A, 6)
where £i,e(h) and C, ,o(h) are the concentrations of carbon and 
oxygen in equilibrium with carbon monoxide at the metal/gas 
interface.
The following assumptions arc made;-
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(11) the rate of reaction between C and 0 at the interface te 
extremely fast, Thus the equilibrium Indicated by equation 
A.5 Is assumed to exist at the Interface.
Thus Ci,c<h) -> C,.c(h) and C,,o(h> -> Ci.c(b).

(ill) the mass transfer of CO through the gas phase boundary layer 
is not rate limiting,

Fcoi(h) = PcoCh) (A.7)
Therefore equation A.4 becomes
J(h) = J„(h) = k„*(C.,c(h>$C,,c(h)-Pco(h)/K') (A.6)
From Item (11) above and equation A.7:- 
Ci,c(h)tCi,o(h) = Pcoi(h) /X* = Pco (h)/K* (A.9)
Ke-arranglng A.2i-
J(h) = kBuo,e(h)4Ca.c-k6ua,c(h)kCi,cvh) (A, 10)
= ) Ci,e(h) w (kBUB,e(h)̂ CB,c-d (h) )/kBve,e(h) (A.11)
Similarlyi-
Ci.o(h) = (kevD,DCh)*CB,n-d (h))/koue.oCh) (A, 12)
Multiplying A. 11 and A.12:-
C,,cCh)*C;,»(h) = (keve.r(h)kCii,c-J(h))$(kBVB,o(h)>:CD,6-d (h))

/’CkDge,c(h)*kB,B,i,(h)) (A. 13)
Combining A.9 with A,13 givesi-
Pco(h)/K" = <kmDl=(h)*Ce,c-J(h))*(ke„B.6(h)*CB.B-J(h))

/(kbija.c (h>*kBiii,o(h)> (A, 14)
■=> Pco(h)/K* = (-J (h)#ki!gD.cUl)#Ca,c+kBve,c<h)#kiiuB,c<h)*Cu,e#Ci>.o 

-J (h) IkouHi,o(h)̂ Co,oil (h)’)/(kovs, c(h) ̂ksus.olh))
= > Pco(h)/KP= (J(h)1-r.!(h)*('k=u=,c(h)4CB,e-k0uBl=(h>*CalD)

'"kouo.c (h) Xkwa.fiCh) tCc.ctCu.o)/(kevc.c(h)tkcvo,o(h))
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APPBHDIX B

DERIVATION OF THE EQUILIBRIUM COflSTAHT USED IB THE DBCASBUB12ATIQB 
RATE SOUATIQS

For the equilibrium reactlons:-
C + 1/2 0, <=> CO A0« = -26760-20,98*7 cal/gmol (B. 1)
EK1 <=> C = -5100+10,0*7 cal/gmol (B,2)
t%0) <=> 1/2 0, iG" = 28000*0,69*7 cal/gmol <B.S)
Therefore, by adaiiig equations B. 1 to B-3 inclusive:-
E8C3 + ISO! <=> CO AG" = -3860-10,29*7 cal/ mol (B.4.11

= -16150-43,05*7 kj/kgmol (B.4.2)
For the equilibrium between carbon monoxide in the gas phase and 
carbon and oxygen dissolved (1% standard states) in liquid iron:-
[%C] + 1803 <=> CO (B.5)
the equilibrium constant K is given by:-

K = P„/([8C3*f;*E80]*fo) (B.6)
where:-
IXC3 = Percent carbon dissolved in liquid iron.
ISO) = Percent oxygen dissolved in liquid iron,
fc = Activlly coefficient for carbon,
fo = Activity coefficient for oxygen.
The calculation of the activity coefficients for carbon and oxygen 
is presented in appendix C.
Now, from equation B.Si-
IW*(%0] = Pa,/<fc*fo*K) (B,7)



For the equilibrium at the metal/gas Interface as discussed in the 
preceding section, equation B.7 can be expressed as;-
t$C,]«80i) = FM/<tc*f0*K) (B.8)
where I XC,1 and I HO,) are the weight percent concentrations of 
carbon aad oxygen in the metal phase at the metal/gas interface of 
a bubble.
K is calculated, as a function uf temperature, from the free 
energy given By equation B.4.2:-
K = Bxp«16150+43,«l5*r>/<8*r» <B.S)

Sow the molar concentrations of carbon and oxygen at the interface 
are related to the weight percent concentrations as follows:-!-
C,,c = j5*[%Cil/12«e kgmol/m' (B. 16)

Ci,o = SO,3/1608 kgmol/m' (B.ll)
where p is the liquid metal density (kg/W),
Combining equations B.8, B, 10 and B.ll:-

l a a e x c c .v p ^ i e m c c .v p )  =

=> Ci,c*Ci,o = P»y/(fc*f0mi,S2B6)
=> C,,c*C,.o = Fm /K* <B.12>

K* = fc*fo$K*ll92Be/p= (B. 13)
Substituting equation B.S lor K in equation 5,13;-
K* *• :■ p<<iei50-+43,e3*T)/<S*T>>*t'*ta*l,92Be/p‘ (B. 14)
Bow, the equilibrium constant Kco as defined by equatii1, 26 in 
section 4.2.1 of the rising bubble reaction model is:-
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Therefore:-
Kco = jlV (Hxp ((16150+43, CSXTe)/ (R*TS) )*f „*;1,92E6) (B. 16)
where the liquid metal temperature Te is equivalent to T in 
equation B. 24 above.
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CALCULATION OP ACTIVITY COEFFICIENTS
Since liquid stainless steel is a complex multi-component 
solution, it is necessary to take into account the interaction 
effects of the various elements on the activities of individual 
elements,
The Henrian activity coefficient for the J1 th element is given

XH» is the weight perc h element in the liquid metal.
There appears to be same discrepancy between the interaction 
parameters quoted by different authors, Values for e,,, listed i 
the paper by Deb Hay et, al.’ and are presented in Table C. 1

Table C.1; First Order Henrian Interaction Parameters 
(ex Deb Boy et.al.0)
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Values of e,., listed In the paper by Sigworth and Elliot" are 
presented in Table C.2. Values that are temperature dependent a 
presented In the form:-

Sota that Interaction parameters for which no data la reported In 
the reference are taken to be zero (ie. Ideal Henrian behaviour 1 
assumed),

+0,005? +0,0009

Table G,2; First Order Henrian Interaction Parameters 
(ex Sigworth and Elliot")
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•0,0037 -0,0&%5 

+0,070

Table C.2 ĉontinued); First Order Henrian Interaction Paraoeters

f„ = m*((32B0/To-0,75)*(Z ,))+«,00017**Cr**2> (C.3)

wherai-
a«.i is the first order parameter for the interaction of elanent j 

on nitrogen in liquid iron, Values for eN., are presented in 
Table C.3 on the following page,
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Table C.3; Interaction Parameters tor Nitrogen in Liquid Iron 
(data taken from the paper by 8 K SeMman’5)
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