A KQDEL OF 1HE ARGON OXYGEN
DECARBURIZATION PROCESS FOR
REFINING STAINLESS STEBL AT

KIDDELBUKG STEEL AND ALLOYS

Andrew Charles Burrow

bogree of Haster of Ssisuce ip kngineering by resesrch only:

‘A dissertation submitted to the Faculty of Engineering,
Y - Hujversity of the Vitwatersread, Jobannesburg, in fulfilment of
. L4 Fejbirenenty 108 Lhe dogtee ul Naoter of Sctence in
F‘ Engineering.’
'
, .

Hiddelbwrg, 1988




B , .
#~ P
- o
i Y
' *
DEGLARKTION
I doclare that this dissertation is my own, unaided work. It is
keing evbnitiod for the Degres of Master of Solence in Ingineering
in the T4 nas not
Toen submi teen 1agoce. for any degree or examination in any ather
University.

(Signatire of candidate)

3.7 any o Nevewlr 100




R :
.
e

E P
o e
i ) b

a0
“

“

Sty B A AT Taatan,
T N LIS
O s Al et g







AN

This work is dedicated to my wife
SUZANRE
and my daughters
JEBSICA and NICOLA
for their pattence, understanding and support
during those innumerable hours spent on their owa
during evenings and over weeken:

for the last two years
while this work was being undertaken




AGKNOWLEDGEMERTS

The support and assistance of the follawing are gratefully
acknowledged, for without them this vork would not have been
possible:-

(i} Middelburg Steel and Alloys for permission to undertake and

publish this study;

(i1) Kiddelburg Steel and Alloys for their encouragement and
support in the provisiun of the computer and ather
facilities essential for the development of this wark;

(311) Middelburg Stesl and Alloys for the opportunity of getting

first hand experience of the AOD process and iD use the

production unit to obtain actwr ) plant data i conjunction

with O Pauw and U Meyn of KINTEK;

(iv) Hessers O Pauw, U Meyn and Dr, 1 Barker of MINTEK for their
d1soussions and advice, Alsc for supplying copies of some of

the papers referred to in the literature survey

) Prof. R P King for his advice and assistance in finding a
suitable integrator routinme.




CONTENTS
Page

DECLARATION 11
ABSTRACT 11
DEDICATION iv
ACKIOVLEDGEHENTS v
CONTBATS , viii
LIST OF FIGURES 2t
LIST OF TABLES xiid
NOMENCLATURE ¥l
i ARGON OXYGES DEGARBURIZATION MODEL 1.1
11 Introduction 11
11,1  The Middelburg Steel and Alloys meltshop 11 N
11,2 Dascription of the AOD ounverter at Middelburg Steel .

and Alloys 11
1.2 Literature Survey 1.6
1.8 Qutline of Nodel 1.9
1.8.1 Tuyere reaction zone madel 1.9
1.3,2  Rising bubble reaction zone 110
1.3.3  Bulk slag and metal phase interface reaction zone 1,11

f

2 TUYERB ZONE REACTION HODEL z,1
2.1 Qualitabive Desoription of Hodel 2.1
2.2 ae ca). Desgription o 1 2.8
2,2.1 Bubble formation at the tuyer 2.8
2.2.2 Termodynamic squilibrium at the netal/gas

intorface of the bubbles 2.4
2,23 Kinetics of oxide formation and ather mass

transfer processes in the bubbles 2.9
2.2.4 Numarical intogrstion of the model 2.8
2.3  Besults 2.9




w
Ty

3.2

¥ASS_TRANSFBR T0 RISING JUBBLES IN TUYRRE
ANL_RISING BUBKLE RE ZONES

introdustion
Mathopatica) Deseription

RISIRG BUBBLE REACTION MODFL
Gualitative Description of Nodel

Purpoce of model

Rising bubble reaction zame

Oxide particla formation

Paseags of bunbles and oxide particles through the
rising bubble reaction cone

Decarburization reaction at metal/gas interface of
bubble

¥ass trawsfer of carbon snd oxygen Yhrough boundary
layer surrounding bubbles

Disscciation of reducible oxldes in oxide particles
Mass transfer of oxygen through boundary layer
surrounding oxide particles

Caupling of oxygen mass bransfer through oxide
particle and bubble boundary layers

Mase tranefer of nitrogen between bubbles and
liquid metal

Reduction of oxide particles by silicoa

Mags transter of silicon through boundary layer
surrounding oxide particles

Dissaciation and reduction rates of individual
cuides in oxide particles

Hathematical deseription of mode)

Caloulation of equilibriva constants

Qubline of procedure for cn]culnting gos and oxide
tlowrates ag functions af postt

Calc.lation of variables reluting "o bubbles at &
vertical distance h above the tuyeres

Calculation of variables relating to oxide particles
at a vertical distance h above the tuyeres
Calcvlation of Gibb's free emergy of redustion of
metal oxides by carbon asd silicon

Talculation of oxygen concentratiun in metal phase
at metal/oxide interface

Caleulation of gilicon ooncentration in the metal
phase at the metal/oxide interZace



4,2.8  Caleulation of the decarburization and

desiliconization rates at the i'th lavel 4.18
4,29 Formulation of the differential equations describing

the rate of change of the integrated vertical gas

and oxide flowrates 416
4.3 Bumerical Integration batween the level b and htAh
above_the Tuyeres 4.18
44 ults 418
5 MODEL_FOR THE ESTINATION OR THE BATH DEPTH AT THE
TUYERR LEVEL 5.1
5.1 Introdushion 5.1
5.2 Caloulation of Tuyere Denth and Asscoiated -
Perrostatic Pressure 5.6 .
§.2.1 Caloulation of metal and slag phase densities
and volumes 5.6
§.2,2 Caleulation of metal volume “aloy tuyere level 6.6
5.2.3 Caloulation of the vertical distance batween the
tuyeres and the slag/metal interface 8.7
6,24 Caloulation of the thickness of the slag layar 5.9
52,5 Calculation of the ferrostatic pressure at the
tuyere level 5.10
v
[ MODEL FOR DETERNINING THE BQUIVALENT LINING
THICKNESS AND HOT FAGE SURFACE AREA OF THE
REFRACTORY LINING a1
6.1 Introdection 6,1
8.2 Mathematical Degeriptiom of Mode 6.4
8.2.1 Fquivalunt lining thickmees 6.4
6.2,2  Botton section of vesssl 6.5
6.2.3  Lower canical and oylindrical coctions of veseel 6.5
6.2.4 Vedsel dom 6.7
8.2,6 Total vessel lining 6.7

viti




7 HODEL ¥OR THE UNSTEADY SYATY HEAT FLOW THROUGH THE
REFRACTORY LIKING

7. Introduction
7.2 1_Formulation of the Hodal

7.2, Yuserical formalation of the unsteady state heat
flow through the lining

7.2.2 Tempsravurs dependence of refractory lining therma)
aiffusivity

7.2, Estimation of the heat flow rate between the yessel
cotents and the refractory Linin

7.2.4 Bstimation of the vassel shell temperature

7.3 Besulte

8 THE UF1FIED_AQD PROCESS MODEL

L3S Introduction
8.2 Nass_Balances,

8.2.1 Mass balances during the decerburization pracess
8.2,2 Mass balances associated with charging vessel
additiong

8.3 Hegt Batance

8.1 Heat balance during the decarburization process
+3,2  Hezt halance associated with the charging of vessal
additions

8.4 Huperical Solution of the Differential Mass and
Energy Bolanges

1 Introduction
2 Int6lalizstion of varisbles at the start of the
tiret process time step of a blowing stage
8,43 Nuperical molution of the Gimultanaous differantiul
rquations defining the trajectorise of the meial
and slag heat .ontent and Gomposition

8.6 Begnlts

8.1 Overall resulte
[6.2  Tewparature
6.3 Carbon




%L

9.2

8t1tcon
Hanganese
Chroniun
Tickel, aulybdenum and irom
Hitrogen

Oxygen
Computation time

SBummacy and Conclusions

Recomendations for Future Vork

APPEND]CRE

APPERDLY A

Derivation of the Decarburization Rate Squationm

used in tha Rising Bubble Reaotiou odel

Al
1.2

APPENDIX B

APPEHDIX €

REFERENCES

Introduction

Derivation of the decarburization rate equation

Derivation of the Equilibrium Constant used in
the Decarburization Rate Bquaticn

Galculation of Activity Coefficients

H

ancramw
RN
2RRRRR

9.1
.2

-
@

[}

Rl




AT TR R T

et

2.1 Schematic representation of the buyere reaction madel

2.2 Typical tuyere reaction nodel data in respect of gas

o e floyrates resulting from a 8:1 0n K, blawing ratio and
e S an initial 15mm disweter bubble
¥ .t
* . ] 2.3 Typical tuyere reaction zodel data in respect of oxide
d g flowrates resulting from a 3:1 Oply blowing ratio and
A N [ an laitizl 1Smm diameter bubble
E 1 2.4 Typleal tuyere reaction model data in respect of gas

| flowrates resulting from a 1:1 G, blowing ratic and
an initial 15mm diameter bubb'e

2.5 Typlcal tuyere reaction model data in respect of oxide
flowrates resulting from a 111 Gpif, blowing ratic and
ar nitial 1Smm dianeter bubble

3.1 Rising veloclty of single bubbies in water

4.1 Schematic representation of the rising bubble
reaction zone

4.2 Schematic representation of a bubble, an ovide
particle and the asstciated boundary layers m
concentration gradients in the rising bubble reaction
zame

4.3 Typical ricing bubble reaction medel data output fn
rospect of gas flowrates resulting from a 3:1 Guly
blowing ratic and an initial 15mm dlameter bubble at
the tuyoras

4.4 Typical rising bubble reaction model data oubput in
respect of axide flowrates resulting from a 311 Oui¥
Glowing ratio awd eu inilial 19w dlaselor bubble at
the tuyeres

4.5 Typical riuing bubble resclion model data output in
recpact of gas flowrates resulting from & 111 Onils
blowing ratic and an initial 15mn diameter bubble at
tha tuyeras

4.6 Typical riaing bubble ruaction Jedol data output in
rospect of oxide flowrates resulting from 2 111 Gul
blawing ratio and an initial 15mm diam ter bubble at
the tuyercs

4,20

4,21

4.22

4.28




Figure Page

5.1 Vartical cross section through vessel shell and lining 5.2

6.1 Simplifying model of the dependence of 6.2
lining thickness on heat num

8.2 Resistor analogue of heat flow through refractory 6.3
1ining

6.3 The 'th brick oourse of the vessel )ining 8.5

7.1  Finite elenent model of temperature distribution 7.1

and keat flow through through the refractory lining

7.2 Schematic subdivision of vessel lining imto 7.4
incremental distance imcrements for unsteady state
heat flow calculations

7.3  Dats sheet for Wulfrath SINDOFORY K fired, 7.5
direct bonded, dolomite bricks

7.4 of the thermal ity 7.6
of dolomite bricks

7.5 Calculated temperature profile development in a new  7.11
refractory lining

8.1 Comparison of computed compositicn and temperature .13
trajectories with actual plant data for a 4:1
blowing step
8.2 Comparison of computed composition and bemperature 8.1
trajectories with actual plant data for a 1:1
blawing step
£ of gradients Az
in the boundary layers at the metal/gas interface of
a bubble and the metal/oxide imterface of an oxide
particle
.o P xii




J

LIST OF TABLES

15

able
3.1 Diffusivities of elements in liquid irom at 1650°G
5.1.1 New working lining thickmess of the lower conical and

cylindrical sections of the vessel

§.1,2 Final working lining thickmess of the lover comical
cylindrioal sections of the vessel

8,1 Plant data for 4:1 blowing step uf heat #79447
8.2 Plant data for 111 blowiug step of heat #79447

Gl First order Henrian interaction parameters
(ex Deb Roy et.al,)

€2 First order Henrian imteraction parsmeters
(ex Sigworth and Eliiot)

C.3 Interaction parameters for Fitrogen in liquid iron

xiid

c.2

c.3



BOMEHCLATVRE

A Surtace area (m

* Thermal diffusivity of the lining.

o Surface area (u?) of a bubble.

A E: tern for the
density of the i'th petal phase cornonent as a linear
function of temperature,

A Temperature independent term for the standard free
energy of formation for the j‘th axide WOy

& Temperature independent turm for the standard free
energy of forwmtion of a 1% solution of the §'th
component ¥ 1u liquid irom.

™ Tatal surface area of lining hot face ().

& Temperature independent term for the standard free
energy of formation cf a i4 solution of oxygen in
liquid tron.

fox Surface area ) of an oxide particle.

Box, s term ulati
deusity of the I'th axide KOy as a linear function of
temperature.

™ Temperature independent term of the standard free
snergy of formation of a 1% solubion of silicon in
Ligquid irem,

aoz Temperature independent term of the standard free
energy of furmation of SiG:.

. hotivity of component j in the metal phasa at the
metal/gas interface.

anx ) hobivity of the §'tb oxide Ky in the nxide mixturs
formed in bubbles in the tuyere reaction zome.

2ax,1 Aotivity of the §'th oxide Ny in the oxide phase at
the metal/uxide iaterface of ar oxide narticle.

B Tempsrature dependent term for caloulating the density
of the 1'th metal phase compoment as a linear function
of temperatire,

B Temperature dependent term of the standard free energy

af formation of the J'th oxide My,

i




A

A

[

Aox
daz, 3

Ay

Baioz

2

Box

Ao

B,

HONEFCLATURE

Surfase area (m,
Thermal diffusivity of the lining.
Surface area (w®) of a bubble,

‘Temperature independsnt tern for caleulating the
density of the 1'th netal phase companent as a ldnear
funotion of temperature,

Temperature independent term for the standard fres
energy of formation for the 3'th oxide WO

Temperature independent tern for the wtandard free
energy of formation of a 1% solutian of the J'th
cumponent X in liquid iron.

Total surface erea of liaing hot face (m®).

Temperatura independent term for the standard free
energy of formation of a 1% solution af oxygen in
1iquid iron.

Surface ares (") of an oxdde particle.

Teuperature independent term for caloulating the
density of the §'th oxide Kk as a linear functien of
tamperature,

Temperature indepsndent term of the standard free
snergy of formation of a 1% enlution of silioon in
liquid iron.

Temperature indspendent term of the standard free
energy of furmation of $:0s

Activity of camponent j in the matal phase at the
netal/gas interface,

Activity of the J'th oxide Ny v the nxide mixture
formed in bubbles in the tuyere reaction zoma.

Aotivity of the J'ih oxide M0y in the oxide phase at
the metal/oxide imterface of am oxide particle.

lculating the density

of the 1'th metal phase component as & linear function

of temperature,

Temperature dependent term of the standard fres energy
of formtion of the J'th oxids K.

M1




w

BLT

Ba

Boxy

Bot

Baioz

Cem

Cio

Crer.e

CBs

Temperature dependent term of the standard free evargy
of formation of a 1% splution of the §'th component M
in liquid irom,

Backup lining thickness (m).

Temperature dependent term of the standard free energy
of formation of a 1% solution of oxygen in liquid iron,

Temperature dependent term for calculating the demsity
of the §'th oxide MOy as a linear function of
temperature,

Temperature depandent term of the standard free energy
of farnation of a 1% solution of silicon in liguid
iron,

Temperature dependent term of the standard free energy
of formtion of §10;.

Thickness (mw) of the vessel working lining floor bricks
for a uew (§=1) and worn-out (§=2) lining,

Concentration (%) of cerbon in the metal phase at the
netal/gas interface of a bubble.

1 and
respectively for caloulating the overall heat capacity
of the liquid metal and slag as a linear function of
temperature,

Garbon concentration Ckgmal G/ in the bulk liquid
netal,

Carbon concentration (sgmol O/m®) in the metal phase

2t the metal/gas interface of a bubble,

Carbon concentration (kgwol C/u®) in the metal phase

in equilibrium with O and GO at the metal/gas interface
of 2 bubble,

Fitrogen cancentration (kgmel N/n% in the metal phase
at the metal/gas interface of 4 bubble.

Oxygon concentration (kgmol O/m®) in the metal phase
at the metal/gas ir‘erface of a bubble.

Cxygen concentration (kgmol O/8) in the wetal phase
in equilibrium with G and GO at the meta./gas interface
of a bubble

Carbon concentration (kgmal G/n®) in the bulk ligutd
notal phase,

B2




Lk

oer

Creria

[EEFN

Cars

Coxio

Coxet

Cin

&

Das

)

dova

Nitrogen comcentration (kgmel N/m®) in the bulk
}quid metal phase,

Oxygen concentration Ckgmol O/m®) in the bulk liguid
metal phase ussoclated with a rising bubble,

Silicon concentration (egmol Si/m®) in the bulk liguid
metal phase,

Oxygen concentration Ckgnol 0/w%) in the metal phase
<at the metal/oxide interface) in equilibrium with the
1'th oxide KOy {n an oxide particle.

Oxygen concentration (kgmol O/m® in the metal phase
(at the mstal/axide interface) inm aquillbrium with an
nxide particle,

§11icon conoentration Cegnol S1/m% in the metal
phase of the metal/mxide interface of au oxide
particle.

Heat capacity or specific heat (kI/kg/k) of the
Lining,

Concentration (kgmol/m) of element § at position X
where: -

I* ig the metal/gas interface of bubbtle
B" 15 the bulk liguid metal
¥=0F" is the metal/oxide interface of oxide particle

Carbon concentration (4) in the bulk liguid metal,

Diffusivity or coefficlent of diffusion (n/e) of
carbon in liquid iran,

u*/s) of the

ar of
3'th element in liguid irom.

of diffusion (m/s) of

ar
nitrogen in liquid iron,

Diffusivity or oseffictent pf diffusion (m¥/s) of
oxygen in Hquid drmn,

of diffusion (n¥/s) of

or
silicon in liquid iron.

Vertical haight (m) of & layer of brickwork in the
vessal lining,

Volume (u%) of the "half disk” of metal enclesed by the
3'th layer of bricks,

Diamster (m) of a bubble,

3




g 1)

dowe (8

oo ()

doue(0)
v

1,

8

28

Diameter (w of a bubble at a vertical distance b
above the tuyeres.

Diameter (m of a bubble af age t.

Dismeter (m) of a bubble at a vertical distamce x
below the slag/metal interface.

Diameter (m) of a bubble initially formed a% a tuyeras.

Volume (@ of the "half disk" of metal enclused by
the §'th layer of bricks of the AOD vessel lining.

First order parameter for the istersction of element k
on elemsnt § in 1iquid lrom.

Firet order parameter for the interaction of element |
on nltrogen in 13quid iron.

Standard free snergy of formation (J/kgmol M) of & 1%
solution of the J'th elenment K in liquid irum,

Henrian activity coefficlent of the j'th elament in the
netal phase,

Bacultian chivity cvefficient of the §'th element in
the metal phase.

Aotivity coefficient for nitrogen dissolved in the
liquid metal phace,

Activity coefficlent for silicon dissclved in the
11qu1d motal phase.

Gravitational acceleration (we),
6ibb's free energy (kJ/kgnol My for the for tha
dlesnciation of the J'th oxide KOy at the eurface of
an oxide partiols.

Sum of the free nergies for reductan by carbon.

Free anergy of formation (k3/kgmol) of 1'th oxide Ny
Sum of the free energles for reducton by eilicen.

Btandard fres energy of formatien (kJ/kgmol) of the
1'th oxide Ky

Standard frec ensrgy of formation (kl/kgmol) of the
{'th oxide KD from a standard 1% solution of K in
liquid iran.




Kooy

oo ms

e

2850

Bearn

R

i,y

HOs e

1Oz

ey

nety

N

LN

Gibb's free enargy (xi/kgmol O) for the redustlon of
an oxide KOy by carbon according to the reaction:

17y KO + 1G] =) CO + x/y LK}

Gibb's free energy (ki/kgmal S1) for the reduction of
an oxide %0 by silicon according ta the reaction:~

2/y ¥y + (541 ~> 810, + 2x/y (M

Gibb's fras epergy (kJ/kgmol C) for the for the
reduction of th j'th oxide My by carbon,

Flow rate (kgmal/s) of the J'th gas supplied to the
tr,eres, whersi-

j=1  total gases
j=2  oxygen

§=3  nitrogen
j=4  argon

Gibb's free enargy (ki/kgmol 1) for the for the
reduction of the J'th oxide %0y by silicon.

Hemt content (kJ) of the 1iquid metal and slag in the
vessel,

Temperature indspendent term for calovlating the
sonsible heat (kJ/Kgnol/K) of the §’th clement in the
1iquid metal ae & linesr function of temperature,

erm for caloulatiug ihe
sansible hent k1/kgROL/ M) of the 't element in the
liquid metal as a linear funotion of temperature,

Tamperature indepsndent term for caloulating the
sensible heat (kJ/kgnol/K) of the k'th oxide in the
slag as a linear function of temperature,

dent term for calculating the
senaible heat (kl/kguol”K) of the k'th oxide in the
slag as a linear function of temperature.

Standard heat of formation (ki/kgmol NOo of the K'th
axide as a funotion of temperature,

Vartical distance (m> of a bubble above tha tuyeres,

Vertical distance (W 0f a bubble of age + abova the
tuyeras.

Vertical haight (m) of the megrent of & sphera forming
the botbon of the vessel.

Holar flux (kgmol/mi/s),

W5



Koss.s

K,

Holar flux Cegmol o carbon.
Molar flux (kgmol s of carbon monuxide through the
§as plia s boundats laye: wi thy Betal gaw luberface of
2 bubtie,

¥aler flux (kgmol/n%/e) of the 1°th element through the
netal phase boundary layer surrounding a bubble or an
oxide partiole. Posoible elemsnts include the
followingi~

4=t carbon 1=5  molybdenum
j=2  stlieon nickal

§=3  manganese =7

J=4  chromium 4=18 nitrogen

Holar flux Ckgmel/md/s) of nitrogen
Molar flux Ckgrol/mi/s) of uxygem.

Oxygen flux (kgnol 0/w/s) assor lated with the
(decarburization reaction induc-1) dissociation of an
oxide, reprecented by KOy, at an oxide partiole
surface,

Siltcon flux (kgnol §1/w/s) asupsiated with the
reduction of an oxide, repreented by O, at an oxide
particle suriace,

Equilibriun constant for tha reactioni~
€1 + [0} <= CO

Hquilibrium constant for the disscciation of the J'th
oxt the metal/oxide interfaca of an oxide particle
accoriing tu the reactioni-

ey Bl = x/y [H) 4 10D

Fquilibrium constent for the decarburization
reaction:~

WY 4 1501 <=3 CO
* the metal/gas intorface of & bubble,

Foutlibrivm contant for the formation of tho J'th
axido KOy according to the reactien:

X UL 4 372 0 =) HaDy

Bquilibrius constant for the nitrogen dissolution
reaction

142 N, &= 1N




T Yass trapefar coefficient (ws) for carben through
the metal phase boundary layer surrounding a rising
bubble.

Hovo Mass tranafer coefficlent (we) for the X'th element

through the metal phace boundary layer surrounding a
bubble, Possible elemants are tha same as for J, above,

Yo Oversll mass transfer coefficient (m/s) for nitrogen
through the metal phase brundary layer and metal/gas
{nterface surrounding u rising bubble.

oo Mass transter coefficient (we) for axygr 2 through
the metal phase boundary layer surroundii & rising
bubble.

B Thermal conductivity (kJ/w/s/%) of the refractory
1ining.

K Average thermal conductivity (kJ/w/s/°K) of a

refractory Lining segment in direct comtact with the .
1iquid vessel contents.

Y Overall maes transfer coefficient (w/&) for nitrogen
through the metal phase boundary layer and metal/gas
interface surrounding a bubble,

P ¥ams transfer cosfficlent (w/e) for nitrogen
o through the metal phase boundary layer eurrounding a
rising bubble.

P Mass transfer cosfflclent (w/s) for mitrogen through
the gas/netal interface, polsomed by S and 0,
surrounding a bubble,

axo Mass transfer cosfficient (wse) for the diffusiun of
cxygen through the metal phase boundery layer
surrounding an oxide particla,

Kox, o1 ¥ass transfer coefficlent (n/e) for the diffusion of
silicon through the metal phase boundary layer
surrounding an oxide particle,

\ iy Rate constent for the resction:-
., i [Gl + [0} ~> CO

ki ¥ass transfer coefficient (w/s) for the j'th element
through the X'th metal phase boundary layer where:-

¥ “ X="BUB" is Lhe boundary layer surrounding a bubble
l X="OX' is the boundary layer gurrounding an oside
P partizie

TN Lo Lt Lining thiokness (m) at a particular position,

| nr




Hova,s

ol
Tewur, g
Terp
Toto. 4

Toer.s

Bucr.on

Atomic weight (kg/kgmol) uf the §'th element in the

netallio

following!

4=1  carbon =8
i=2  etiteon  §=9
j=3  manganese  3=10
J=t  chromium  §=11
§=5  molybdenun =12
j=6  nickel 1=13
i=7  tren =14

phase, Possible elements {nclude the

alumintun
titantun
copper
sulphur
phospharue
nitragan
axygen

Atomic weight (kg/kgmol) of nitrogen.

concentration (%) of the §'th element in the metal bath

Concentration (%) of elament k in the J'th alloying

material oharged,

Conoentration (4) of uxide k in the J'th Pluxing

mterial charged,

Nolacular weights of the §'th oxide. Pussible oxidea

lude the followlng:i-

J=t co 3=6
=2 B0 §=7
=3 ¥nO i=6
=4 Crally i=8
=6 Mo, =1¢

HO
FaO
41,0,
Ti0;
cuo

¥alecular waight of the §'th slag farming camppund,
Fossible oompounds include those listed abave (GO
excludsd) and the following:-

4718 CaQ
i=14 Xg0
i=16 ek

Mass (kg) of the J'th alloying material charged.

¥ase (kg) pf the §'th §'th fluxing material charged.

kg of the j’th element in the metal bath,

Hass (kg) of the J'th oxide M0y in the slag,

kgrol of the j’th elemont in the metal bath.
For the {'th olements refer X, above.

kgmol of silicon i the metal bath.



P 2 R

- =

e B L

Al

L

Ay ()

o

Hlaneth)

Was, s (B)

Hhath)

N (b

Nigy (b

Hlor,s ()

Quantity (kgmald of the J'th oxide My in tha slag

Flow rrte (kguol/s) of argon through an imaginary
horizontal plane at a vertical distance h above the
buyer es

PFlow rate (kgmol/s) of carbon monoxide through an
imaginary horizontal plane at a vertical distance h
above the tuyares.

Total gas flowrate (kgmol/s) throvgh an imaginary
horizontal plane through the metal at an arbiirary
vertdenl distance b above the level of the tuyeres.

Tlow rate (kgmol/s) of the §'th gas type through an
imaginary horizontal plane through the metal bath at
vartioal distance b above the the tuyeres. Gas types
are as follows:-

=

j=1  carbon monaxide
j=2  onygen

§=5  nitrogen

j=4  argon

Flow rate (kgnol/s) of nitrogen through an imeginary
horizontal plane al 3 vertical distance h above the
tuyeres,

Flow rate (kgnol/s) of oxyge. through an imaginary
horizontal plane at a verticsl distance h abave the
uyeres

Total oxide flowrate (hgmol/e} in or associated with
bubbles at a vertical distance h above the tuyeres,

Flow rate (kgmol/s) of the J'th oxide (forming in and
rising in close association with bubbles) through an
imaginary horizontal plane through the mstal hath at an
arbitrary vertloul distance h above the level of the
tuyeree, Fossible uxide types ore as follows:-

=2  Sik Holds
i=3 M0 NiO
i=4  rray 1=7  FeO

Avogedra's volume = 22,414 ¥/kgmol

Concentration (%) of nitrogen dissolved in the bulk
1iquid metal.

Equilibrive %N in the metal phase at the metal/gas
interfaca of a bubbla,
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Poor

P, PG
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R

Equilibrivm %K Lo the metal phese =t the meval/ges
interface of a bubble st a vertical distance b above
the tuyeres.

Bquilibrium %K in the metal phase at the metal/ges
interface of a bubble of age t.

Rate of formation (number per sec) of bubbles at the
tuyeres, Also the flowrates of bubbles and oxide
particies through an imaginary horizontal plane through
the metal bath at an arbitrary position above the
tuyeres.

Concentration (%) of oxygen in the metal phase at the
metal/gas lnterface of a bubble.

Atmospheric pressure. (kR/at)
Partial pressure of CO in a bubble.

Partial pressure of CO at the gas‘metal interface of a
bubble.

Ferrostatic pressure (atm at a verticel distance b
bove the tuyeres or depth x below the metal/slag
interface

Partial pressure (atm) of the j'th gas in a bubble,
wheret-

J=1  carbon monoside
32 oxygen

§=3  nitrogen

3=t argon

Partial pressura (atm of nitrogen in a bubble,

Partial pressure (atm af oxygen in bubble in tuyere
reacticn zana,

Ferrostatic pressure in & bubble of age t.
Ferrostatic pressure (atm at tuyere level.

Ferrostatic pressure (atm in a bubble at a depth x
belaw the metal/elag interfsce,

Density (kg/w) of the liquid metal,
Holar density (kgmol/m") of the liguid metal,

Density Ckg/m®) of the gas i a buble.
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Qox
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Density (kg/m) of the j'th metal phase element at
1650°C, Possible elements include:-

§=1  carbon $%6  nickel
j=2  silican 3=7

3=3 manganese {28 aluninium
j=4 chromium  §<9  titanium
j=5  molybdemum §=10 copper

Density (kg/n®) of the refractory lining.
Density (Eg/m* of an oxide particle,

Denstty (kg/m®) of the j'th oxide phase compament.
Possible compounds include those listed for Mo,
above.

Slag density Ceg/u®)

Density (kg/m?) of the §'th slag phase component,
Possible compounds inolude those listed for Mee,:
above,

3,141592654

Total volumetric flawrate (uw'/e), at standard
temperature and pressure, of gases being supplied to
the tuyeres.

Volumetric flow rate (w/s) of the gas mixture entering
the bath at tuyere level pressure and bath temperature,

Rate of heat luss tki/s) via the hot gases leaving
the vessel mou

Heat flow rate (kJ/s) between the 1efractory lining
and the contents of the vessel

Yolumetric flowrate (a%/s) of oxide particles through
an imginary horizontal plane cutting the metal bath at
an arbitrary position above the tuyeres.

Rate of heat generation (ki/s) by chemical reaction.

Rate of beat loss (kJ/s) via the radiation through the
vessel mauth.

Rate of heat (kl/e) input to the veesel via the gases
entering the vessel through the tuyeres,

Heat flux (kj/n%/s) from the refractory lining imto
the vessel shell,

Convective heat flux (kJ/m*/s) from the vesel shell.
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PRI Qo Radiation heat flux (el/mi/s) from the vessel shell,
H
g ;] Gour Heat flux (kj/m'/s) out of the ressel shell to the
N E o cyandings.
R Gas canatant
BT 5 Temperature (°K) of refractory lining at posttion §
and tive .
Rz, Temperature (9 of refractory lining ab position j

and time tHAL,

Felh) Decarburization rate (rgaol C/s® at a vertical
distance b above the tuyeres in the metal bath,

o () Dasiliconisation rate (kgmol Si/s® &t a vertical
dletance h above the tuyeres in the metal bath,

T Inner radius (m of the lining at brick layer § and
radial pos:bion k degrees iram the midpoint between #2
and #3 tuyeres.

Tox Radius (m) of an oxide particle.

Ton Badius (m) of the segment of a aphere forming the base
of the vessel.

Tar hmbient temperature (°K) of the vessel surraundinge,

T Temperature (degrees Kalvin) of the metal bath.

Ty Temperature () at time ¢ and at distance Y from the
ot face in the refractory lining.

Tve Temperature (%K) of the vessel shell.

t Blapsed process time,

% Age (s) of a bubble in the tuye:s reaction mone.

s Contact tima (s) parameter of the Higble Surface

Renewal Hodel. For a bubble or spherical particle, this
ic the time taksn for 4% %0 rise tirvugh & vertical
dletance of ope diameter relative to the surrounding
Fluid,

toow(®)  Higble Suface Renewal Madel conmtach time (s)
paranster for a rising bubble at a depth x below the
slag/metal interface.

tuox Higtie Surface Reneval model comtact time (s)
paraneter for a rising oxide particle,
ta Duration (s} of a process time Step.
. { w1




Unua

Yo (B)

Vaue ()

Vawe (£)

Viy

Ko

Fuerss

Viscoeity (hg/m/s) of the liguid metal,
Risivg velacity (ws) of a bubble.

Rising velooity (w's) of a bubbla vertical distance h
sbove the tuyeres,

Rising velocity (w/s) of a bubble of age t.
Volume (n® of liquid metal above the tuyeres.
Volume () of liquid metal below the tuyeres.

Volupe (n%) of an individual bubble at a vertical
distance b above the tuyeres,

Voluge (w¥) of =a individval bubble of age b

Humber of heats completed to date with the current
vescel lining (ie. age of vessel iiuing).

Estimated number of heats that will be completed with
the ourrent vessel lining before it has to be replaced.

Volupe (n°) of the llquid metal in the AQD vessel.

Inner radivs () of the vessel lining at a particular
posttion.

Yolume (m) of elag in the AP vessel,

Volune (x) of liguid metal in the segment of & sphers
forming the bottom of the vesesl.

¥alar flowrate (xgaol 0/8) of reducible oxygen in
oxide particles thraugh an imaginary horizontal plane
cutting the metal bath at an arbitrary posttion above
‘the tuyeres.

fase flowrate lkg/s) of oxide particles through an
imginary horizontal plane cutbing the metal bath at an
arbitrary positinn shave the tuyeves,

Kolar fraction of the §’th element in the metal phase
a the gas/metal interface uf a bubble.

No.ar fraction of the §'th slement in the bulk Liquls
netal.



Tox, s ()

Yo

Zxs
Zru

Yolar fraction of the j'th oxide (3>1) in the
mixture associated with bubbles at a vertical distance
b above the tuyeres. Pos:ible oxide types are as
follawe:~

=2 8o, ¥oly
18 M0 §=6 WD
1= Craly i=7 Fal

Molar fractiom of the )'th oxide Wiy in the eslag.
Vertical digtance (m) belaw the slag/metal interfage.

Thickness (m) of elag layer floating on top of the
motal in the veesel,

Vertical distance of the tuyeres below the slag/metal
interface,

Bquivalent lining thickness (m),
Constants definipg the stoichiometry of the j'th oxide
s

N0y, where zy,, 15 equivalent to x and Zy,s i
aquivalent o y.



1 ARGON OXYGEX TIQN PROCESS MODEL

1.1 introduction

1.1.1 The Middelburg Steel and Alloys Neltshop

Kiddelburg Steel and Alloys (NS8A), the major producer of
stainless staal in South Arica, operates an integraied sveslworks
at its Niddelburg plant. The steeluorks includes a meltshop which
canverts a varisty of raw materials inta liquid steel via a 50 ton
25KVA Demag slectric arc melting furnace and a 55 ton Demag argon
oxygen decarburization (AQP) refining vessel,

The Keltshop at MSkA typically produces betwsen eight an eleven
beats per day. Tha &rc furnace narmally taps out approximately 50
liquid tans of steel per heat at about 1620°C, The tap-out carbom
content is generally in the range 1,3-2,2%,

The A0D refining cperation drops the carbnn content of the liquid
steal down to the 0,020-0,060% range. In addition to carbon
remaval, the final chemisiry of the steel s “Iine tuned” by the
addition of & variety of suitable allsying materials, reductants
and fluxes durisg the process. This results in a mss increase &nd
the tap-out mass of refined steel is typically 53~55 tone,

The 1iquid steel, following an argon stirring operation to
homogeniza 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
sheat material,

4 wide range of buoth austenitic and ferritie grades of stainless
steel, including 3CR12 (developed by MS&A) are praduced.

1.1.2  Desoription of the AQD converter and progess used nt NS¥A

1.1.2.1 Basis of the process

The AOD process was originally developed by the Inen Garbtds
Corperstion during the 1969's, The process has bee

documanted (see section 1,2 for a suamary of the P
literature), It is based on the principle of diluting the carhon
monoxida, produced by the decarburization reaction:-

1O £ 101 =Y o0 (L)

with an inert gas such as argon or nitrogen.

This dilution of tha carbon momoxide reaction product shifts the
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equilibriun represented by equation 1,1 fn the direction of carban
nonoxide formation, This sign (icantly impraves the efficlency of
carbon removal by oxyger i 4 situation 0f strong thermodynemic
competition for oxygen by elemsnts such as chromius and manganese.
Chromiun is typlcally present in concemtrations ranging from
approxtmately 11% to 24%, depending on the steel type baing
‘produced.

1.1.2.2 Yessal construction

The 40D reaction vessel onnsists of a refractory brick lined steel
shell. The middle section is cylindrioal, The base conslsts of a
segnent of a sphere, Tha lower aud upper sections of the vessel
are sections of a cone. There is an opening in the upper saction
to allow charging of liquid wetal, the addition of alloying,
fluring and reducing materials and the escape of gaseeus reactiom
praducts and inert gases.

The lining material for the vessel is direct bonded fired dolomite
bricks. During the early days of AOD developuent chrome megresite
wes the commonly used refractory material.

1,1.2.3 Tuyere construction

A mizture of oxygen and lnert gas is introduced inte the liquid
metal via four tuyeres extending through vhe vessel shell and
refractory lining, They are lacated mear the bottam af the lawer
conieal section of the vessel. Bach buyers consists of two pipes:
a copper inner pipe supported inside a stainless steel outer pipe.

The apnulus formed betwean the two pipes (kmown as the "ehraud”)
1s kapt canl by blowing part of the inert gas requirement through
1%, The balance of tha inert gas requirememt and all the oxygen is
blown through the central copper pipe (normally salled the
“tuyeret).

1,1.2.4 Yeggel rotation and gae supply

The vessel is supported in a ring that is in turn supported by two
trunpion mounted bearings, The vessel and ring eesembly may be
ratated through 860° by a gearbux applying torque via 2 bull gear
cn ons of the trunnions. This allows the vassel to be rotated, for
axample, from a horizontal posibion (ueed for "holding
cperatimns, temperature measurement, sampling and tapping) into
vortical and back~tilted positions (for metal charging, blowing
and making vessel additions).

Tha trunion mounted on the npposite side of the of the ring from
the gearbox imcorporates a rotary valve assembly, This provides a
coutinuous connaction between tho gas supply lines ooming in from
the gae £low control room and the manifolds distributing the
various geses to the shrouds and the tuyercs.
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Gas £low to the veasel is controlled via a metwark of pipes, flow
control valves and associated instrupentation. This emables
aifferent fnert gases %o be selected and the flowrates of oxygen
and inert gas 1o be individually controlled,

This is necessary tu allow different ratios of osygen and inert
pas ta be blawn into the vessel, dapending on carbom comcentration
and temperature. It is alao possible to blow only an inert gas
into the vessel for stirring purpuses,

‘The conriguration of pipes, valves and instrumentation varies from
installation to installation, reflecting individual operator
preferences and di Sferences in inert gas availability,

1.1,2.5 Injtial charging of the vessel

Hat mstal from the alectrio arc furnace is charged through the
nouth of the vessel fram a ladle slung from an overhead crane, The
uetal typically contains 1,0-2,8 %C and 0,1-6,5 481,
Gonoentrations of other elements such as Hn, Cr, Wo, Ni and Fe
depend on the particular type of eteel being produced.

Soft burnt lime {and dalomibic lime in the case of the NSRA
operation) is added in sufficient gquanbity at the start of a heat
o react with the silica that is formed during the decarburization
process. This is hecessary to protect bhe refractary lining from
excessive attack by silica, The metal temparature after the lime
addition at the comnencement of the decarburization blow is
typiaally 1480-1550°C,

1,1.2.6 Dagarburizatiop steps

Initially, while high carbon concentrations exlst, bigh oxygen to
inert gas ratios (411 and 3:1 being the most common) are used.
Qarbon removal effioency, although impraved by higher
tonperatures, begins to dacline as the carbon concemtration in the
1iquid metal decreases.

In order to maintain econcmically acceptable carbon removal
sfftciency und prevent undue ohromium (and giher netalllcs)
axidation, the retio nf Oxygen Ya lvert gas is progreswively
reduced in & stepwise fashion as the carbon concentraticn drops,
Ratios that are typioally used at Sah are as follDws:~

4 Rangg Ratio Oz Inert Gag
2% 411 or 311
1,0-0,5% #11) i1 or 2t

0,5-0, 1% o

©,1-0,06% 13

9,050, 015% 13 ar 16
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The quantity of uxygen blown in each of theee steps is determined
using empirical formulae and tables based on actual nperating
dota.

1,1.2.7 Temperatyre and composition contral

Frow thermo:: Autc ulone it is desireabl

operate the T .59 ot as high a temperature as possible bt
maxiniee . 1 m re wval effictency. Practical comsidera’ ipps of
refractory lining - r dictate a maximum cperating tew; -ature of
1710-1720°C,

Since the process is strongly exothermic, 1t 1s necessary to add
caolant to the vomeel to prevent the temperature excesding 1720°C,
Tdeally this is done with an automstic feed system where coolant
foadrates can be controlled to maintain mare or less constant
temperatures ance the 1670~1720°C operating range bas heen
reached,

The rate of temperature rise in a partioular ratis is currenmtly
predicted by the operator ueing empirical temperature rise
factora. These factors are not very acourate and the nead for an
acourate prediction of the process temperature trajectory is a
strong motivation for the development of & process model.

Maxy inatallatione, including that at NSEA are restricted to batch
ulmging a2 coolant, In opera.ions such s these, the hemparnture
fallowe 2
range "o beon rasshed, Bufticient colaut 1s added svery bim the
bath temperature reaches 1710-1720%C to drop 1t to 1670-1860%.
Thic i normally two to threo times per heat.

Ideal coulants inciude law carbon oontent materials such as
nlckal, ferro-molybdenum and mild steel scrap, Hawever, baoause of
the aifficulty of accurately cantrolling the chemistry of the hot
metal tappad from the arc furnace (variability of composition and
recovery of raw materials, particularly scrap), coolants may aleo
include high carbon al.oys such as harge chrome and high carbon
ferro-nanganese,

‘These high oarbon matorials are used during the decarburization
stage of the process for reasons of ecanamy. They are added for
fina] shemistry control as well as for cooling the process. It
chould be emphiasized however that chamigtry contral starts in the
Gorapyard with the contral of incoming raw materials and the
dosign of the arc furnace chargs,

Soft burnt 1ime and dolomitic lime are aleo used as Goolante
although it 6 preferable o restrict their use for this purpose
45 far ao possible, This i because axtended exposure to the high
process temperatures cause these materials to becoms "hard-burnt
pod 160 veactive {in respect of bedug able to prefersntially
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react wiéh 810, to protect the dolomite lining from attack).

A heat typically requires between twa and four coolant additions,
depending on initlal and final carbom concentratione.

1.1.2.8 Reduction step, slag basicity control and desulphyrization

15 completed ateel typs, when the
carban Jevel n the metal hab buen ratuond 4o the 9)05-3,08 4C
range, At this etage, in addition to the dacarburized liquid metal
and 1ime, tbe vessel contains a large quantity of oxidas
prinoipally Crils, With 1r-ser quantities of 0 and FeG, It is
necescary to reduce these oxides, both to recovar the metal
content and to drop the Owygen content of the stesl.

Ferro-silicon is the most commonly used reductant. [t ig added it
fhe end of the decarburization stage of the process, together with
any outstanding line and dolomitic lima that my be required tu
achieve a alag with an acceptabile basioity ratia

((Ca0HINED) /4810, . Blag basicities of 1,5-2,2 are typical,
depending on the operation,

A high slag basicity reduces e.asion of the refraotory lining by
510, generated during the the reduction process. A Ligh basicity
is aleo advantageous for good sulphur removal, as is a post
reduction level pf 50,30 Si in the metal. However uxcessively
high ©73,0) basicities can cause problems such ac difficulty iu
deslagglng and slag build-up in ladles unlese special precautivns
are taken, These include the use of fluorspar as o fluxing agent
or the application of siag-free tapping procedures.

The reduotion stage of the process ie accomplished by Stirring in
the ferrc-silicon and lime additions with argon for iproximataly
five minutes, &t ihis atage, the sleg that has boen ponerated is
tapped off and a liguid metal sample is taken for iincl chemietry
contral,

Vhile walting for the analysls to be reported, a dot u;' arization

about two minutes, both for sulphur removal ani to . et
heat, Wbere surplus heat e oxpected to be linited, the
desulphurization mixture can be charged together willh the
reduction additions,

$.1.2.0 Pipa) additions and bapping

1t {s normally necussary to make final adfustmeni, to t.. liquid
motul's chemisiry at thls stage. Addittonz cz low arben alloys
(and high carbon alloys if upward edjustmn. of carbon

necaseary) are mde o the vessel prier tu tapping. It may alsa ho
necessary to use final ailey and/or furth. desuipburi. imm
mixture additions se n weans to lower tiv- -mperature 1 the
liquid metal to thu desired ainm point.
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After tapping the vessel, the noxt heat is charged and the whole
process is repaated,

1.2 Literaturs Survoy

The AQD process wae invented by the Union Carbide Carporation
during the late fiftles, This tollnwed - h\venguttnn h\tn the

tween the ot d the
experimental work by Hilty and Craft on the equllibtium Tatios of
ohromiun and carbon, 1t was found that significantly umproved
decarburization vas achieved when argon was used ae a coolant when
attempting to perforn isothersal exper iments involving blowing
oxygen onto the surface of molten chromivm alloys.

SSeveral years of research and development work culminated in the
?irst patents for the AOD process being lodged in the USA ip 1960,
The first fullscale plant tests were conducted in conjunstion with
the Joslyn Steel company in 1960. Howsver, it was not wntil 1968
that Joslyn was able o report thefr first svocessful 69 heats in
+he ADD vessel

Since those pionesring days considerabls work has besn done on the
40D by numsrous awthors, Ths Unfon Carbide Sorperation may have
initinted the work on the development of mathematical models of
the AOD process with the thermodynamic equilibrium model” that they
iesued t6 their licensass as part of their technical kmowhow
paokage,

& numbsr of viuble models have been subsequently developed by a

number of authors, the most lmportant of which are briefly
discvasad below,

Asal and Sgekely"'s:'® proposed a mathemabical medel for
describing the bath temperature and rajectaries for
the decarburization of stee:

an ndustrinl scale, The madal Lo based on & sot af somponent,
balances, written with the atd of driving force expressiuns, the
appropriate oquilibrium relationships, and & hest balanca.

Thay apply the ooncept (originally proposed by Asal and
Huch( V719,192 that Mduring the oxygen blow the concemtratlon of
each alloying olemsnt in the bath nay be oaleulated by
astabliching & balance between two driving forces, namelyt-

(1) the driving force that will cause the system to tend tuwards
thermodynanto equilibrium

(45> ancther driving force, due to oxygen supplied to the bath,
vhich will tand to kesp the Systam fram reaching
equilibriun.®

R § Fruchan ' develaped o model of the AUD eteelmaking process

that prodicts the rates of oxidation of chromlum and carbon. The
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uodel 18 based on the assumpbion that the uxygen (that e injected
tagether with an inert gas such as argon at the tuyeres) primarily
oxidises chromium in the tuyere reaction zone.

The Cris that ie farmed oyidises the carbon as it rises in the
“ath with the argon bubbles. In his model single sffective values
of interface carbon concentration end imterface CO presswe are
caloulated by assuning that the concentration of ohromium at the
interface is the came as in the tulk, It is also assumed that the
cxidation of carbon by CrsOs ie the rate-controlling reaction and
1s controlled by vhe liquid phase maes transfer of carbon ta the
bubble surface,

1 Deb Roy and D G C Robertsom™ developed a nadel applicable to
ygon (AOD) and ar & pro
The mda4 predict: the variation of gas cumpuanmn with height,
and the rates of all the mass transfer procesees ocouring at a
given height in the bath. The effect of gaw phase resistance at
the metal/gas interface of a bubb' is taken {nto account and the
nodel allows the effects of char 5 in pressure above the bath
surface to be predicted.

In thelr model (as 1 applies to the AUD process) squilibris 1s
sesumed Yo wxist at the metal/gas interface between salld Cry0s,
dissalved carbon, dissalved chromium and GO in the gas phase. It
is assumed that initially dissolution of the oxide in the malt
ocours at the oxide/mstel interface, Then follows the reaction of
disealved carbon with dissolved oxygen &0 form GO et the matal/gas
intertace,

Thetr nodal 1e extendsd o onter for the milti-camjonant systems
typteal of the commercial steel rorin

08 uadel takas Inte nconint Ehe aovisothersal cenditlans s the
presence of S, K, and ¥i in the mslt,

1t ia assumed that all the oxygen which enters the vesssl as O,
reacts to form Gry0;, 510; and ¥nO. A emall amount of iran gets
oxidised but e quickly reduced by carban, The oxides are carried
up by the gosss and subsequently vericus amgunts of the metals are
reduced back into the melt by reduction of their oxides by carbom.

4 heat balancs ie introduced tg account for the non-isothermal
behaviour of the bath,

Simulation of the sys.em involves simultanecus solution of
o and conservation at all posttions

10 the bath,

1 Makeukl st, 8l developed a madel of the AGD procees on vhich
this vork is largaly baced, Thedr model is very similar to the
wodel desoribed in the paper and UK patent application hy % Tonghe
ot. 8l ®%, Tha Authors postulate that oxygen from the tuyeres
reacts With metallin elements such as Si, Kn, Gr, or Fe in tho
both $0 fore 9xidns, The relative formation rates of theee oxides
16 accumed to be proportional $o the rate of diffuston of tho
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netallic elements through & boundary layer surrownding esch
bubble. The direct reaction with C ie comsidersd ta be negligable.

The oxidized metals become suspended in the molten metal as fine
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 oxtde particles emter the bulk slag phase
floating on top of the liquid metal. The oxides in the slag are
aseuned to make no further contribution to decar!urization,

In the model 1t is postulated that decarburization takes place via
the following steps:-

(1) dissociation of the metallic oxides;

(1) usss transfer of { from the oxide surface to the molten

al;

(ii1) maes transfer of of 0 and { from the ten metal to ihe
metal/gas interface of the bubbles

(iv)  decarburization reaction at the interface:

) wrss transfer -° ™" vas from the interface ta the bulk gee
phase of the pubbles.

The model takes into account the effect of bath depth and applies
to both high and low carbon ranges. In the Ligh carbon range the
decarburization rate is sald to be controlled by oxygen ms
transfer and in the low carbon ranges i. .. coatrolled by carbon
mase transfer.

0 G Pauwt'” of HINTEK has recently developed a
Einetic-equilibriun model uf the AUD process as part of an overall
process optimizatior and control package for the AOD operavian at
Hiddelburg Steel an. Alloys, In the model 1t is assumed that there
are three main reaction zones,

The primry reaction zone is where the gas is Ylown into the bath
and it braake up into equal sized bubbles. wpemical reaction
between the oxygen in the gas and the meta. p.ace takes place at a
high rate because of the high Lemperature and oxygen potential. It
1is 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 assumed that the gas in the bubble comes
futo equilibriun with all the netal in this layer,

After equilibrium has been abtained, remaining metal from the
metal layer is mixed back futo the hulk metal phase in the
secondary reaction zone. Slag and ges forsed rise tu the top of
the bulk metal phase where the slag is taken up into the bulk siag
phase and the gas escapes fram the vessel mouth,

Tn the tertisry reaction zone thin layers of metal and slag at the
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bulk slag/metal interface are considered ta came to equilibrium. !
These layere are repiaced with fresh omae at a given rate.
Kennubile material from the equi)ibriated ones are mixed back into g
the bulk metel and clag paases.

Equtltbriun conditions are deterwined by first writing
expressian for the tots} Gibbs free energy of the systen Cbutible,
surrounding weral layer and reactlon products) as a function of
the mitec o1 w4vh compound in each phase 1u the equilibrium
mixture. The ‘vt of tho nusber woles of each compound present,
which minimize the tibby free energy function, is solved within
hp - cwitratoh. af may, coRFTSAtitn. The S0lutlon fo this provlem
o tound be ebe wie of the technique of undetermined Lagrange

B Lt

teTy¥ Vas beon vade 1o apply the models or
ani ¥Yatangbe'? ¥, with some modifications,

ar Nitieibarg Steel snd Allays. [t is oained Chat
 AL.tins reaction Zones, namely:~

Sow;

S3ia tum . oawd aetal flase interfave reaction zone.

Tagew Fesition Zona. Here the gas mixture
femibie, 0 a particular diameter,

.00t upwards reigtive to the surrounding
“4riALt metas phase boundary layer s esvablished

fen ot piiwoipaily with elements such as &, Si,

3 fn i Detal phase av the metalsgas interface

381 D 1n avamed thet equilibrivm is

©otnt o inerfaoe between oxygen in the bubble, the
iu b metal phacs aml the corresponding axide in

© ot ags Vbt arrs ta form

0 arbem, epuiibedug fu dwsumed to exist between (0
3n e Palk ga phase o the bubble and © dissolved in the
P v at the metelpar tuteptace.

Shet At ATRel¥ to e smmediately vedimoed by more reactive

3 s ] B moderd Ga besn alitied t allow tor the oxidation of ke and
3 e { syon B and B3 oA "baning" options. Howevor thermodynamic
. s peranion suggent that 10 oxide. a1 these elewsnts are torsed
i

Ly




elenents euch as G, $1, ¥ and Cr.

Because of the aguilibrium conditions existing at the metal/gas
interface, a concentration gradient of the reacting metal phase
elenents i established across the boundary layer surmumﬁng each
. . bubble. The relative formation rate nf each oxide and CO i

- . assumed to depend on the diffusion rate of the correspundmg
# Ny rescting metal phase alement through the boundary layer.

N BN The depletion of oxygen from the bubble proceeds at a very high
& . rate becouse of the high temperature and high oxygen potential. A

- > bubble 1s mseumed to leave the tuyere reaction zone when its
T gaseous oxygen cantent bacomes depleted.

1t is assumed that equilibrium exists betwaen nitrogen in the bulk
gas phase of a bubble and nitrogen dissolved in the metal phase at
the metal/gas interface. Thus a concentration gradient of nitrogen
exists acroes the boundary layer surrounding a bubble. The
depletion or accumulation rate of mitragen in a bubble depends on
its diffusion rate through the boundary layer,

: L 1.3.2 Rising Bubble Reagtion Zone

PR ‘ . 5 The Rising Bubble Reaction Zone i& assumed to extend from the end
- l of the Tuyere Reactiun Zone to tie siag/metal imterface of the
1 bulk slag phase flaating on top of the liquid metal,
|

As a bubble enters the Rising Bubble Reaction Zone, the oxide
mixture (le. slag) conteined within is assumed to disengage as a
single sphericel droplet. The bubble and its associated oxide
droplet cantinue to rise up in close assoclation with one anather
in a plume of liquid metal and other entrained bubbles and oxide
droplets.

Boundary layers of staguant liquid metal are sssused ta surround

each bubble and droplet a& they float upwards relative to the
1iquid metal in the rising plume.

Carbon and oxygen dissalved in the metal phase react at the
metal/gas lnterface to form GO in the gas Phase. 1t is assumed

that equilibrium exists, at the gas/metsl interface ot a bubble,
betwean tie following:

) OO in the bulk gas phase:

N S

1) C and O dissvlved in the metal phase at the intertace.

Diffusion nf G and O takes place through the boundary layer due to
tho respective concentration gradients existing between the bulk
1iquid metal and the metal phase at the interiace.

The decarburization or (O formation rate (n a bubble depends on
the mass tramster of C and O through the boundary layer
surrounding it.

|
|
|




t 16 assused that equilibrium exists, ab the metal/oxide
interface of an axide droplet, between the fallowing:

() oxygen dissolved in the metal phase at the intertacs;

¢11) oxide with a high cxygen potential eg. Cr0s) at the oxide
particle surface. As & stuplifying assumption it is assumed
that the surface concentration of the oxide is the same as
ite bulk concentration in the particle;

<1113 element (eg. Cr) dissolved in the metal phase at the
interface. 4 & sluplifying assumption it is assumed tbat
the interfacial concentration of the element is the same as
ite concentration in the bulk liguid metal,

Oxygen is removed from the 1iquid metal of the rising plume by the
decarburisation reaction taking place in a bubble. Thus, in
addition ta that in the boundary layer surrounding a bubble, an
axygen concentration gradient exists in the metal phase boundary
layer surrounding an oxide droplet, Because of the lawer oxygen
potential in the bulk 11quid metal (with respect to that existing
at the oxide/metal interface), oxides at the particle sv-iace
dissoctate.

The dissceiation or reduction rate of the particle is dependent on
oxygen mase transfer through the boundary layer surrounding it.

2.3.3 Bulk Slag and Matal Phace Interface Reaction Jome

Althaugh the existence of this reaction zame is recognized, it has
not been included in the model at this stage. In the model in its
resent form it is acoumed \hat any metal oxides captured by the
bulk slag phase no longer participate in any further r




2. TUYERE ZONE REACTION MODEL

2.1 Qualitative Description of Nodel

It is postulated that as the mixbure of caygen and inert gas is
blawn through the tuyeres imto the 1iquid metal, bubbles ara
formed. 1t i nssumed that, once formed, they neither coalesce nor
aubdivide, Oxygen in these bubbles immediately reacts with C, 51,
¥a, Cr, and Fe ab the gas/mstal interface. Oxides such as OO,
5105, ¥nD, CraDa and FeD are produced,

In reality, elements such as Ho and i probably alsp react with
G¢ygen to form oxides, However, because the free anergies of
formation of these oxides are substantially less negative than
those discussad abave, vhey are prubably immeaiately reduced by
olements having a much higher affinity for oxygen, The mode] does
allow for the participatinn of these elements as an option far
tuning the overall ACD model,

In line with other authore!22 it is assunad that the rate of
formation of thess oxides (and hance the compositlon of the axide
nixture leaving the tuyera reactlon zone} is dependent on the rate
of mass transport of the oxide forming elements through the metal
phase o the gas/metal interface nf the butbles,

Thus, in the formalation of the model, At is assuved that mass
transfer takss place as 4 result of diffusion of the reaoting
species in the metal phase through a metal phase boundary layer
surrounding each bubble, The drivisg force for this diffusion
process is the concentratlon gradient of each diffueing elsment
that exists between the bulk liquid metal phase and the gas/metal
intertace of a bubble. The ooncentration of a reacting element at
this interface is determined by the thermodynamic equilibrium
aesumed to exist between it, its equivalent oxide and oxygen in
the bubbla,

Since the thickuess of this boundary layer ie not knawn, the
Higble Surface Renewal Nodel'®* is used to estimate the mass
transfer coefffcients fur the various reacting elements.

In addition to the resctions betwsen orygen and metal phase
alements, the tuyere reaction model allowe for the mase bransfer
of niicagen through the matal phase boundary layer surrounding a
bubblo, This is because nitrogen is one of the inert geses used in
the AOD process for rensons of econemics,

Witrogen 1s fairly eoluble in liquid iron ard its alloye?, Thlw is

- in contrast to argon which appears, from laok of references ta the
w7 . ontrary in the literaturs, to be virtwally inscluble for all

: , practical purposes.

v The mase trensfer rate of nitrogen is alsc assumed to be diffuaton

é | 2,1




controlled, The driving force for diffusion is a concentration
gradient through the boundary layer between the bulk 1igid metal
and the gas/matal interface of the bubble, Nitrogen dissolved in
the metal phase at the gae/metal interface is assumed %o be in
thermodynanic equilibrium with the partisl pressure of nitrogen in
the bubble,

It is docwmented in the litarature’? thab surface active aelements
uch as oxygen and sulphur reduce the mass transfer rate of
nitrogen acruss the gas/metal interface, The overall nitrogen mess
tranafer cneffiolent is derived by combining the Kigbie Burfacs
Renewal Yodel mnss transfer cosfficient for the boundary layer
with the mass transfer cosfficient for the layer rich in
surface-active agents.

Gas Puase of BuesLs , InmaLLy
CONTAINING 02 AND AN INERT

Gas (Ne or Br) AND, THEREAFTER,
CO RS WELL,

Marm_/c:ns INTERFH:E oF
QBBLE wWHERS

5 SR or WETR axives.
Emuuakum IS _ASSUMED o
SisT HERE. BRTWEEN wAs.
*\ METAL AND SLAG PYASES.

BuLk Lieud
ST MeTAL PHASE

BoOUNDARY LAYER
SURROUNDING  BUBBLE,
BIFFUSION 6F METRL

PHASE ELEMENT.S TﬂKES
PLBCE THRO! T, A
CGNCENTRF\'TION GRADIENT
EX\STS BETWEEN THE
GAS IMETAL INTERFACE AND
THE BULK Liau)p METAL,

Bigure 2.1: Schematic rep: of the Tuyere Reaction Hodel




2.2 1 Description of the Kodel

2,2.1 Bubble Farmption at the Tuveres

4 the mixture of oxygen aud inert gas leaves the Suyeres and
enters the liquid metal, it 1 assuned %o heat up virtually
inetantaneously to the tempersturs of the bath and to form
digorete bubbles. The diameter dme(0) of the bubbles that are
initially formed is one of the parareters of the AOD modsl that
zay be varied for the purpese of "tuning” 1t to £1 observed plant
data,

The rate of bubble formation nes te glven byi-
Taw = RV @) @1

whers the volune Vow(®) of an individual bubble of dianeter dws(®)
is given by~

Vwa(0) = (TT/6)Kdgo(@)F  <2.2)
and the volustric flow rate Q¢ of the gas mixture entering bhe
bath at tuyere level pressure Py and bath temperature Tu is
gtven byi-

Q= QKTo/(273,15%Pny)  (2,3)

¥ote that Q is the total volumetric £low rate of gasss baing
supplied to the tuyeres at standard temperature and pressure.

The initial flowrate of the i’th gas (whera 1>1) in the bubbles
formed at the tuyeres is given byi-

Wong, 4 (@) = Gr,y  (2.4)

whera Gr, is the flowrate (kgsel/sec) of the J'th gas supplied to
the tuyeres.

Tt is assumed that the initial flowrate af carbon manoxide Hie (@)
(=Nims,1 () 18 mero,

The ferrostatic pressure Pry (atm at the tuyere level in the
bath ie given byi-

Prae = (Para? (PEEroviPastXac¥0) /101825 (2,5,1)

The caloulation of %, the depth of the tuyeres belaw the
slag/metal inlerfane and X, the thicknass of the clas leyer 1o
desoribed in chapter 5, The caloulation of the motal and olag
demsities p and puo is also discussed in chapter 5.




For a bubble uf age t ab an arbitrary distance h(t) above the
tuyeres, the ferrostatic preseure Pit) s given byi-

BEE) = (Pt (PR Gtnyh (1) 1 paoXxual ¥0)/202925 (3.8.2)

2,2.2 Therpodynanc Equilibrium at the Metal/Gas Interface of the
Bubbles

As each oxygen coutaining bubble mves from the tuyeres intn the
1iquid metal, oxides and carbon moncxide begin b0 form at the
gas/metal inberface according ta the following reactions:~

X UM+ Y2 0 < KDy (2.6)
LGl + y/2 0y <=> CO @7

In the case of nitrogen, dissolution (or evolution) takes place at
the gae/metal interface:-

1/2 Wy <=> (M) .8

It s assumed that thermodynamic equilibrivm exisbe between oxygen
and carbon monoxide in tbs bulk gas phase of the bubble, metal
oxides in the oxide mixture forming at the gas/metnl interface and
carbon and other mstallic oomponente present in the mstal phase at
the gas/metsl interface.

Thus, in the case of the formation of the §'th oxide MOy, the
aquilibrium constant K is given by:i-

Ky = 8on,i88)/ (Car, 0 C6) 3821, DK (Poa (8D 4K (2, /20 ) 2.9

Simtlarly, it ie assuned thet thormodynamic equilibrium exists
batween nitrogen gas in the bubble and dissolved nitrogen in the
netal phaee & the metal/gas interface.

Thus, the the equilibrium sonstant Ky for the uterogen alesolotian
reactiom, reprevented by equation 2,8, is givem

By = 4l C0RE P (3I0? (2,10)

where %¥:(t) 1s the concentration (4) of nitrogen in the metal
phase st the gas/metal intorface and fy 18 the activity
cpefficlent.

Tho equilibrium constant K, is calculated from the free energy of
formation of the respective oxides:-

K, = BxpOpS /(AT (21D
In the came of nitrogan dissolution, the equilibrius constant Ky

is ealoulated from the standard fres energy of formation of a 1%
aglutinn of nitrogan-in liguid irem (ref, 7di~
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Ky = Exp(-(§506+25, 60%Te}/(RAT))  (2.12)

For elements in the matal phase displaying Reoultian bebaviour,
the standarq free anergy of formation AG% 0f the 3'th oxide KOy
1s given by~

Ay = AGBNT,  (2,18.1)
Yalues for the co-efficlents & and B, are taken from refsrence 7,

For elements in the metal phass displaying Henrian behaviowr (ie.
1% salution standard state), the standard free energy of formation
6% of the §'%h oxide MOy is given by:-

865 = A fabea o (B-BiXan, O Te = MOz MAP;  (2.18.2)

Values for tie co-efficients A, and B (used for caloulating the
standard free enorgy AP of a i% solutlon of the j'th element in
1iquid irom are taken from refersnce 7.

Inibially the activity of sach cxide that starts to appear in a
newly formed bubble is acsumed to equal une (this exoludes CD for
which =1 ip the subseript nushering system being uecd), However,
a6 the oxldation reactions proceed, it is assumed that an oxide
mixture forws at the gas/metal interface, The activity of each
oxide in this mixture is asswmed to be equal its molar fraction.

Thus the activity aa,)(t) of the §'th oxide MxOy (for $>1) is
given by (agewming au idsal solutiondi-

Bax, 1 {8Y = Hpy ) (€)= Wion,g (8378 Flar o (8) 2.18)

Initially the partial prassure Pea(@) of carbon monoxide ia &
nowly formed bubble is assumed to bo equal to zero, As the
formation of carbon monoxide proceads, Pe(t) ie given by the
product of the ferrostatio pressure and the molar fractian of
carbon monoxdde in the gas mixtura in the bubblai-

Poalt) = PAAIKE calt)/Nlane (6) 2,158

R Initially the partial prassures of oxygen and nitrogen in a newly

Tt : forxed bubble are givan by the product of the ferrostatic pressura
Tat at the tuyeres and the molar fractions of these gases in the
bubble:-
)3 - Pazt@) © Proyil'a(®/B'ant®)  (2,18)

. . Pral®) = Prokllig (@) Miac @) 2,172

. Ao mxygen 5 depletad from tha gas phace of the bubble, its
n e partial praseure Pu(t) is given by vhe product of the molar
fraction of oxygen in the gas and tho farrostatic pressurac~
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Far(t) = PO G Monalt) (2,180
In the case of nitragan, depletion or mccumulation can take placa
in o bubble. Its partial pressura Pw(t) is similarly given byi-
Buath) = POERN o (E) Mt (20183
Concantraticns of sach element {n bhe bulk li,nid metal are given
by the prodtet of the metal molar density p* and the melar
fraction of the alement,

The concentration of each element in the metal phase at the
gas/matal interface is caloulated from ths equilibrium conditions
discussed above.

1% can be sliown that the molar fraction X,,(t) of the 3'th
alement (displaying Henrisn behaviour) in the metal phase at the
botal/ges interface is given byi-

(2.20,1)

X882 = a1 s 46/ 0%p/ (HK100XPY)

In the cass bf elements displaying Racultian bebaviuri=
Xistt) = ani®)  (2.20.2)
in both cases:—

(2.21)

B1aft) = lox, 6/ (K ¥Po (B3 4Ky, 1/2) D) K (1 /20, )

In the case of nitrogen, %;(t), the equilibrium concentrablon (4
in the metal phase at the metal/gae interface, le given by~

Uh 6 = Rk tE))1 /0y (2,22)
2.2,3 Binagice of Oxide Formation and other ¥ass Jransfar

Procsssen in the Bubbles

The rate at which carbon monoxide and the various metallic oxides
form 1s asshmed to depand on the rates at which carbon and the
athar metallio phase alements diffuse through the metallic phase
boundary laysr a bubt gradient of
aach diffuaing oloment is acsumed to axist between the bulk 1iquid
patal and the gas/metal imterface. .

Thus the nolar flux J,(t) of the k'th element through the boundavy
layar 1s given byi-

4 Tilt) = Reosa CEI¥pEeerida 1) (2,28)
The caleulation of the mass transfer coefficlont kuw.(t) i

. dfstueced separately in chuptor 4,

. 1t 15 thus dmplicitly assumcd that mesg transfer rather than
o 1interfecisl resction rates is the averall rate comtrolling factor.

2.6
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Thie aseumpticn is made on tu- basis of the high tewperatures
existing in +he AOD pracess and is in lire with similar
assumptions by other antbaret:s,

It s also assumed that the mass transfer rates of CO, O; and Ny
throupn & ges phass boundary leyer at the gas/metal lnterface are
quff. lently high (in comparison to tha mass tramsfer rates of the
reacting elements through the metal phase boundary layer) that
they can be ignored,

It i@ assused that no hold-up of bubbles oocurs in any horazomtal
plane in the metal bath at or above the tuyers levsl, Furthermore
it is scsuned that bubbles do not coalesce or subdivide, The
bubbles that form au the tuyerss rise up through the tuyere
resotion zone, A% they rise the oxidation resctions discusssd
above procsed until the oxygen content has been virtually
depleted, Therafore it 15 apparent that thers must bo an
asacciated accumulation of oxides and carbon monoxide in the
bubbles as they rise through the tuyere reaction zone,

4 bubble will rise through sn incremental verifcal distance dn in
‘the {ncremental time dt. Thus the instantansous rising veloaity
e (B ©f & bubble at & particular position in the tuyere
resction zone is given byi-

Ume(h) = dh/dt = ~dx/db e 24)

Hote that h is the vertical distance betwesn the tuyeres and a
bubble and x i the distancs batwesn a bubble ani the slag/matal
intertace,

The caloulation of the rising velooity uws(h) is disoussed in
chapter 5,

The rate of increase of the integrated vertical flowrate of the
1'%h cxide (inoluding O is given byi-

Alhar, (823 /dh = (1uousth)) Rioun, s (8 Knouwkhovy (BIRP e, =X, 1 BY) 20,0

This can be expresesd in terms of the tuyara reaction time § (ia,
the time that it takes for oxyges depletion af a bubhle in the
huyere resction zape)i-

Al €61 /86 = Km, s 0 Kaoohoun COXPYF Qo X1, 560D /s (2.26.2)
The rate of dacrease of the integrated vertical flowrate of oxygan
is given by a mast balance expressed os follawsi-

Al U0 /dh = =F £ (U "ur,g (h)) /00 ¥y, 020 @.26.1)
s
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Stmilarly, in terms o= the tuyere reaction time ti-
AW (8))/dE =« E [ (4 Wlag, (830 /40) 824,172 (2,26.2)
o
The rate of change of the integrated vertical flowrate of nitrogen
ia given byi-
4 (22/dB =1/t () ) ¥l (h) ¥naunkhoun (B $pX B HE, B/ CKKR00) (2,27, 1)
srlv, in terms of the tuyere reaction time t:-
dt = («(t)xnw.wan(t?XP*(%£~%£, L))/ {Ka%200) 2.27.2)
.ation of the mase transfer coefficients (kow, (8)) 4
. ‘cefficlents (f; avd £ are dealt with in chapter 3 and
appe respectively,
2.2.4 Numerigal Integration of the Model
The solubion of the et of simultancous differential equations
represonted by 3,34, 2.25.3, 2.20.2 and 2.27.7 1a achicvad by the

use of a numerica Bulil
nathod " with sutomatic step lengtb control,

The integraticn is performed over successiva aqual length time
(le. incremental bubble sge) intervals. AL the end of each
{nterval the oxygen content of the bubbles is checked. Unless the
critarion for okygen depletion has been met, the integration
continues over tha mext time Lnterval.

The criterion fo. the tc-pination of integration (and a bubbla
leaving the tuyere reaction zone) is when the oxygenm content is
less than or equal {0 some very small arbitrary percentage teg,
©,001%) of the tnitial content when the bubble was formed.

It is aseuned that the quantity of free oxygen remaining it a
bubble leaving the tuyere reaction zone i s small that it can be
approximated to ro0. The converse af this is thut all the oxygen
inside a bubble shen it was formed leaves the tuyere reactiun zone
in the form of CO and other vrides. This is a reasanable
assumption an thermadynamic squiiihrinm cal-nlations'™ show tihat
the partial pressure of oxygen in equilibrium with oxides such as
CriD, at the temperatures applicable to the AUD pracess is vary
low §ndeo

On leasing the tuyere reaction zone, the oxidss that were formed
inside o bubble are assumed o uisengage themsclyes from it as a
spherical particle or droplet, Thus it is assumed that each bubble
gives birth to a singlo oxide partisle. These bubbles and oxtde
particles ara then assumed t0 rise up, in close association with
me another iu  plume, through the rising bunble rasction zone
discusted in chapter 4

e byt veetot,

At




2.3 Resplts

Typical caloulated oxide and gas flowrates in the bubbles 2s &
function of bubble age are presented in Figures 2.2 to

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.

simulation, an initisl 15mn bubble diameter was used and the

1iquid metal compositlon iz representative of a typical 304 type

steel as initially charged into the ADD vessel. The carbon
ditions

an are repr
at the start of en initial 3:1 blow Ue. 45m°0;nin“~1bm’“min M.

In the simslation, Ni and Fe have been allaved to be participating
elemats in addition to C, §1, Hn and

it can be seen that the tuyere reaction reaches completion
extromoly rapidly with the free oxygen content of « bubble heing
deplated within about 8¥10-s.

Tue approzimately linear flowrate trajectories suggest that tla
computational averhaad of the tuyere reacticn madsl 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 proporticual to the flowrates at the start and
applying conservation of mass in respect of oxygen.

The rate of shange of the nitrogen flowrate is negligable end
could be tgno

The Tate of {noresse of the CO flowrate suggests that Eigntnﬁant
decarburization takes place in the tuyere reaction zone,
particularly with high carbon levels in the bat

o
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Loy L . Figure 2.2 Typloal Tuyere Resction Model data in respect of gas
s, flowrates resulting from & 8:1 Gt l; blowing ratio
N and an inltial 15mm diameter Lubble
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g Typical Tuyere Reaction Model data in respect of
Lo oxide flowrates resulting from a 311 ¥, blowing
LR T ratio and an initial 15mm diameter bubble
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PN oxide flowrates resulting from a 3:1 Gk blowing
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In figures 2.4 and 2,5 bath condltions ab the start of a Lil blow
tle. 50m,min" 30 Nntn") were similated. Again an arbitrary
15an initial bubble diameter was selected,
The platesus evidant between & And 6%10s are pursly a function
%1% {ntervals
fae epeomsa by the ser) Tatore the nexs tast for oxygen
depletion of the bubbles is parformed. Thus oxygen depletion was
achieved in just over 5X107s,

‘The reductlon in the time for free oxygen depletinn to ceour is

largely a function of the reduced {nftial cxygen fluwrate, The
the difs of individual elements

}as not been saken nto account ab the prosent stega of the model

develupuent,




. : [ e ]

. , Figure 2.4 Typleal Tuyere Reaction Hodel data in respect of gas
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MASS TRAKSFER TQ RISING BUBBLES [N TUYERE AND RISING BUBBLE
REACTION ZONES

3.1 Introduction

s wae discussed in chapter 2, the rate of mase transfer to and
from a bubble ia assumed to depend on the diffusion of the
reacting elements through a metal phasa boundary layer surrounding
Lt The driving farce for bls diffusion is & concentration
gradient that existe acroes the boundary layer,

Since the thickness of this boundary layer is ot kuown, it is
necessary to use models such 8 the Higble Surface Renswal Hadel®
or other semi-empirical and empirical corralstions in arder to
estinate approximate mss trausfer coefficients for the reacting
slenents.

One of the lmportant variables that is naeded to estimate the maes
transfer coe.ficlents is tha rising velocity of a bubble, which in
turn s a function of ivs diameter. This is discussed in mare
detail in the next sectiom.

In the case of the mass tranafer of nitrogen it wae pointed out in
chapter 2 that the presence of surface active elements such as
oxygen and sulphur fn the Liguid netal have to be taken lnto

e 11 it is that these
remsnte requa the ne transter rate of nitrogen soross the
gas/patal interface of a butble,

Other verisbles that are naeded for he estimstion of mss
transter are 4 P

alements fn the liguid metal. There aprears to be a paucity af
diffusivity data in the literature relating to the multicomponent
systens encountared in the stainless steel making environment,
Therefore, a6 an approximation, the diffusivities in pure liguid
iron at 1850°C ave used (mce table 3,13,

Elenent |Diffusivity |Element |Diffusivity [Hlemen’ [Diffusivity
>

onisg g rosy
< 428 | M 0,528 s 05004
81 2,018 | Fe 1,128-8 E 1,608 3
¥ Qo8 | T 2, 6088 X 0,705-8
or 0.5¢6-8 | A1l | #0,50-8 o ,528-8

Ho #9, 5088 Cu #,5088

# Estimate - mo avallable data

Isble %L Dittusivitier of elements in liquid trap at lehaw
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The data presented in table 3.1 is taken frum referance 1 or
estimated from Fig 13,17 in referance 14. The Avhenive type
temperature dependence of diffuaivities is not taken into account
“u the modol although it would be & simpla matter to do so if
required at a later staga

3.2 Mathemayical Desoription

The Higbie Surface Renewal Mode) is used o estimate the mse
transfer coeffiolents, la this model, as it applies to a rising
bubble, it te postulatad that a fluid alament represonting the
composition of the bulk liguid metal comes in conbact with the
gos/metal interface of a bubblo for a certain tims period. During
this contact time unstendy state diffusion ocours hetween the
fluid element and the gae/metal interface, At the end of this tie
period, the fluld slement {s left behind and {6 replaced hy a new
fluid element from the bulk liquic matal as the bubble floate
upwards.

For a bubbla at depth x below the slag/metal interface it ¢an be
shown® that the mass tranefer cosfficient Kew(x) Yor e X'th
diffustng eloment 16 glven byi-

Koup,4%) = 2% D/ {TTHE, ooalx) ) V2 @1

where the parameter %,.nw(x)} ia the contact time,

For a bubble of dismeter dewa(x) (at a dapth x balow the

slag/metal interface), rising at a velocity tuw(x, the comtact
time can be approximated as:i-

Loun (X} = dup (X0 /Moun ) &

However, both the diapeter and the rising velooity are funotions
of the farrostatic presswre, the temporature and the quantity of
gas in the bubble.

The farrostatio pressure P(x) (in atmospheres) in a  Dusble &t o
depth % belaw the metal/slag interface is givem b

Plxy = (Pant (pAxtpuckiaod46)/101328  (3,8)

The quantity of gas in a bubble is given by the mlar gas flowrate
divided by the bubble formation rate (since 1t assumed tha

bubbles du not coalesca or subdividel. Therefars, the dlanater
dup(x) Of & bubble (a6 a function of the ferrastatic pressure
P(x), tho total molar gas flowrate N'amo(X) and the bubhle
forpation rate Taw) 16 given byi-

o () = (8N fana (%) $HoR T/ (TTHRagXETS, ISEF (RIDIHE (8D

As an approwtmation, it is an.amed that models for single rising
bubbles may be applied to dcternine the rising veloeity
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& that the ¥ of aingly
our

it ts in the
rlstng bubbles can be classified intn fowr “3gionsi-

4> Very small bubbles with diameters loce then about Zmm behave
as rigid opheres mbaying Stoke's law and rise with a
tarainal velocity given by:-

e = GFC(p-paasd Ko/ (188 (3.5.1)
Sinca prdpaw, equation 3.5.1 may be approximated sst-
Vo ¥ GApRn/ (IBY)  (6.6.2)

(1) Intermediate sized bubbles whare bubbles are still epherioal
a1d rise in a rectilinear path, The aquivalent diamater of
these bubbles ie approximtely a-imm. Hovever, their rising
velocity may be as much as 50% greater than that predicted
by equation 3.5.2 becausa of gas ciroulation inside the
hubble that rasulte in the movement of the lLiquid interface
and 2 reduction of the drag foroe,

<111) Spreroidal and ellipsoidal bubhles that rise in a epiral
The equivalent diameter of thece bubbles ls
appruximately in the range S-omm,

tiv) Spherical cap bubbles of eguivalent diameter greater than
approximately 10mm An egquation descrining the rising
velooity taw of Such bubblse was derived by Davies and
Taylor, where:=

s = 1, 03K (G¥deus/T) V2 3.8)

L. 1 | |
i€ 75 P £
Duti dgster, em

Rising voloeity of cinglo bubblea in water
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From Figure 3.1 (reproduced from Fig 19.2,5 in reference 8), the
Stoke's equation 3.5.2 15 sssumad to apply for bubbles with a
diameter up to lms For bubbles of squivalent diameter greater
than lomm, the avies and Taylor equation 2. +5 assumed to apply.
For bubble diameters in the range 1-10mm, the «ising velocity is
deternined by linear interpolation:

Vour * (deur=®, 001)KC(Y2-Y1)/(0,81-0,0011)4¥1  (8.7)

whers: -

Y1 = GKpKO,001%/C1B%))  (3.8,1)

andi=

2 = 1,02K(0%0,01/B)F  (3.8,2)

The mase transfer coefficlent lopw,:(x} for & bubble at a depth x

balow the metal/slag interface is given by combining squations 3.1
and .21

Toua,s (X9 = ZHDKuoup )/ (TTHdua (I IME (8,9)

Lu the case of nitrogen, the boundary layer mase transfer
saffictent e iven byt~

Tyt @ 2KOy 0/ (TTdaa IV (8,10

The mase tran..ur coefficlent for the gas/metal interface poiscned
by 5 and O i given by the cupirical correlation®i-

By = -0, 27E-446, 34E-TX (457-562KL0 ({40340, 078340481 /) (311>
1t s assuped, for lack of evidence to the comtrary in wie
reference, that [40] and [%S) are the concentrations uf oxygen and
eulphur in the bulk liquid mstal,

The verall nitrogen ma

transter ooefficiont kx) is given byi~

G0 ® LRGN (B,12)
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4 BISING BUBBLE RFACTION NODRL
4.1 GQualitative Description of Yodel

4.1.1 Purpose gf sodsl

The purpese of the rising bubble reaction model ts to determine
the flowrates of CU, ¥ and metal oxides K,Or leaving the metal
bath, These variables are subsequently usad in the the overall
heat and mass balances needed to caloulate the temperature and
oomposition trajectaris of the metal and .:ag in the AOD vessel.

4.1.2 Rising bubble resction zone

The rising buuble reaction zone is conslderad to be the plume of
bubbles, associated liquid metal anl cxile particles rising up
through the liguid metal bath, It extends from the point in the
1iquid nstal where & bubble leaves the tuyere reaction zome to
where it inbersects the slag/metal interface. The departure potnt
from the buyere reaction zune 1s an abitrary position where the
oxygen content of the bubble hus become depleted to & negligible
quantity,

Burx SLAG
Layer

RisiNG.
BussLe
Rencrion
[+ Zong
Nz —-:
or Ar

Bigure 4.1 Scnematic representation of Lhe Risizg Bubble Reaction
Zoue.
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4.1.3 Qxide particle formation

4 2 bubble leaves the tuysre reaction zume, the metal oxide
mixture that has formed withbin disengages into the surrounding
1iquid metal phase as a spherical particle. 4 single oxide
particle is assumed to form per bubble. Subsequently each particle
neither subdivides nor coalesces with cthers.

8

4.1.4 Passage of bubbles and oxide particles tarough the rising
bubble_reaction zane

25 bubbles and oxide particles float up through the rising bubble
reacilon zone, carban and oxygen dissolved in the liguid metal
react at the metal/gas imterface of the bubbles to form carbon
monaxide: -

£C1 4101 (=2 CO 41>

Tois results in an accunulation of CO in the bubbles and a
lowering of the oxygen (and carbon) poteutial of the liguid metal.
s the oxygen potential of the liquid metal is lovered, metal
oxides in the oxide particies dissvoiate to re-establish iti-

HDy (=> XL 4 yiDs @

Thus oxygen for the decarburization reaction is indirectly
provided by the dissociation of metal oxides in the axide
particles.

There 1s & simultaneous depletion of reducible oxides in the oxide
particles due to their reduction by silican diseolved in ihe
liquid metali-

(811 + 2/y Wby ¢=> Bi0; + 2y (K (4,3)
Thie results in an accumslation of S10; in the particles.

Fitrogen, baiag soluble in the liquid metal, may accumuiate in or
be depleted from the bubbles, depending for example, on whether
argon or nitrogen is being used as the inert gas:-

N, <= 20 @8

The model takes into account the the change in bubble elze
assuciated with the decreace in ferrostatic pressure and the
changes in the gas compnsition as the bubble ficats upwards. The
sssoolated effects on metal/gas interface equilibria and bubble
boundary layer mass transfer rates are alsa cri ' lered,

The change in oxide particle size, sssociated xide reduction
and $10; accunulation, is accounted for, as ave tue asscciated
.. effects on boundary layer mass transfer rates.

Cd The oxide particles that reach the slag/metal interface at the tap

'} 4.2




of the metsl bath Are captured by the slag phase. The gas cumtent
of the bubbles pacses through the slag layer without further
reaction and ultimately escapes to the atmosphers via the veseel
wouth,
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Figure 4.2: Schematic representation of a bubble, an axide
particle and the associated boundary layers and
concentration gradients in the Rising Bubbls Reaction
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41,5 Degarburization resctior at metal/gas ipterface of bubble

There is no reference to CO being soluble in liquid iron in the
Literaturs surveyed. It ic assumed® . that carbon and OXYgen
diffuse through the metal phase boundary layer surrcunding a
bubble as 1t rises upwards through the rising bubble reaction
zone. They react at the metal/gas interface to form carban
monoxide according to the decarburization reactiom:-

L) ¥ L0l ¢ 00 1)

It 1c aseuned:’2-3' that equilibrium exists batwesn carbon aad
oxygen dissolved in the meval phase at the metal/ges imterface and
carbon monoxide in the gas phase.

It {s assumed that mass tranefar of CO through the gas phase
boundary layer at the gas/metal interface is not rate determining,
Thus, as & simplilying 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 bubole is a functicn of the gas
composition and the vertical distance abave the tuyeres (le, the
ferrostatic pressure).

4.1.6 ams transfer of carbon and oxygen tbrough boundsry laver
surrounding bubbies

The concentration gradients Of carban and uxygen between the bulk
11guid metal (in the plume of 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 Al in appendix A,

The fiuxes of carbon and oxygen through the boundary layer are
given byi-

Je = Kaw ckiCmrcGre) (4,6)
Ja = Bow 0¥ Crrria=Cra)  4.6)
The mass transfer coefficlents for carbon and avygen Are st imated

using the Higble Surface Remews. Model discussed in chaptars &
and

3

Kow.c % SHD T o) Ve (47D

Bomo = 26CUp/ TTH b ) 102 (4.8)




4.1.7 Dissnciation of redugible oxides in oxide particles

The souroe of oxygen for the decarburization resction is the
dissactation (ie, reduction) of metal oxides (Knd, Crs Fe0,
etc,) at the surface of the oxide particles:-

MO, <=> xl) +yIQ] 4.2

1t is assumed that equilibrium exists between oxygen () end the
metal element (¥l in the metal phuse at the oxide/metal interface
and the oxide KOy {n the particle suriace. Thus it is assumed
that this dissociation reaction i5 not rate cantrolling.

4.1.8 Nass transfer of oxygen through boyndary layer surrounding
exide particles

4 metal phase boundary iayer 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 comcentration grndiam:
between the metal ‘oxide interface and the bulk liguid pe

provides the driving force far this diffusion process.

The flux of oxygen through the boundary layer is given byi-
35 = Kox.o# (Cax,a~Crer o) 4.9

The oXygen mass transfer coaffioient is estimated using the Higble
Surface Renewal Model:-

Koo = 2X{De/(TTHE, ) ' @, 10y

419 Cnugung of. axigen mes tranafer throush oxide particle and
bubble boundar ers

During the early stages of the model develcpment the oxygen
diffuston processes through the axide particle and bulble  Jomudary
layera wers not coupled, The oXygen cancentration in tbe bulk
liquid metal was assumed to be uniform throughouwt the bath at any
time. The time dependence of this concentraticn was dependent on
an oxygen mase balance. However this led to serious instability
problems with the numerical integration procedurs used at the time
(prior to the much later adoption of nore sophisticated
integration tachiquess™),

Io an attenpt to overcome this problem, the mass transfer of
oxygen through tha oxide particle boundary layer was directly
coupled to that through the bubble boundary layer. The physisal
implication of this simplitying assumption is that an oxide
perticle (although disengaged from its corresponding bubble) rises
up, together with liquid metel, in “close association” with a
bubble, 1t also implies that the oxygen comcentration in the bulk
liquid metal associated with the rising plume of bubbles and oxide

4.0
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particles varies with vertical posttion. Thie rather artificial
approach to solving what was essentially a numerical amalysis
problen is recognized as & weakness in the model in its present
fors.

In the model the decarburization rate is a function of the miss

transfer rates of oxygen and carben through the hubble boundary
Iayer and oxygen thraugh the oxide particle boundary layer.

4.1,10 Nass transfer of nitrogen between bubbles and 1iquid metal

Fiirogen mass iransfer also takes plece beiween the bubble and the
bulk liguid metal. It ls assumed that equilibrium exists between
nitrogen diesolved in the metal phase and nitrogen in the gas
phase at the matal/gas imterface:-

Ko M @

The concentration gradient of nitrogen between the bulk liquid
metal and the metal/gas interface provides the driving force for
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
bye-

I = Kook Coer.wCrnd 11

The nitrogen mass transfer coefficient is estimated using the
Rigble Surface Reuewal Madel:-

Bow = BXODW (TTHE.oue)) 2 (4, 12)

4,1.11 Reduction ot oxide particles by stlicon

The independent reduction of the oxtde particles by silicon is
alloved for in addition o the indirect reduction by carpmn
discussed in 4.1.4 and 4.1.7 above. The following equilibrium is
assumed to exist at the motal/oxide ipterface:-

ESE) 27y MO, <= 10, + 2x/y [N} o

4.1, Was, transtar_on silicon through boundary. layer SUerounding
de_rarticles

The rates of the reactions represented by equation (4.3) are
acswmed to depend on the diffusion of silicon through the metul
phase bouudary layer currounding an oxide particle. Tha
concentration gradien: of sillcon between the bulk liguid metal
and the mataluxide interrace provide: the driving turce far this
sitfusion,



Thus the molar flux of sllicon to the oxide particle aurface is
given by:

Jau = Koo ¥ Crero-Cosm ) 4,13

The s{licon mass transfer coafficient is estimated using the
Higbie Surface Remewal Model:-

Boves  2XDul T 27 (4,14)

4113 m_and reduction rates of individual oxides in
gxide particles

Far each of the overall carbom reduction reactions represented

17y KOy + 1G] =) €O 4 x/y (M1 (4.1)
the individual oxygen flux originating from the dissociation af
the oxide represented by M, is assumed'’ to he in propartion
o the magnitude of the Gibb's free anergy of the respect.va
reduction reacticn. Therefore, for example, the oxygen fluves
Jomay o0 the dissociation of ¥n0, Cri; and FeQ are given hvi-
oo = Jokfme o/ Shmore 4,18)

Jo.craw = JokpGerzan o/ Bwarss (4,172

Joureo = Jak o, o/ Eiimoy @18

Although not specificall: indicated, the model cam also allow for
other oxidea much as Mol), and HAD.

The total oxygen £lux Ju is the sum of the individual oxygen

xes: ~
To = I fomn D)

Sinilarly, the individual fluxes of silicon to reduce wach of the
oxides represented by k(b according to the reaction:-

27 Wb (54 ~v 510, + 2x0y N daze)

are assumed to be in proportion to the magnitude to the Gibb's
free energy of the respective reduction reactlions, Thererarw, tor

cxample, the £11icon f1uRet lu e fOT the reduction of Kad,
Crads and Foll are given by

Jer o © Voo tfuea o’ TSm0 .21

Jarmor Tu¥fkose T o
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Jotireo = To¥AGrao 0 /i Gy .1 (4,23

The total silicon flux Jg, 15 the sum of the individual flusesi-
Jo 5 Tinmay 420

In the model, reduction s alloved to take place if the fres
energy is megative, A sizpiification is made by ot allowing a
treverse) reaction to take place if its free enargy is posttive or
zero.

The fluxes of axygen and silicon asscciated with the dissociation
and reduction of individual oxides are used to calculate the
reculting changss in the vertical oxide flowrates.

4.2 Mathepaticel Deseripilan of ¥odel
4.2.1 Caloulation of equilibrium tant

It 15 assumed that, duriug the time that a bubble and its
associated oxide particle travels through the rising bubble
reaction zone, the temperature of the bath remaias constant.
Therefore tha equilibrium canstants (functions of temperature’
that are subsequently used repeatedly in the madel are calculated
at the outaet.

The equilibrium constant Keo for the decarburization reaction at
the metal/gas bubble interface:~

(%G1 + (%01 <= €O (4,25

can ba derived from basic thermodynamic principles and data'™ and
is given byi-

Keo = PP/ {BXpC (1615043, 05K Tol / (RETG) ) KL AEGkL, 92EG)) 4,260
For elemants displaying Henrian behaviour, the equilibrium
congtants Kpg,, for the dissociation reactions of their oxides at
the metalsoxide interface:~

1y MOy <x xy LUK) ¢ LBE AL

are given by~

Koo,y  BXpLf%.e/ (RFTo3

= BXpl = (8, /2y.s Hhot by 120 22 s
ATok By 2yt By 8 /2v, 00 LRKTRN] 14,2810



L In the ciee of oxides of elements displaying Repultian behaviour:-

1iy B0y G x/y LB+ 1500 4.27.2)

i wa havai~

g Korws * BR-AGuu o/ CRET)
o N ixpt - (- A,/zv‘mAﬁT'X( B/ 5y, 14802 )/ R¥Ta)} “4.28.2)

7 AR For the dissolution reaction of nitrogen at the metal/gas
L interface:~

1720 <> (40 (4,29
the equilibrium constant K. is given byi~

Ky = Bxp((~3508~23.89%To)/ (R¥T@) (4,30

4.2.2 Outline of procedure fur caloulating gas and oxide flowretss
2 funckigs of poaltion

Ao bubbles float up through the rising bubble reaction zone
variablea such as thelr diameter, surface area, gas cuntent, gas
partie) pressurss, rieing velocity, fluxes of diffus’,; elements,
atc, change continudusly as indirect functicns of distance belaw
the slag/metal interface. This also applles to the Oxide
particles. Thaee variables are used in the formplation of the
sinultaneous first order differential equations that desoribe the
rate of changa (with respact to bubble height above the tuyerss)
af the integrated vertical gas ang oxide flowrates.

s an approximation, the metal bath (from the and of the tuyera

reaction zone to the elag/metal interface) is divided into & *
wumber of unifornly epaced imaginary horizomtal planes or levels.

The differential cquations are numerically integrated frow cra

level to the next using a Runge-Kutta or Bulirech-Strer msthod

with automatic step langth contrnd

Ao an approxization 1t 6 assumad that the temperature,

campasition and density of the bulk liquid metal are indspendent

of vertioa) position in the bath, itis exoludes the localised

axygen content of the Liquid metai Le=aciated with the bubble
plum (because of the coupling diec. »d in 4¢1.9 above),

u__L_rJ alating $o_bubbles 8% a vertical
)_tuyeresn

The vortloal distance x vt the bubblus >law the slag/metal
interfaco 1o given byt~

- X % Rurh .21y

) where % 15 the depth Jf the tvyeres below the olay, “weal

4.9

- - - B VP Y




$uyeres,

above the tugeres isi~

Mloas(h) = W) (I3 Ia () €4,32)

The ferrostatio pressure P(h) is given by:

The diameter dsw (k) 0f a bubbla is given byi~

dun(h) = (G¥H'ans (1) KN Tal (TTEBousX273, 184D (B))

fow(h) = ThXdus(R)?  (4,385)

The partial pressure P (b of the J'th gas in
by:-

P(h) = PODIN oo, (1) /Waag(h) (4,362
rising velooity wuw'h) ie given byi-

Ugth) # GX (P Kdwa ()Y LUBKR (4,37, 1)

1g given b

Vo (R) = 1,08K Ghdou (/)Y (4,37,2)

1laing velocity 'z given byt~

Vo (B ® (dos(h)~0, 001V ((Y2-Y1) /0, 010, 0011
whare: =

Vi@ QXp*0,001% (16Kp)  (4.88.1)

and:

N o Y2 = 1,02%(0¥0, 0472017 (4,38,2)
The eatimtion of mes tranefer coetiic

carbon, nxygen and nitrogen through the
Surraunding a bubble has been discueses

410

N e

interface and b 1s the vertical distance betwean e bubble and the

The total gas flow rate Nigo(h) through the plane distance b
Fote that the axygen flowrate N'p;(h) is negligible and is aseumsd
be zero,

P = (Pant (PR Gt b pactind) 17101325 €4.38)
F P

Y 4,34

The wurace area Auw(h) of a bubble is given byi-

the bubbles ie given

The rising valacity of bubbles has bewn discussed in eame detail
in chapter 3. For small bubbles (diameter less than lmm) the

far lorge tubbles (diameter greater than 10mm) the rising velocity

For intermadlate aized bubbles (diaweber from i to 10mm) the

Y1 4378

fur the diffusion of
e boundary layer
cust 8,

" S,




The mass trancfer coefiicients Kusc(h) for carbon and oxygen
Kow.o¢h) are given by~

Bowgcth) = 2% (Dektana )/ (TTRdwa(h) N2 ¢ 801

Kso,0(h) = 2% (Dokuaus (B)/ (TThdma(h)I )47 (4,59.1)

The mass transfer cosfficient kewa(h) for mitrogen is given by~
Bt % L/ O/ (LK% (4,40)

whera; -

it 1) = BX{DKUss (504 (TTHGag (DDDVF (4,41, 1)

and:-

= -8, 278446, 34B-TX(AB7-E624Ln (4210, BTBIKLE )
.41

The equilibrins nitrogen % concentration %hi(h) dissolved in the
metal phase at the matal/gas imterfacs of the bubbles is given
by

Bty = KetPa COME (4,42

The aquAlibriun concentrations of carbon and oxygen dissolved in
the o ta phase at the metal/gaa interface ave taken into touuny
in 4 of the decarb rate equation d

n appemux A

4.2.4 Galcwlation of variables relating Ly oxide particies st a
vertigal digtance h abave the tuyeres
The tetal molar flowrate of oxides Nig(h) s ; iven byi-
Wl 5 5 Nigr,y Gt . 48)
-

The molar fraction Xor,(h) of the 3'th oxide Mdy in the oxide
particles 13 given bys

Ko, O = No s (Wla B (5.88)

The volusstric flawrate Qu(h) of oxide particles i given byi~

Qo) = T Mg, W KMono/porsd (4D
"

Note that the acovmption 1o mude that tha volume change cunoeluted
with mixing pure oxides ‘e negiigible.
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The mass flow rabe ¥ox(h) of vxide particles isi-

Vo) * L Moo ()Har, ) (4,46)
B

' The molar flowrate ¥ (h) of reducible uxygen {n the axide
particles (is, oXygen combined with ¥u, Cr, ¥o, Ni and Fe) is
E glven byi~

Voh) = L Mo, thifen)  @447)
=

This ve-iable 18 used to tost whether the rising bubble renctiun
madal can procead to the next level or whether prematur
tarnination is necessary bacause all the raducible Cxides i the
otide parsiclea lave hsan exhausted.

The density pe’h) of the oxide particles isi-
Puxth) = VoD /Qulh) 4, 48)

The radivs roc(h) of an oxide particle isi-

Tox(h) = (3XQoy (B)/ (44T THqu?) Y3 (4,49)

The urface avea A (3 Of an oxide particle isi-

ox(B) = AXTDérarh)®  (4.50)

The oxide particles are assumed to behave as rigid spberss. They
ries with & valaeity (relative to the bullk ii,uid metal in the
plune of rieing bubbles) that can be calowlated with Stoke's law,
The mass transfer coefficionts (far oxygen and silicon diffueing
through the matal phase boundary layer surrounding an oxide
particie) {a derivad by combining Stake's Law and the Highis
modal.

Thus the mass transfor cgefficlent kum,ofh) for oxygen isi—

Yax,0Ch? = (1, 387 KDokrow (¥ ¢p-pos (I /W™2 (4,51

and for silicon the »ace transfar coefficient karu () iei-

;o Hox,o (B) = €1, BUTADo Xrox WK (Prpum (R VA (4.82)
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4.2.8 Ca;culatxug of Gitbd's free sretay of redyction of metal
s by carbon and silicos
4.2,5.1 Garbon reduction of metal oxides

For the carbon reduction of axide M{y (for elsuents displaying
Reoultian behaviour) according to the reaction:-

17y WOy + [4C) > x/y U0 + 0O (4.55.1)
the Gibb's frae emergy AGi.c(h) is given by:-

265,50 = (~A;~BXTa) /2y, ~138301-48, 071XT,
FRKTeRED (e, KXz, o/ Kow, 3 (1) VKB (L 2w, ) K (DD

@54,
where: -
#(h) = P lb)/(BCKE)  (4.55)

In the cuse of the carben reduction of oxides of elemsnts
displaying Henrian behavigur:i-

17y WOy + 14C ~> x/y (90 + CO° (4.53.2)
the Gibb's free energy is given by~

G = (-ABATy) /2v,,-133391-46,971%Ts
+AABKTR (2x, L2y, MRRTALR(R))  (4.56.2)

where:~
R = CCUEED ¥hay 1 Kou, s WIRRCL 20, PXECD) (4.56)

and 4(h) 1 given by (4.55) above,

4.2.5.2 §i1icon reducticn of metal oxides

For the silicon reduction of oxide KOy of elements displaying
Rapultian bebaviour:-

(4580 + 2y W0 => 2x/y () + §10;  (4.57.1)
the GibD's free emergy AG.e:(h) ia given byi-

A8y, ) = Boioa=2XA)/2v.a-ha
VTR B 280y 5 1B VRA Tt e () €4.58,1)

where e (h) isi~

fa (B = Clyer, #¥ap, o/ Xor o (DD KRR/ 2y, ) WMo o102 10D/ (4SLNEY  (4.59.1)




For the silicon reduction of oxides of elements displaying Hemrian
bebaviour:~

LUS1) + 2/yR0¢ -> 2x/yLUN) + §10;  (A.5T.2)
the Gibb's free energy is:-
86 a1 (B) = Awioat®/zy ¥Rtz 3RO~ hey

+ToX(Bysart2/ 2y, ¥ <-Brtze, KB
+RXTo L1 (ay () (4,58.2)

where ¥ai(n) isi~

Voskh) = CCRBFEDK¥2r 1/ Yax, 1 ) VR (242, ) ¥Kor 3102 B/ (RERKEw)  (4.59.2)

4.2.5.3 Gombined reduction of metal oxides

4 simplifying assumption is made in the model:'-® that only those
reactions with negative free energies may proceed (fe, the
reduction of metal oxides in oxide particles is considered, for
the purposes of the madel, to be irrevarsible).

Thus, ifi~

Brcthd >0 460, 1)

then:~

A eBY =8 14.60.2)

Similarly, ifi-

[%e:h > @ 4,61, 1

then: -

A oa =0 (a.81L2)

Thus, the sum of the free energies for reduction by carbon isi~
Mot = L e .62

=t
and for silicen it is:-

K = LM uh) (4637
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4.2.6 Calculation of oxygen concentration in metal phase at
metal/oxide interface

s a stuplifying approximation, it is aseumed that the oxygen
concentration Gox.o(h) in the metal phase at the metal/oxide
futerface ts determined by the reactiom:-~

KOy €= XM+ yIOI 4.2

that gives the highest oxygen concentration. This is determined by
calculating the axygen concentratic in the metal for each
raaction and selecting the highest, Strictly speaking this means
that all ather reduction reactioms are going in reverse, but ss &
simplifying assumption this has been abitrarily prevented in the
previous section.

It is aleo asaumed that the concentration of each element M at the
{nterface is . jproximatcly equal to ite concentration in the bulk
liquid metal. The activity of each oxide is assumed to be egual to
its molar fraction Xers(h).

Thus Corofl) is given byi-
Cox.o(h) = Max(Cosx.s(h)) 4.64)
where, for elements displaying Raoultian behaviour:-

COox, 3 (8) = Kars, 58 (p/ (£¥1600)) K M,y (1) X, ¥¥2x, Y ¥R LL727,)
4,69, 1)

For elements displaying Benrian behaviour:-
Gz, s (B) = Kosa, ¥ (p/ (£0¥1600) )X (Kox,, (0 / A ¥, VXX 2 1) FA 1/ By, )
4.65.2)

4.2.7 Calculation of silicon in the metal phase af
the metal/nxide interface

The concentratfon of silicon in the metal at the metal/oxide
interface of an axide particle at a distance h above the tuyeres
is deternined by the reaction

€511 + 2001

510 t4.66)

The axyge: Cox.oth) 16 as caloulated in the
procesting section, The Bicy aotivity ir. the oxide is assured to
be equal ta its molar fraction Xoxsoth). From the equilibrium
constant of the reaction represented by 4.60 it can be shown that
the molar cosrcentration of silicun at the interface is g =an Sy

Goxathy = Xmamz(h)(y"/[kxp‘(534125 212,674T0)/ (k¥ Ta)
*7, 19104E9% (Coy, nih) ko) .

(Y




4.2,8 Calevlation of the decarburization and destli
rates at a ditance h above the tuyeres

For coupled oxygen fluxes in the oxide and bubble boundary layers,
the decarburization rate fo<h) at a vertioal distance b abave the
tuyeres 1s given by:-

Folh) w (-B-(BRR2-4XAXC) D/ (KA (4,68)

wheret~

A = 1/ (Daua®hous (h) ) K¥2) Hieps, oh) / (Movak X2 Aevs (h) Moy (1) ¥ ke 0 (1)) (2.69,1)
andi-

B = ~{(kpm,e () ¥Crar, ctlews, a {51 ¥Cax 0 (B)
7 (riguo ¥ hone (B) ) ¥1eaua, « (h) $avo, s () ¥Cupr, o/ (Mauskhor (0) ¥kox 0 (0D (4.69.2)

andi-
G = Kous, o¢B Feove, 0 (D) K Crmy, cXCor.0 (1) =Poo (WY Kan)  (4,69,3)

The derivations of equations 4,68 and 4.69 are prasented in
appendix A.

The desiliconisatlion rate at a height h ahove the tuyeres is given
Fo(h) = Doorbhox ChY ¥or s (YK Frar, o0/ Pi-Cox. s (A1) {4,70)

4.2.9 Formulation of the differential equations deseribing the
rate of change of the inbegrated vertical gee and oxide
Elowrates

The rate of change of the integrated vertical flowrate of GO
flowrate at a distance b above the tuyeres is given byi-
A1/ = Folhd/upuetn)  (4.71)

Therefore, the CO flawrate at A height htAh above the tuyeres is
given byi-

hagn
Floo thtgh) = H‘m(hnf Fe(h)/Usuath)ddh  €2.72)

The rate of change of the 610; flowrata is given byi-

i Allzi02(8)) /80 = Fuu () /Vawa(h) (4,78

.
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Similarly, the Si0, flowrate at a position héph above the tuyeres
1s given by~

hean
Foor AR = Frar M+ (P (D) Ao ()AL (4,74

‘The rate uf change of the §'th uxide M:Dy flowrate is given byi~
Qo (1) /d = (Yo, (0 #¥ay 4 (B)) /() (8,75)

where § = 3, &) o« andi-

Yes(h) = ~FollI¥AGs, B/ (AGethibzy, ) (4.76)

andi-

Yo s (B = —Fy (IRBKNGs 0 DI/ (B VATV, ) (4T

Therefore the flowrate of the j'th oxide KO at a helght h+gh
above the tuyeres is given by

g
Hlays (highy = llh.,..(hnjm!m(h)ﬂn.,(h))/um(h))dh @.78)

The rate of change of the nitrogen flowrate is given byi-
BN M)IAD = Jiehd /umsth) (4,783

where Ju(h) ie given byi-

Juath) = ~ous, () Knoos¥hevs (1) £PK (4T, ()~ / (H$200) 4,503

Therefore, the nitrogen flowrate at a distance hiah above the
tuyeres is given by:~

s
Hiye (b4AR) = N'.ﬂmnj Una ) /dqug(hdIh €4,81)

The bubble depth below the slagsmetal interface at a vertical
height high above the tuyeres is elmply:-

x = Fewe () C4,82)

| 4.7
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4.3 Hyperdosl integration between the level h and h+Ab above the
tuyeres

The relevant equations presentad in section 4,2.8 above (e,

squstions &2, 474, 4,70 ard 4.51) are simitaneously inteprated

through vertical ing

Bull nathod'® in step length

canbesl. The procedurs tarmiaates whea 550 (s given by egvation

4,82 above),

4.4 Results
The results of typlcal stmulations are presented fn figures 4.5 to
4.8,

In figure 4.3 and 4,4 the flowrates of %ases and oxides in the
Rieing Bubble Reaction Zone are presented as funotions of vertical
Qistance abave the tuyeres. The bath cemistry and temperature are
typical of thoge at the commencement of the initdal 8:1 blow of a
304 typs austenitic stesl, In Yhis simlation Ni and Fe were
alfoved to be participating elememts {n addition to G, Si, Nn, and
Cr, The initial bubble diameter at the tuyeres (at the start of
the buyere resction zone’ was an arbitrary 15mm,

It can be seeu from figure 4,3 vhat decarburizavion ie extremsly
rapid during the first 190mm that a bubble rises, Thereafter
decarburization is aluost negligible, From figure 4.4 1t ls
evident that this very high decarburization rete corresponds with
very bigh raduction rates of pertioularly the Ni0 and FeO and, to
& lessar extent, the Crul) initially in the bubbles leaving the
tuyere reactinn zome, This can be attributed to the high axygen
potentials assnoisted with partioularly the former two oXides,

In general very high decarburization efficiencies (93-04%) are
predicted by the mode) when ¥4 and Fe (and Ho) are allowed to
partioipate, Significantly lower decarturization efficicmcles ara
evident when unly Si, ¥n and CriQ, are allowed to participate. The
nodel might wall be impravad Lf it were to be re-formwlated ta
allow reduction of FiD, ¥oDa and FeO by Gr and Ma in addition 0 C
and Bi.

Desiliconizatlon can be seen to comtinue wall bayond the poeition
in the bath where decarburization hes ceased. This ie accompanied
by further redvction of Mn and CraJs

From figure 4,8 1t can be seen that nitrogen goes into soluticn
from approxisately 160mm to 40mm above the tuyeres. This is
because, in this region, the purtial pressure of nitrogen in the
Pubbles is bigher then that representing equilibrium with nitrogen
dissolvad in the bath, Thereatter, as the ferrcstatic pressure
reduces with increased height above the tuyeres, nitregen starts
ta came out of molvtion, This is evident from the increase in
nitragun flowrate from 400mn to 1100mm abave the tuyeres.




The initial increase in the nitrogen flowrate from Omn bn 100ms

4 above the tuyeres is difficult to explain and way represent a

i degree of inatability in the integrator sssociated with the choice |
of initial atep length and precision ia a region characterized by

vary rapidly changing gas oompusition in the bubbles (fe. very

4 Bigh initial decarburization rate). A more typical itrogen

flawrate ve. helght trajectory is illustrated in figure 4.5.

In figures 4.5 and 4.6 the flowrates of gases and oxides fn ths

“ Rising Bubble Reaction Zune are again presented as functions of

Similar trends are avident as in figures 4.3 and 4.4, There is
tnitlally a vary rapid inorease in the GO flowrate assaciabed With
ths reduction af PeQ, N0 and CroDs.

vertical distance abova the tuyeras, The bath ohemistry and
temperature are typical of thote at the commescement of a Li1 (e,
30m0,nin: 30x°K,mint) blow of a 304 type austenitic steel.

In this simulation, Wi and Fe wsre allowed to ba participating
slements, in addition to G, Si, ¥n
diameter at the tugeres (at the start of the tuyere reaction zomal
was an arbibrery 15mm

. and Cr, The initial bubble

Fitrogen rapidly goes into solution in the first 300mm above the
tuyeres. This 1o bsvause tha partial pressurs of nitrogen in the
bubbles i srester than that in equillbrium with the nitrogen
concentration in the bulk Liquid metal. Thereafter it starts to
come out of solution again to some exteut ae the ferrestatic
pressura reduces with increased bubble height above the tuyeres.

In the case of the oxldes, rapld initfal reduction af NiO, Fel and
Cry0, by carbon ia evident. Reduction of oxides by Si is also in
evidence with the inorease in the Si0; flowrate.

419
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$  HODRL_FOR THE RSTINATION OF THR BATI DEPIR AT THE TUYERE LRVEL

8.1 Inbroduetion

4 crose sectional view of the AOD vessel shell and its liniug is
presented in figurs 5.1,

The lining thiokness variss according to buth position (soms areas
are, by design, significantly thicker than others) and its age
(neasured in terms of heats processed), Thus the metal dapth at
the tiyere level (and hence ferrostatic pressure) bas b

caleulated numerfcally on a heat for heat basis. This b alsa =0
‘because variable metal and wiag volumes have to be taken iuto
account, Thece ohange from heat to heat and from the start to the
end of a heat,

R

e e :

¢ In the model it ia assumed thati- N

N () the lintng thickness decreases linsarly nccurdlng 0 tha
nusber of heats processed (le, lining's age)

(11 the lining wear pattern is the same on either olde of a
vertioal plar. ocutting the Vessel in half between thu #2 and
#3 tuyeres (refer figure 6.3 in chapter 6),

1
v J Referring to Fig 5,1 1t 1s ovident that the vessel consists of

: four dlstinct zones:- :
| (1) the basa consisting of the segment uf a sphera; !
i (1) 2 lower conteal sestions ' f

: [ (114) a oylindrical middle section) i

¢iv) an upper condoal section referred to as the dome.

Srom opersting experience it ic kugwn hat most of the lining wear
takee place in items (1), (11) and (41i) above, Lining wear in the
Gume 13 egligible in comparison and can be ignorad, This i
because tho lavel of the bath never extends into the dome except
whan the vessel is tilted into the harizontal position.

The now and old working lining thicknees of the base is givan by
BTy and BT, respectively, whers:-

BT, » 350mm and BT, = 200 nm.
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Lining thicknees data for items (i1) and (iii) is presented in
Tables 5,1.1 (mew lining) and §.1,2 (worn out liningd, For
computatinnal purposes in the model, this date is stored ina
three dimensional matrix LTi,s. where i, § aud k are interpreted
as followsi—

1=1ere where 1 denotes the new working 1ining thickuess;
ant 2 " W oo1e " f

3= 1,2,...,33 where § {s the brick layer number;

% =1,2,...,7 whera k is the radial position, in 30° increments

from @ 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 mewly installed lining. This excludes the
backup 1ining whose thickness remaiue constant and which is taken
into account separately.

The old lining data is an average of the actual thickness
measurenents, baken'® during lining breakout and rebuilding
operations, for a large number af linings installed to date. The
Dackup 1ining thiokness is excluded.

The lining thicimess deta for the lower conlca) asd ylindrical
aections is summrized in Tables 5.1.1 and 5.1.2 on the following
pages.

The lining thickness of the upper conical sectiau or dome is
assumed to remain wore or less constant throughout the lifetime of
a lining. Although this is taken into account in the model for
heat £lpw through the lining (see chapter 7), the dowe is not
considered in the tuyere depth madel. This is because the vessel
1s mever filled to the extent that the murface of the alag layer
is above the tap of the cylindrical section when the vessel is in
the vertical blowing position.




- #
v ‘ E Radial Position in Degrecs
- . s [ 30 —{ 80 l 120 l 150 } 180
L aE Layer L
Eid W ¥ Working Lining Thickness in Nillinetres
Sl 1 850 §50 | 560 550 350 | 350 | 350
2 550 550 | 550 | S50 350 350 | 350
va ” 3 550 | ©5¢ | ©50 550 950 350 35¢
L 4 550 550 | 550 | S5 a5y 3se | 950
5 550 s50 | 50 | 550 350 350 | 350
6 550 55 | 850 55¢ 350 350 350
7 506 50 | 500 500 350 350 | 350
8 500 500 | 500 | 500 550 350 | 35
9 450 450 | 450 450 350 ase | ace
10 50 450 | 4se | 450 358 350 350
1 450 450 | 450 450 350 350 | 350
12 450 a0 | a5 450 ase ase | 350
13 450 150 | 450 150 50 350 ase
14 450 150 | 450 450 350 350 | 50
15 450 w0 | 450 450 350 ase | ase
16 450 4o | ase | 450 | g5e | sse | ase
17 50 480 | 450 150 350 350 s
18 950 450 | 4se | ase 350 350 | aso
19 450 450 | 450 450 350 350 | 350
20 450 450 | 450 450 350 $50 | 359
21 450 450 | 450 | 4se 350 e | a5
22 200 w00 | 400 400 s0e | seo | 300
23 100 200 | 400 200 300 300 a0e
24 350 350 | ase | sSe 250 250 | 250
25 350 ase | sge | 350 250 250 | 250
26 350 sse | 850 350 25¢ 250 250
27 350 ) ase | 350 50 250 250 | 250
26 ase sse | ase | 3se 250 250 | 250
28 350 a0 | sse 350 250 256 | 250
30 350 ase | 350 350 250 250 259
31 350 ase | ase | 350 250 | 250 | 280
22 450 g5 | sse | 350 250 250 | as0
33 350 sso | as0 350 250 250 200
TABLE §.1.1: Few working lining thickuess of the lower conical and
oylindrical secticns of the vessel




et
A Radial Position in Degrees
~ 2. 4
- P ° Tse I 50 1 %0 l 120 l 150 l 180
: . Layer
R ¥ Working Lining Thickness in Millimetrem
. 1 240 | 243 ) 24 | 25 | 130 | w4 | 150
2 200 | 263 | 204 | 215 | s | 10 | 1m0
et 3 200 | 17 | 193 | 10 | 120 | 120 | 100
B 4 200 | 199 | 189 [ 170 | 120 | 128 | 100
5 160 | 136 | 152 | 185 o5 | 200 %
8 0 | o137 | 26 | 2% 95 | 100 9%
7 140 92 76 % 85 80 80
3 148 o8 73 80 8 8 8
9 100 63 54 5 65 5 40
10 100 64 52 65 ] &5 I
1 9 st i 50 55 55 0
12 70 32 26 50 55 30 30
3 7e 33 24 45 85 39 30
1 70 2 33 45 50 a5 30
15 % 83 51 55 65 95 | 130
18 20 81 56 75 5 95 | 130
17 90 %0 %0 % 85 | 105 | 130
18 40 | 118 | 1ee | 100 | 105 | 125 | 150
19 Mo | ur | 106 | 108 | 105 | 125 | 1%0
20 150 [ 126 | 1e¢ | 105 | 15 [ 139 | 160
21 150 | 123 | u9e | 1o | 1S § 115 | 100
22 wo | 18 | 12t | 100 95 % | 100
23 50 | 14 | 114 % 80 75 %
24 10 {10 [ 18 8 65 65 90
25 60 | 154 | 132 95 60 65 | 100
26 0 | 169 | 184 | 115 50 s | 120
27 w0 | 162 | e | 125 50 65 | 130
28 e | 1e2 | 180 | 135 I3 75 | 140
29 10 | 108 | 198 | 180 70 85 | 180
20 170 192 186 is8e 8¢ 5 169
31 160 o4 | 106 | 195 7 95 | 160
a2 1o | 121 | 1a1 | 210 [ 125 | 15 | ise
38 0 | 131 | 181 | 220 | 188 | 125 | 1se

TABLE 5.1.2: Final working lining thickness of thr 'ower conleal
and cylindrical sections of the vesse .




6.2 of Tuyere Dapth and Ferrostatio
Pressure
5.2.1 Caloulation of mobe) and siag phace and_volymes

In order to caloulate the tuyere depth and assaciated ferrostatio
prassure, the volunes of liquid slag and metal corresponding to
the kuown masses of these phases are required. Demsity data for
the slag and metal compositions typloally present in the AOD
procass does not appear to be available in the litersture for the
temperature range 1450-1750°C. However, deneity data is
avallable'® for the i'th pure metal and the J'th pure oxide as a
Iinear function of temperature fi-

AT = A HBAT B

oot = A + Box 4T 6.1

where A, haxq, B and Boy,, are constants,

The madsl in ite present form veee the individual densitiss g and

fors for each compument at 165¢%C to caloulate metal and slag
Volumes; -

W= I eva/pd (52,1
=

Vo E o /Puod 5.2.2)

It is assumed, as an approximation, that there ie no “angs in '
volume with nixing.

The temperature dependence of density could be built into the
model at a later stage withaut any dtfficulty if this was
canstderad ta be necessary.

Galgulation of metal volume below tuysre lqvel

The metal voiume Va below the tugere leval is given byi-

3
Yo = VertZR(D AVOHIV, (5.8

o
Nate that the tuyeres are located in the middle of brick layer #3.
Vor 12 the volume of the segment of a sphere forming the buttom of
the vessel and s given by~

Ver = {TT/3) khoo®k (3¥ron—hop) ©.4

5.6
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Ter nd by are the radius and height of the segment of a sphers
and are given by:-

Fer = 3,840, 104K (5.85)
her = 9,62-(2, 1380 (5.6

vhere X is tha brick thicknese nf the vessel floor and is givenm
byi-

X = BT~ (BT-BI¥VL VL, (6.7

BTy and BT, are the thicknesses of the vessel working lining flcor
bricks for a new and worn-out lining respectively,

VI and VL, are the vessel lining age (heats completad to date)
and estimated lining lifespan (beats completed by the time the
1indng is replaced) respsctively,

4V, i the volume of tha “half disk” of metal of thickness DH=D,ln
(le, the vertical height of each layer of bricks) enclosed by the
3'%h layer of bricks. 4V is cetimted using Simpson's Rule to
integrate, at 80° intervals, from 0° to 180° aud iw given byi-

AV, = 9, 5XTTH (30/180)XDHX(1/3)K {r s, 4B (L), e*+Ts,126°)
HAX (T a6 4T g T st HIT 1067

= DHXTT/B6RLE, o™ 2¥ (P, 00745, 120 HAR T 1, 4T 12024 T5 100 ) 4T 1) (6. 82
whera . is the inner radius of the lining at brick layer § and

radial position k degraes from the midpoint Lebween #2 and #3
tuyeres, It is given byi—

Ty = 147640, 08X (4= 1)~ LTy, 1 VL¥ LTy, 1 k-LTa, 53 VL210, 126)  (5,9)

Note that equation 5.9 holds only for the lower conical section

whera 9<3<16,

5.2.3 Calculation of the vertical distance bgtween the tuvergs
and_the slag/metal interface

The metal volums V sbave the tuyeres ia given byi

Vo # Yely (5,10)

asountng that tha vessel is in a vertical pusition and no gas is
being blown.




The vertical distance betwean the tuyeres and the slag/matal
interface is {teiatively calculatad by establishing at which brick
layer number b the following condition £irst applies:-

Va ¢ QUHREE Q¥ (6.11)

For 44§$15 equation +.1.10 applies.

For §>280~

Fiie ® 2,085 (LT s (LT 0 LTa, 1 0KV VD $0,188)  (6.12)
Bquabion 5.8 still applies for determining dv,,

eI

Vo ¢ (AV2ET AV (5,18.2)
i~

then the slag/mstal tnterface is at some intermediate position up
the side of the n'th brick layer,

The distance Xy between the slag/metal interface and tha tuyeres
1is given by one of the follawingi-

ifi-
Va = (@YH2¥E 4V 5.38.1)
[

then:-
Any = 0,05+H(04)%0,18 (6,14, 1)

or if:

Va ¢ GVHRAT AV (8.18.2)
-

‘thent~
Xy = 0,05+ (~)%0,104dh  {8.14.2)

where: -

dh = B, LKL QU 2K d¥,~Va) 7 <B¥dV) 5,152
e

5.8




5.2.4 Caleulation of bhe thickness of the slag lajer

The thicknese 0f the Slag iayer ¥se is calovlated as follows. 1f i
the slag volums:- 1

Voo & 2KV X0, 1-d0)/0,1 (5,16, 1) i
theni=
Raa = 0 1iVeer R4V BT\

where 2XdV, is the volume slement bounded by the n'th brick layer
that contains the slag/metal intertace.

Hawever, 1f:-
Voo > 2KAVK(D, 1-dm) /0,1 (5.16.2)
then 3
Rao = (0, 1-dWIXERAV,/0, 140, K (pon-D) tdhga  (5.17.2) - 1
where p is the brick layer number of he volums elemsnt containing
the top surface af the slag layer. "p’ i caloulated iteratively

by establiching ot which brick layer number the fallowing
condition first appliesi—

®
Vo € (0, 1-dR)%4V,/0, 14243 4¥;  (5,18)
ety

Por 4¢3 equation 5.9 applies.
ror §)18 equatiun 812 applies.

Bquation 5.8 applies for the caleulation af dv,,
.

1£ Vao = 24aV,%(0,1-dR) /0, 142X AV, (5.19)
e

then dhoa = 0 (5.20)
1f Voo ¢ ZXAVAKO,1-dD /0,3 (5.21)

thent~

n
dho = B, ¥ LA~ (2¥AV.E(D, 100D /D, 142XT AV,~Vnad /(2¥AV)  (6,22)
et

5.9




5.2.5 Caloulation of the fervogtatic pressure at the tuyere leyel

Having calonlated the distance ey betwsen the slag/metal
interfacs and the tuyeres and the thickness Xue of the slag
layer, the ferromtatic preesura Pruw (in atmospheres) at tuyere
level can be caloulatedi~

Froy = (ParwtG¥ {phxurt prckieel 1 /201825 6,23

Parw = stmospheric pressure (i/w)
G = acceleraticn due to gravity (/s

The density p of the metal phese is glven byi-
P = 8w /R G /P .24
i -

and the density of the slag phese puo is given byt~

. 5
= (E M,/ (Maeadgua?)  (5.25)
fua = Edine. )/ <L (Mo ilPaos



6  HODEL FOR DETERMINING THE HOUIVALENT an!e IG_THICKNESS AND HOT
FAFE SURFACE ARBA OF THE REFRACIORY LIN:

&1 Iat

For heat balance calculations the vessal lining thickness is an
importent varizble, as is the surface area of the lining im direct
or radiant teat contact witk the slag and metal,

Howaver, 1intn, .iickusss is 8 fuotion of both pesiiion in the
vessel and the humbar of heats that have been mode to date.
Btrictly speakirg, lining thickness at any particular vosthion
dacreases at various rates (depending on factars such 15 the stage
in the process, recent thermal history of the lining, sla
chemictry, localized temperatura, velosity gradients of the bath,
ta name but & few) thraughout the heat,

Quantification of the Tate of lining thickmess decrease is a
complex problem and, for simplicity, the follawing assumpbions are
made in the model in its present formi-

(1) the lining thickness remains comstant for the duration of a
aat;

1) the lining thickaess decraasse stepwise in oconstant
decrepante from heat to heat during tha couree of its life.

These assumptions are graphically illustrated in Fig. 6.1, The
wodel could be refined to make iining thickness & contimuous
function of "oumulative metal contaot tim. However,it is folt
that the uncertain benefits to be gained wuid be heavily
cutwelghed by & greatly increased price in isrms of computational
vime,

The model atructure is of cuch a nature tI !t io theoretic: .y
posaible to individually calowlate heat tian or through a L e
nunber of diecrete volume elements o thy lm'ng +to toke i
sccaunt yartatics in thickuess yith poalt i ui te vassel)
covering the ontire lining surfarn, Go . option hac aot
been adapted bocause of the increacod com it ang compuonal
time. It % aleo considered unlikely tha! aur grrat bemefit ;ould
be obtainea {1 terws of acouracy.

4o an approximtion, heat £low Mhe gl b i0oug dv medelled as
if tho Vining wee o parallel etde: plai ut « - :valent thickness
Yira and bot face euriace ares Auw Thin is oo 4 ana
simplifying ossumption that the i.cide and uu'. de surfac
tewperaturee of the vesgel linju and chell .. uniform aver Lhe
recpoctive surtaces.

——
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Figure 6.1: Stmplifying model of the dependence of lining
thicknass on heat nusher

This assusption is obviously mot etriotly true, partioularly far
the outeide surface of the vessel where ralatively high localized
temperatures (compared to other areas) can be expacted, For
axample, whers:-

() the lining ie comparabivaly thin;

(11) the heat tramster rate frop the veasel shell to ths
surroundings is comparatively low for one or cther reason
(og. o build-up of slag encrustationss,

Tt also does wot take into account that convactive hest transfer

takeu place from tho 1lquld metal and slag to the "wetted" aress
of the lining. In the vocsel dome however, heat transfar by

6.2




radiation and ges coavection could be expected to be the
dominating mechanisme, Thus it could be expected that the
refractory surface temporaturc in direct contact with the liquid
Phaces may be marginally higher than that in contact with the gas
phase.

Nevertheless, any inaccuracies due to these sinplifications can be
dealt with uaing euitable empirically determined correction
factora if subsequently found to be necessary, This aleo applies
o the imherent simplifications assaciated With the equivalent
lining thicknass concept ta bs developed (n the follawing section,

In caloulating the "equivalent lin Y the wall
known analogy 1s nade of thermal Teststancs with the equivalent
resistance of a nusber of resistars comnected in parallel. This is
1llustrated in Figure 6.2 below, togather with the following
exolanation which is included for sake of completaness

Beoh resistor is equiv st o a discrete volune element of the
vessel iining, Bach - istor's resistance is analogous ta the
rosistance to heat & .w through the refractory brickwork
associated with the corresponding volume elemént, The resistance
4o heat flow ls approximately proportional tc the thickness of the
refractory and inversaly proportional to the cross sectional ares
perpendicular to the direction of heat flow The voltage drop
across the resistor natwork 16 equivalont to the temperature
difference between the inner "hot fage’ (in comtart with the
Hiquid metal) and quter surface of the refractory lining fin
contact with the vessel shell),

¥iz T = Liquid motal
temperature

)

Ve s T v Yassel shell
temperature

Resistance apalogus of hest tlow through retractory



8.2 1 Description of the Model

6.2.1 Bauivalent ining thickness

Constdering the praceding discussion, the overall heat transfer
rate Q through +he lining is analogous to the total cerrent I
through the resistor network.

Therefare:-
1ot U/Rer (8.1

is analogous to:-

Qo At (6.2
where: -
Buu = Total surface area of the Mn ot face.
Tum = Bquivalent lining thickness.
Rror = Bquivalent tance of the parallel resistor nstwork.
Fow: -
ko = T Q/RD (6.3
i
Similarly:~

(Idn)/hm = j(x/m)dn ®.4)
= Y ]ﬂUI(:/LT)dA 6.5)
where:~

LT = Lining thickness at a particular position.

= Hot face surface area of 1iaing at a particular pasition,

Bquation 8.5 is expanded tu incorporate the four main ssctions of
the vessel (see chapter 5), tamelyi~

(1) the hottom (bot);
(11 the lover conioal section (oom)
141 the middle cylindrical sestion (oyl);
U

the r per conical eection or dome (domw,

6.4




Thus:~

o = (a8 port 80 cnt ¢ fad) s ¢ faby an

/(S(I/LT)dMnﬂ(I(l/LT)dA)mu*(J'(I/LT)dA)cya([(1/LT)dA>m.) .6

[N 6.2.2 Potton section of vessel

. For the bottom sectioni-

. CIdh) oy = ZATTH(3, 5-BLI-Y)¥ @, 144BT,-1)  (6,7)
. ares of segment of o sphere)

where: -~

= BTy~ (BT,~BT2) $¥VL1/ VL2
= thickness of botton nning excluding backup 1ining)

and BT, sad BT, are the thicknesses of the bottom liming
(excluding backup 1ining) at the beginning aud end of the lining's
BLT = 0,13m = backup lining thicknees.

(J(l/m)dm.,, = <j’dA)."/<Y+BLT> 6.9}

6.2.3 Lower _gopical and cylindrical sections of vessel

For the lower conical and cylindrical sections a numerical
(Simpson's Rule’ inmtagration technique is used. Refer Figure 6.8,

i Figure 8.3: The n'th brick course of the vessel lining
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Consider the n'th brick course in the lining where 1 ¢ n ¢ 33, The
surface area of this brick course in contact with the contents of
the vessel is approximated by:—

-
- oxf Wair,wd 6.10)
Theretare:~

a1
(IM>Q~¢([dA7;VL = B¥AXRE ( Ix‘mﬂdﬁ) ®.10
o

whert
-
J Fo.od8 = B/3%(VRe, i HK (Viky, 24 VRe, VR, e} 42K VR, #VRo, ) +VRa 7} (6,12)
Gimilariyi-
a
<f<1/mdmm+<f<m.1>dn>m = 2HdEAT ¢ I o a/LTo 01D (6.15)
where:-

J(rma/m.,)ae BT T
% (YR, 2 Y, 4V R0, o/ Y, VR, o/ Y, 0
42:013,,,/?» #HVBs 8/ Tn,6) R0 /T y) (6010
Hote that VE.. 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 Thusi~
VRew =Ty (6.18)
wherg! =~
6 = TTX(k-1)¥30/160 = (-1)¥11/6 radiavs  (8,16)
For 1¢ m¢ 15 (te, lowsr conical section):i~

VR, ® 1,A76+0,08X0-Y,s  (6.17.1)

where Y, is the lining thickness (including backup lining) at
brick layer n end radial position ki

Yoo = LTy, 0,440, 188- LTy, 00 LT2, 5, O WYL/ VL2 (6.18)
Note that LT .. and LTz, are the thickuesses of a new &

warn out working lining at brick layer n and radial pusnim k.
Refer to chapber §.

e o im——



For 16 < n ¢ 33 (le. cylindrical section)i-
VR = 2,035-Yny  €6.17,2)

where Y, is given by equaticn 6.18 abova.

6.2.4 Yessel domo

in the case of the dome 1t assumed that the lininmg thickness
remains more or less constant throughout the life of the lintng,
Rurthermare, lining thickness in this section is uniform
irrespective of position.

Thus 1t can be shown from the geometry of the vessel dome and ite
lintog that:-

(er.m = TTK({@, 476+1,748)%2, 54~ (9, 47540, 76)%1,5/2)  (6,19)
andi-

<J‘<1/L1)dum = (fdA)wyb,zb €8.20)

6.2.5 Total vessal liming

The tatal lining “hot face” surface srea A is given by by
combining equations 6.7, 6,11 and 6.19;-

A = Cfabmrt ¢ fah cont (fad cutfakoon  c6.20)

The equivalent lining thickness Yiw 1 given by comvintog
equations 6.21, 6,9, 6,13, and 6.20;

Yaw * Am/(«fn/m)dw.ﬂ,ﬂ](x/v1>dA7m.<
H[AADW wH fa1D A ©.22)

In the model, AL and Yuu are caloulated at the start of each
new heat,




7 NODEL_FOR_THE UNSTEADY STATE HEAT FLOW THROUGH THE
REFRACTORY LINING

7.1  Introductign

As a simplifying approximation the vessal lining ie modelled as a
parallel sided plate of equivalent thicknase Y.w and surface area
Aw. The calculation of Yim and Auw s disoussed in detail in
chapter 6,

In order to caloulate the heat flux between the contents of the
vassel and the lining, it is necessary to caloulate the
tewperature distribution through the lining, Knowing the
temperature disiribution, the temperature gradient of the
inoremental thickness of lining in direot comtact with the
contents of the veseel can be used to estimte the heat flux
through the metal/iining interface.

The squation for unsteady state heab flow thrnugh the lining te
solved numerically for each process time st

7.2 Sormulation of the ¥odel
7.2.1 Numerical formulation of the unsteady otate heat flow

through the lining
Consider figure 7.1 below:—
Vessel
stell
Y G i

#
#

Liquid Atmosphere

Hatal

1 " + T T
=0 Teorear Tuy Tuvayr Y=Yorw

Bigure 7.1: Finite element madel of temperature distribution and

heat flow through the refractary lining

L2}




. .
o ‘ 1o figure 7,1, T, is the temperature of the lining at position ¥
' H from the metal/refractory Interface at time ¢ since the start of a
heat.

| Far 0 ¢ ¥ £ Yuw the equation of unsteady state hest flow is given
» S by~

oKAUTAAYE = dT/dE (7, 1)

hed e v
‘,.'u‘ ! o 1s the thermal diffusivity of tie lining and is given byi-
A o = o/ GXpud (7.2
s where: -
; ¥uw = thermal conductivity of lining
c. ; |'i o = density of Lining;
LR G, = heat capacity (specific heat) of Lining.
v The last three variables are functions of temperature and the

development of an empirical eqlation for ci= £(T) is prosented in
section 7,2.2,

The boundary conditions for the differential equation 7.1 are:-

W) Tep =2 et k@ for 8 LT LY )

Before inttially charging the first heat imto a newly lined
vessel, for example, a linear temperature gradient is
assuned tu exist,

" n
QD) Tewuss = Toeld for Tty £ £ <K te, and ¥ = Yoy (7. 4)
Pt

where n reiers to the n'th process time step (of duration
ts,n) since the creation of the initial linear temperature
gradient,

Tu(t), the shall temperatur, ie caloulated from a beat
balance taking lulv aveuusi acal [lux from the Lining and
beat flux out to the atmphere. This 1s discuseed later in
section 7,2.4,

A1) Tus = Tntt) for X toy €
-

-
t (Lt and¥Y=0 7.8
i

where Ty(t) ig the tomperatura of the liquid metal and slag
in the vessel.




It can be shorn (Ref,5, plPl), by applying Taylor's series
expansions, that the differentisl terms can be expressed as:—

/AT = (Te gy 2Tyt v /A2 (7.8)

¥ andi~

AT/t = (Tear-Tud/gs 7.7

b 10 Substituting equations 7.6 and 7.7 into 7.1
L K TLyy-BKT T AP = TumnTyd/at  (7.8)
B Thusi~
i
LA TueawToy = R Ty vopr=28Ty v +Ty,v-n0) FAL/AY® 7,9.1)
i

In the model, the refractory lining temperatura profile is stored
in & matrix RT, Thus equatizn 7,9.1 oan be re-written in teras of
RT:-

RTy,s = RTy, oGk CRTy, o 24RY, jtRT) 0 KE/AY,  (7.9.23

where; ~

Ty, = tomperature of lining at position j Ue, a distance
(3-1)%dY) from the metal/refractory imterface at time t

Ria, = temperature of lining at position j at time thab;

o = therml diffusivity of 1ining at position § at etart of a
procese tine step;

te = Ab = duration of process time etap;

AY = distance betwsen position J and J+1,

Hole that
AY = Yo tn-l) (7,10

for n-1 agual distance inorements batween the hot faca nf the
1lining and the vessol shell, Refer to figure 7.2.
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Vigure 7.2: Schematic subdivision of vessel lining into
incremental distance elaments for unsteady state heat
flow calculatione. Lining temperatures at the start of
a process time step and heat fluxes in and out of the
vessel she'l are shomn

7.2,2 pf_refractory liaing therml
diffusivity
For the determisation of the temparature dependaence of the thermal

diffusivity of the refractory lining, refer to figurs 7,3 (from
data sheet for Wulfrath dolomite bricke SINDOFORN K, fired, direct o,
‘banded),

From the nlot of % therpal expansion as a funotimn of temperature,
the following equation can bo derived €or the demsity of the
lining as a functicn of temperature:~

PontD = B775/(0,5964+1, 8E-BXTIS (7,11}

The plot of thermal versus ]
an an oxpanded tewperabure sonle Tanglng frow 278% t6 2075%, S
figura 4. An assumption was wade that at 278°K the tharmsl
conduotivity is "3.36*1'04 TI/m/a/oK and that at 2078% it is
72,4216 ¥J/w/s/°K, The missing data paints were graphically
intorpolated usin,g a "Floxicurve®. A best £1t cublo equation was
doternined using the standard loast tquares regression technique.

Thus, k(T the thormal conductivity of the lining, as &
funotion of temperature (in degrees Kelvin), is approximated by:~

KundD) = 8, 3L4B~3+1, 351B-6¥T-2, 067R-04T746, 085R~13¥T4  kJ/w/e/T  (7.12)
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The tewperature dependence of the specific beat (or heat capacity}
of the lining wae determined by fitting a logarithmic function ta
the third graph it Uigure 3 uslog a6 lesat equares tschnique.
Thus Cp {n given by:-

= 0,43740,060xL0T KI/kg/K (7,13
By wombining equations 7,11, 7.1 and 7.13, an approxipation of
the thermal diffuslvity of the lining as » function af temperature
1s given byi-
L4T) = (3,3185-0+1, B51E-0KT-2, 067E 9OXT146, 0835~ 134T

JUETTE/ 0, 9564+1, BB-GXTIIIX (D, 43740, OBALAT)) @10

stipation of the heat flow rate between the vossal contents
ad_the refractory lining

. 4o estivate the heat flux from the liquid mstal into the

sry lining, the incremental thickness of 11+ing in contact
it e 1iquid 0o.«l {s considered. Referring to figure 7.2, this
corresprads ta the segment between positicn 1 ane 2. For the
duration of an Incremental process time step 5. it is assumed that
there {5 an approximately linear temperature gradient between
these two poiots, Furthermars, it le acsumed that the nett heat
accumulation (or 10ss) rabe within this {ncremental thickness of
lining is &0 Gmali in compa: ison with the heat flow rate through
it that the former can be ignored.

The average thermal canductivity k'cw of the segnent is
calculated using equation 7,12 and the mean Wla of the
temperatures T, and RT).»

' = 3,3148-341, 351K-6¥RTay
~2,067E- RTa 40, 0B9E- 134T Kl/wsik (7,151

where: -

RTa = (RT\ \WRT\ 072 (7.18)
Fote thati~

RTy.u = Tott)  (2.17)

where Ta(t) is the temperature of the liguid metal and slag in the
vassel at time

The heat flow rate Quatt) between the lining snd vessel contents
1s given by

Mottt o Aokt kIt -RT OZAY B1es 07,18

whare A 1o the "hot lace" wurtace arwa us the lining as
calcuiated in chapter o

7




- %
. e 7.2.4 of the veuse)l shell
oo iae E, Referring to figure 7.2, the heat flux Ga(t) from the lining inta
the steel shell of the vessel is approximately given by:i-
= . Qutt) = (RT),n-1-Tug (£) )Xk w/AY 719
- 1 where:~
e . N Qult) = heat flux into vessel shell (¥J/m/s);
‘.

RT) o = temperature of the refractory lining at a distance AY
from the metal shell/refractory intarface at the start of
. the &'th process time ste

7 a1 = number of distance increments through the refractory
1ining used in the nuserical solutic.. of equatisn 7.1 as
glven by 7.0.2;

Test } = temperaturc of the vessel shell at the start of the k'th

process time step;

¥uw = themal conductivity of liping (evnluuted at the mean
“temperature be*wsen positions -1 an

‘The heat flux out of the vessel shell is the sum of the comvect:ve
beat T1ux geow(t) and the radiation heat £lux qeme(t).

The heat trapsfer coefficient beav(t) fOr convective heat
transfer {s estimted assuming turbuleat flow past a vertical
plate (Ref,5, pado):

Beony{t) = 1, 9B-3X(Tua(t)=Tarn) 2 7. 20y

where Tos(t) and Tan are the vessal she’l uad ambient
temperatures °K) respectively, The convective 'aet flux Qeom {t)
is given byi-

Qoo () = (Tue 03 ~Tarn) $hoam () 7.21)

Therefore:~

Yeow (87 = lutEIm et AL UE-3 RILmrsT (7.22)

The radiant heat flux Gua(t) ia given by::
Grao (8) 7 (Tua (34 -Tarn ) 4D, T32E-114 (2, @7 49554y (1)) 07.28)

N } where the vera @, 91+9B-54T,u (1)) 1s bie emissivity of mild steel
N g plate as a function af temperature (Ref.H, peb5).

Y




Therefore, the total heat f1u Gur(t) Dut DF the vessel shell 1
glven by:-

Qour(8) = Geaw (£) Fqaan (1)

= (Tya(t)=Tara) 1 2%1, 06-3
+(Tua ) ~Turs 246, T32E-11K 0, SLHOE-5XTus (' )3 {7.24)

The rise in temperature of the shell per process time &tep to is
glven byi~

AT = 6aH0Qut ) -Guret )/ TnkpuaitGopsd (7,25}
where: -

Te = thicknese (m of the vemsel shell

pe = density (kg/w) of steel plate

Core = specitic deat UxJ/¥g/*? 0f steel plate .
Therefore the shell temperature at time t#\t ic wiven byi- .
) .28

TustbHAL? = Tus 080 HaX (qun (8D ~qourrtt) 1/ (Yeak proC,

7.3 Results

The calculatea development af a temperature profile with time in a
new AOD vessel lining is shown in figure 7.5, i
dlmensionless distance of O ropreseuts the vessel shell and 1
represents the refractory “hot face" cxposed to the vessel
contents.

7The initial bounlary cosditions were as followsi-
1y Shell temperature; 1508
(1) efractory "hee face” temperature: 10000

{1113 A lnear temperature gradient was assumed ta exist betueen
© and (1) abave.

"his b, a Tough appruklation uf lhe temperature distriburion that

Pight exist in the refraciory lining of a newly lined vessel

inmediately betare charging the first heat.

It represents an extreme case uf unsteady state heat flow through
the retractory lining and is sasy to represent graphically becatse
of the wide range of "hat face" temperatures.

hot, tace temperature was raised to 1480% by :harging a
,tummd 50 000 Kg 304 type charge. Blawing commenced immediately
with & 3:1 Oul: ratio (le. 450:min'; 16wCantn™>. The time

assoctated with charging prior to commencing the blow was ignorsd

ERY
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‘Therefore, the total heat flux aw(t) out of the vassel shell is
given by~

Qour(8) = Grow (£ +qua0 (1)

= (Tuett)=Tary) 1241, 9E-3
+(Tya (8D ~Turst ! #5, 732E-11X(0, O149E-54Tos (83} (7,241

The rlaa in temperature of the shell per prucess time step t, i
Bive:
AT = c.,uq.,‘tc»-qmm\/(‘(wx}».xc.‘.n 1.25)

where; -
Tw = thickness im) of the vessel shell
o = density (kg/m of steel plate

€o.eu = specitic heay (kJ/kg/°K) of stesl plate
Therefore the shell tumperature ah time VAt is given by:-

TustbHAL) = Tus (0 40X CQre €2 "Qour (800 /(T uaPradCrmd (7,263

7.3 Besults

The calculated development of a temperature profile with time in a
sew AOD vessel lining is shown in figure 7,5, balow, &
dimensionless distance of @ represents the vessel sheli and 1
represents the refractary "hot face” exposed to the vessel
contents,

The Luttiel boundery conditions were as followsi~
(1) Shell temperature: 1500
144> Wefractory “hot fsce" temperature: leamc

€¢111) A linear temperature gradient was assumed tu <1t between
1) and (i1) above.

Thi 45 a roush approxiwation ui ibe temperature distribution that
wight exist in the refractory lining of a newly lined vessel
imediately betore charging the first heat,

It represents al, extreme case of uusteady state beat flow throvgi.
the refractory linfng and is easy to represent graphically becavze
of the wide range of "hot face" temperatures,

At hot face temperature was raised to 1480 by charging &
standard 50 000 K5 504 type charge Blow'ng cosmenced immediately
With @ 31 OniK, Fetio e 4Smadain:iSwain'. The time

assoclated with charging prior to commeacing the blow was fgnores

7.
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in the simulatian.

The temperature distribution {n the liniag was then calculated at
fifteen second intervals as the bath temperature rose from 14805C
to 1753%C over a sixteen minute period, The bath temperature at
various times is indicated for a dimensionless distance equal to
ane.

For sake of clarity, the temporature distribution is shown at
21,4,8,12 and 16 ninutes, Also shown is the linear temperature
gradient immediately before charging (le,t<o).

The developpent of the temperature profile ou the "hot face” side
of the lining follows an expected pattarn. The calculated
temperatures unfor tunately casnot be verified on a plant scale
because temperature measuring equipment bas not been installed in
& Uning.

The developing profils on the vesssl shell side of the lining is
interesting ms it suggests that the initial shell temperature of
150°C was set too low. Heat is accumulating in the vessel shell
beosuss the heat input rate (copduction from the awber surface of
the retractory lining) exceeds the rate of heat loss to the
surroundings (radiation and convection),

The unsteady etate heat transfer model has in general been tound
o be stable provided that, in extreme cases as abuve,
integration time step length is nat too lpng (le, >:60s). Longer
tine step lengths can be tolarated once a tearly steady state
temperature profile has besn established.

7.10
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8 THE UKIFIED AOD PROCESS ODEL

8.1 Introduction

The AOD process caneists of a number of distinct svages or
phases: -

) decarburization of the liquid metal when a mixture of oxygen
and an inert gas are clmiitaneously blown into the vessel;

11 charging of alloying mterials and/or fluxes for temperature
and chemistry convral of the metal and slag;

(114 etirring of the liquid metal and slag when only an inert gas
is blovn into the vessel, Stirring is mormally of short
Guration and ie associated with rotating the vesssl in and
out of the blawing position or for stirring in alloye and .
fluxes, Under certain ciroumstances (such as when there are
bigh concentrations of dissolved cxygen in the liguid metal
and metal oxides in tie slag) decarburization of the liquid
metal may st1ll proceed;

(v) charging and stirring in of ferrc-silicon or other sultable
reducing ageats (normally in canjunction with fluxes for
slag chemishry control) for reducing the accumulated metal
oxides in the slag at the end of the decarburization phase;

() waiting pericds (eg, for sampling, temperature measurement,
de-slagging, tapping or plant delays) when the the vessel ls
turned on 1ts eide and stagnant oonditlons exist in the
bath. Vaiting periods may also include times when the vessel v
e enpty.

Ac discussed in the preceeding chapters, decarburization is
achieved by injeoting a mixture of axygen and inert gas into the
liquid metal via the tuyeres. Eubbles are formed and start to rise
up through the metal bath,

Initially, in the tuyere reaction sone model, gameous oxygen
reats with various netallic phage elements ta form an axide
mixture at the metal/gas interface of each bubble. Same carban
movoxide is also formad. The rate of formation of each oxlde is
dejrrdent on the rate of diffveion of the corresponding element
through the bounda.y layer sur-ounding each bubble. Hach bubble is
. i rapidly fepleted of ite oxygen content, Simultanecusly, there is

ness trausfer of nitragea in or ouk of each bubble, The macs
tranefer Tats of nitrogen is also depe dont on ite diffusion rate
through the boundary layer,

. In the oase where only an inert gas is being blown (og, during
. backtilting of the véssel ta charge additions or s.irring in af
additions), the tuyere reaction zane sedel does not apply.




Bubbles leaving the tuyere reaction zone are essentially depleted
of gaseous oxygen, The oxide mixture disengages from the bubble.
ta fora droplats in the liquid metal. These dropleta and bubbles
rise up, in close asscolation with one amother in a plupe, through
the rising bubble reactitn zone.

b5 vhe bubbles rise up through the rising bubble reacticn zome,
oarbon and oxygen dissolved in the bulk liriid metal diffuse
through *he boundary layer surrounding eac bubble. They react at
the metal/gas interface of the bubbles to furm carbon monoxide,

Oxygen ie removed from the liquid metal by the decarburization
reaction. Howsver, there is a gimultaneous input of oxygen Into
the liquid metal from bhe dissoclation of metal oxides contatned
in the axids particles (and slag

Simultancously, netal oxides {n the oxide droplets dissociate to
replanirh the oxygen removad by the decarburization resctiem,

Bilicea, being a stroag redecins agent, diffuses from the bulk
metal phase to the surface of the oxtde particles and reduces some
of the oxides present 10 i -

In the casa whers only & Deing blawn ix at the
tuyeres the oxide partic formed, Oxygen for the
decarburization reaction is from the bulk liquid metal,

crusing the diesolved dxygen convestration to fall off
accaraingly,

Nitrogen also continues to diffusv in or out of the bubbles,
nding on the partial pressure of nitrogen {n the bubbles at a
particular depth and the nitrogam content of the bulk liguid
tat,

Oxide particles that reach the metal/slag interface are assumed to
be captured by the slag layer floating on the metal wurface.
Although not taken inte account ab present, there are a nmumber ot
reaciions at the slag/wetal interface that coull be comsidered.
These include the following possibilitie

() dlsedclaticy of metal oxides to avEmRt tue Supply
dissolved axygen in the netal as 1t is depleted by the
devarturization reaction;

11> reduction of metal oxides by silicou Aissalved tn ¢ - iquid
motal;

€441) reduction 0f thermudynamically Lw: stably mital ot oy
¥D, N10, MG (n the slag by mure reactive elasent 1t
liquid motal (eg, Or, M)

The pott formation of metal oxi 1L thedr acousyias .
in the slag layor and o depletion oi the » of teponding oiment.
Ghe Lauid metal. SEAPLY, the furmation ar -8 Cebich witimate:

i
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escapes from the vessel mouth) results in a corresponding
depletion of carbon in the liquid natal. Witrogen may also
gooumilate or bo removed 1o the l1quld setal, Thass changes ace
taken into account in the model by Means of differential e
balances for the metal and slag phases.

The original model included an cxygen balance that took inta
account the oxygen concentration in the bulk liguid metal phase.
Subgequently & simpler oxygea bmlance was implemented that
directly coupled the oxygen transfer between oxide particies and
bubbles, As previcusly discussed, this was a rather artificial
solution to what was essentially a mumerical analysis prablem (le,
o avoid computational difficulties associated with the mumerical
solution of “6tiff" simultanecus differential equations), [t was
achieved, as discussed in chapier 4, by coupling the
decarburization reacticn and tho oxide particle dissociation
react ion

Howaver, with the need to take slag/metal reactions and/or
Stirring witn inert gases into ac.ount becoming more evident, &n
oxygen balance that takes inta accoun: the e orygen concentration in
the bulk l{quid metal phase will hav: to be ntroduced. This is
fensible now that Suitable numerical routineas!S ara avatisble
for solving "stiff’ cluultancaus differential equations,

Ihe formation of netal oxides and CO, while oxygen is buing
tujscted, aro highly axuvhermic processes, Simultaneously thers in
mubstantial heat loss from the netal/slag eystem via radiation,
conduction and heat in the wxhaust gases, The acoumulation of he
in the systom ceusss the teaperature ta riss continususly during
the decarburization process. The change of the heat content of the
nmetal and slag is taken intn account by means of » gemerallzed
differcatial Loat balance. Tha diffsrential heat palance can also
be applied to inert gas stirring situatjons.

The effect that charglng alloying materials and fluxes has on bath
chenistry .. temparature is taken into account with suitable mase
and heat balances.

8.2

s baian

Lion provss
The et farmation 1e's o4 the B Eh UrLee ¥ah 1 the vate B wiica
it avoamlution in the sloe Lier {ivating an the Surdace o1 tbe
diquid metal. fhis et am e the Tato at which the uxide K0,
leaver, the ri-ing bubble reactiun zoue and enters the -lag lay
£loativ, on the cartace o the 14quid mital (e thee bedu blon
rate ot the oxlde fu the wlag 1n bhe e whers sl

reactiun {5 teken fnto consideracions h\l
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where:~

4 Fuan(t) 16 the quantity (kgmold of the n'th oxide Kiy in the
slag;

Wo,»(4) i5 the integrated flow rate of the n'th oxide MOy
laav 1g the rising bubble raaci'on zome (less tha
reduction rate of W0y in the slag, {f this is taken imto
account)

Therefors, the quantity of the n'th oxide H:Oy in the slag at time
tiat is given by:-

tah
Hoa.n (G1AE) = oo nft)4] Flgyudt  (8.2)
13

The depletion rates of the metal phose elements are
¥ propo 1 to the axide
formation rates, Thus:-

Qe n (IG5 = sy Moy n(t)  (8.83)
where:-

Buer,n(t) 1 the quantity (kgmol) of the n'th element ¥ in the
1iquid netal;

Zan  i5 equivalent to x in the n'th oxide NOw
Therefors, the quaubity of the n'th element in the liquid métal at
time thAb is glvew byi-

GhaL
Faer o (5408) = anrm(‘)'zx,y.*f]f‘um&)dt @0
t

The carbon dopletion rate of,the liquid metal is equal tu the flow
rate of carbon monoxide in the bubbles leaving the rising hubble
reaction zome (and leaving the vessel), Thus:-

Alger o €8/t = =Nl (B 8.8

whert

Nur,e(t) 1o the quantity of carbon (kgmol in the liguid netal(

o NiesCt) is the flaw rate (kgwol/s) of earbon momaxide leaving
J he veosel,

" e
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Thersfare, the quantity of carbon in the liquid metel at time tipc
1a given by:~

AL
Boer,c CUAAL) = "mv.b(t)"fﬂ‘m(t)dt 8.6
t

The depletion rate of nitrogen in the liquid metal is proportional
to the difference between the flowrate of mitrogen in the bubbles
leaving the rising bubble rezotion zone (ie, leaving the vessel)
and the flowrate of ultrogen ta the tuyeres,

Thus: -
Alyar w3788 = 2K WY (81~Gp)  B.T)
wherei-

Fuern(t) s the quantity (kgmol N) of nitrogen dissolved in the
14quid metal;

¥ia(t) s the flowrate Ckguol Na/s) of nitrogen leaving the

vessel;

Gewz  is the flowrate (kgmol Na/s) of nitrogen entering the
vessel via the tujeres.

Therefore, the quantity of dissolved nitrogen in the liguid metal
at tlua GiAt is given byi-

taab
Buern (54083 & n,.y,.(mJ(N'.a(t)-n;,.,)dt 8.8)
t
8.2.2 Masg balances sesociated with charging vessel additions

1t ie necossary to make additione of alloying materials and fluxes
to the vessal during the decarburization process, Thars are thres
main ressons for thie:-

<) for "homing in" an the final ain composition range of the
particular stasl Lype being produced;

{11} to provide ~solant to meintein the tamperature of the
process within the desired oparating rangej

(143) to ensure sufficient Cad and g0 in the slag for lining
protection (against atback by S0 in the alag) and
desulphurization purposas,




W¥hen nstallio ndditions (eg. charge chrome, ferro-manganese,
ferro-molybdenum, wild oteel scrap, nickel, etc.) are made, the

- maes halance £or the k'th element in liquid metal im given
byi-
S Fueex 0w = Ner,u 0L +E (mror, K48 000/ CLO0KD (0.9
) E %
2, § M
b W where:-
- | Fperx iA the quantity (kgmol) of element k in the liquid metal;

Sewova 18 the mass (kg) of the J'th alloying material charged;

N s
%
Wi« 16 the concentration (4) of element k in the §'tk alloying
material;
o e ¥ 1s the atonle mass (kg/kgwol) of the k'th slement,

Vben fluxes (eg. lime or dolomitic lime) are added, the mass
balance for the k'th oxide in the slag is given by:

L Hovo, (net) = Fua.x(01dVH(E (s K000 )/ (100 Kara) (8,10
w2

where: =
Naax o the quantity (kgmol) of the k'th oxide in ths slag
Dewrs 16 the mass (kg) of the J'th fluxing meterial charged;

%H,,u 18 the comcentration (%) of oxide k in the j'th £luxing
mterial;

Moxu 15 the molacular mass (ug/kgmoi) of the k'th oxide,

8.8 Heat Balance

8.3.1 Hewt balance during the dacarburization process

The 7ain wources of hert inpub to the liquid metal and slag in the
vesel are as follawsi~

} ) €3 oxothermic furmation of carbon monoxido and motal oxides;

147 heat cantent of gases emtering the vosssl via tho tuyeres
(b6 an approximbion, thio can be ignored whan the Gtondard

o niate fu tho relevant th data 16 one 7

and &9 ;

P e




Linnil v =

€111) conduction of heat from the linlng (1f the lining adjacent
to the “hot face" is hotter than the vessel contonts).

Simultanagusly heat is lost from the liquid metal and slag in the
vassel viai~

(1)  conduction of heat into the vessel aing (if the unxng
adjacent to tha "hot face" is colder than the vessel
contente) |

1) rediation of br ¢ via the vesmel mouthi

(111} heat contained in the hot gases (and dust, which is ignared)
leaving the vessel mouth,

Thus the rate of heat accumnlabion in the liguid me .1 and slag is
given byi~

a8 /A5 = Quit) HQrurons ~Grorons (63 ~Quan (8)-Quuntt) (8.1
where:~

Hoa () 1s the hamt content (kI) of the liguid metal and slag in
he vassal;

@) 15 the rate of heat generation (ki/s) from the formation
of carbon monoxide and the oxides of other metal phase
el onts and is given by~

) arw (BYRgoy (Tot6))) i (B) XA (T tt))  €8.18)

where: =

P4 (Tat)) 16 the standard hest of formation of the 'th oxide
%Oy, To(b) ie the temparature of the liquid metal and
slag;

Qv 15 the rate of heat input CkJ/&) by the gases
cntering the veseel through the tuyeres, Por the madel
in its present form, Quww 16 taken to be zars|

Qurms(8)  1& the rato of heat loss (s1/8) via the hot gases
losving the vessel movth mna e given byi-

.
Quorano{t) = & (Higao,s (6)¥Hopa 2 {Ta(E2))  18.18)
i
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whera: -

Howe.((TaCt)) is the standard heat costest or anthalpy of the )'th
gas leaving the vessal at & temperature To(t),

Qo 82 is the rate of heat loss (kJ/s) via radiation from
the vessel mouth and is given by:~

G (67 = AmurwbFoXok (Tpt) 4 Tarh) ‘8.1

where: -

Amur 15 the cross sectional area of the vesesl mouth:

R is an empirically desermined “view factar”. & tre view lactor
cannat, be easily evaluated because of difficult to quantiy
effacts such as slag build-up in tha vessel mouth, dense metal
axide fumes in the exhaust gases and back-radiation from the
refractories lining the gas offtake hood:

@ is the Stephan-Boltzmann constant (5,67XL0" ku/m2/°K*)

Tuw is the asbient temperature of the surroundings.

Qm(t) is the rate of heat ives (kJ/s) via conduction inte the
vessel ilalng and fs given

Qe = AuW pTalt?-RT /4Y (8, 15)

The de-ivation of equation .15 and the defimition of tbs symbuls
used is prasented in section 7.2.3 (ie, equation 7.18)

Theretore, the relative heat cantent Euy(t+At) of the ligaid
wetal and slag at Yime Tt is given by:-

trat
Honrnl E4AE) = H,,....:m»fw»(twwu—mm.sm-uww»qu..m JECRRE 32
%

The seastble heats ©f the component elements and oxdes are used
in & linearized forw applicabls over the tewmperature rangs
1460-1750C (1723-2023°C> and are relative to a standard
temperature of 26°C (208°K), The data was derived from tables
presented in reference 16,

Therefore the tewperature independent term CB. of the overall heat
capscity of the Liquid metal and slag is given by:-

Po@un

TBr = T Wer s (U AR FRIL 04T (Mg (E4AL D 1RO,




and the temperature dependent term G, is given by

CBy = & (Npar, s CbHALY KN, 04T (Hovo,u (EHAEIRHO, ) (8.18)
i v

where: -

Hwm(t) 18 the tota] relative heat content (kl) of the liguid
Detal ané slag at a temperature Tp(t);

[ Ls the qumwity (kgnol) of the J'th element in the
pid met

W, s the temperature {ndapandent terp of the Sensible heat
kJ/kguol) of the J'th element in the liquid metal

k..  1is the temperature dependent term of the sensible heat
(kI/kgmol/0 of the §'th element in the liquid metal;

Fuon(t) is the quantity (kgmol) of the k’th oxide in the slagi

Hh. 1S the temperature independent term of the scusible heat
Q65 /5gmold of the X'tr oxide in the slagi

HG:s 1S tho temperature dependent term of the sensible heat
<kl /kgaol ) of the k't oxide in tbhe slag.

Therefnre. Te(t#A), the mew bath temperature at time t+AY is
given

TeftHAL) = (Hoam (E+ALI-CBI/CB,  (8.19)

8.3.2 Hent balance associated with the charging of vessel
additions

When alloying materials and/ar fluxes are charged to the vessel,
there 1s an associated drap in temparatura,

s an spproxization, it Is assumed that the beat or enthalpy ot
nixing ie negligable and can be ignored. It is assumed that the
relative heat contents of the liquid metal, slag, alloys and
fluxes are the sume of the relative heat contents of the component
®lements ond oxides ln thelr pure states.

Theretore, the relative heat content <%J) of the liquid metal and
slag, before the addit{ans ace made, 15 given byi=

Homrw = 5 (Huer of (HM, 4ToC8) KBz, 004 (Hag K UH o Te P #0900 (8,200
Vhen additions ave madw, Mo, and Nec.. are updated as
equations 8,9 and 8.10, Since alloys and fluxes are nurma!ly added

whon they are at sublent temperature fapproximately 25°C), their
relative heat contents are taken to be zero, Therefore the total

8.9




relative heat content Hgu, of the liguid metal and slag remains
unchanged.

The temperature {ndependent terw CB, of the Overall hest capacity
of the liquid metel and slag is given byi-

CB, = ¥ (Nwv.s(new) ¥R, O+ (Manuloew) X0y 0 8.21

and the temperature dependent ters CB is given byi-
CB = I M, s (powd¥liie, ) +E (Roran(Row)3H0z0  (8.22)
Therefors, after additions have been made, the new batd
temperature Tomw 15 given byi-

Terew = (Houm~CB)/CB;  <8.23)




8.4 Hyperios) Solution of the Differential Mass and Energy
Enlances

8.4.1 Lutroduction

In order ta predict the and raj

of the liquid metal and slag, it is necessary to wimltencously
integrate equations 8.1, 8.8, 8.5, 5.7 and 8,11 with respect o
process time, Unfortunately these are not simple functions of time
and temperature that are amenable to an analytical solution,
Therefare numerical integration techuiques have to beused,

8.4.2 Initialization of varisbles at t the gcayt of the firet
Brogess time stup of a blowing s

During & heat there are a number of blowing stages. A blowing
stage is defined in this context as the pariod of bime during
which the vessel is blown with one of the followingi~

(1) constant flowrates of one of the inert gas optione and oxygen
ile, decarburization);

1) » constant flowrate of one of the inert gas options alane
e, sbirring),

A vumber of variables must be initialized at the start of the
first process time step of a particular blawing stage. Some are
merely passed an from the preceeding process stage and others
require operator or user input, Thay include the followingi-

(1) The masses, composition and temperature of the liquid metal
and slag phases;

(11> The metal volume, tuyere depth and pressure at the tuyares.
The caloulation of these variables im discussed in detail in
chapter 5;

(311> The flowrabes of the variows gases tp the tuyerse;

(%) The maximum temperature or minimum carbon coutent limits
required for tne termination of the current decarburizatian
stage,

A number of other variables are alec {nitialized at the start of a
blowing stage.~

n=@ @20

where 1 is the mumber of cnmpleted process time steps since the
etart of tis current blowlng stage

tun =& (8.25)
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. A where: -
e B teantts i5 the cumslative time elapsad since the start of the
= current blowing stage.

Byer,1 €00 xs tha quantity (kgmal) of the i’th elament in the
d metal,

Nois,i(®) is the quantity (kgmol) of the j'th oxide in the slag.
The relative heat content Hawu(®) (ki) of the bath is given byi-

B (02 2 Z (Hyar €073 CHMy, 4 To () kMg, 0 )+ (N, s (02 RCHD, 4T (@I4HD2. 20>
s ‘ 8.26)

The definition of the symbcls used is presented in section 8.3.1,
8.4.3 Nusarical solution of the differential

eguations defining the trajectories of the metal and slag
heat confent and composition

The basis of the procedure is the numerical integration of
equations 8.2, 6,4, 8.6, 8.8 and B.13 over sucessive discrate
process time intervals of duration t; (=pt). 4 Rurge-Kutta or
Bulirsch-Staer method with step
length control¢e® can be used,

1t ie necersary to use a variabie {ntegration step lengih dt in
ordar o overcoms the instability problems assuoiated with the
numerical solution of "stiff’ differential

The caloulation of the derivatives as defined by equations 8.1,
8,3, 8.5, and 8.7 essentially holls down to the determination of
the integrated flaw rates N'o.i(t), N'm(t) and N'a(t) (as

defined in seotion 8.2,1). The calculation of these integrated
£low rates is the objective of the tuyere reaction zone and rising
bubble react’an madels,

The ealoulation of the derivative as defined by equation 8.11 ie

presented in section 8.2,

The bath temperature To(t) is calculated using equations analuguus
to 8.17, 8,18 and 8,19,

8.5 Feulta

8.5.1 Overall results

The results of simulating a  Plant scale 316 €7ps beat sre
presented in figures 8,1 an
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“igure 8,1: Comparison of computed commposition and Yemperature
trajectories with actual plant dava for a 411 blowing
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b 1% ghould be note’ that the blowing bine axis represents only that
R time when DXygen wae being blown, The finite times at the start,
duriag sampling and/or tempsrature maasuring and when sorap vas
charged have not been {ncluded. This is because the subroutines
for handling thees situations (e, blowing withous oxygen) had not
v been develOped at the time of writing. Apart from nltrogen

. E concentratin, bath composition and temperature is not expacted ta

S change very much exept when coolants are oharged.

# ey Figure 8,1 is for & 411 (le. 46w0min': 120Hmin") blowing

' ratio, An initial Gam diameler bubble at the tuyeres was selsoted.
The elements G, 81, ¥a and Ur wers selected as partioipating
elements, Thus Ni, Mo and Fe were effectivaly treated as belng
inert in the simulation (the inherent assumpbion being that any
oxides of thess elements forning at the tuyeres would Lmmediataly
e reduced by pore resctive Si, Mn and Cr),

Actual plant data ie presented in table 8.1 balow and is shown on
figura 8.1 as indicated,

1t will be seen fram Zigure 8,1 thet the simulation did not run
the full bime of just over 20 minutes. It was terminated after 15
minutes when the upper temperature limit that had been specified
was exceeded,

TABLE 8.3: Flant data for 4:1 blowing step of Heat #79447

Start After After After
of 2 nin | 14,6 min| 20,4 mn
Blow Blowing | Blowing | Blowing
Yetal mes Kg | 54500 Wh WA N/
Temparsture °C | 1480 1520 1630 1663
Carbon % | 2,095 2,015 XA 2,807
Silicon % | 0,857 108 /A 2,060
Mangapese % | ©,997 0,974 B/A 9,904
. Holybdenun % | 1,948 1,017 B/A 1,084
' Caroptun % | 18,55 18,92 2 18,56
-5 Fickel % 7,38 7,28 WA 7,46
o ron % | 68,8¢ 68, 43 A 69,78
oaf L Sulphur %] 9,012 9,011 A 2,016
Phosphorus % | ©,024 ©,022 EZ) 0,024
. F¥ltrogen % | 2,065 2,008 E/A ;0,078
7 i Oxygen % | 0,018 ©,008 Beh | e,082




Figure 8.2 is for a 1:1 (e, 30wP0min":30m%Ar min™) blowing
ratio, An initial Gpm diameter bubble at the tuyeres was selected
and §i, Mo and Fe vere nob partiopating elements,

The discontinuity after 10 minutes blawing time represeuts an

- interuption {n the decarburization step when 1400 Kg mild steel
serap was charged as & coolant,
for 7 Actual plant data {e presented in table 8,2 below and is shown on
Ead PR figure 8.2 us indicated.
PRI

TABLE 8,2¢ Plant data for 1:1 blowing step of Heat #70447

[ Sturt Atter
18,4 min
Hhew Blowing
Hotal mass  Kg | 54500% L7
Temperature C | 1635 1714
Carbon | 9,452 2,097
Stltcon % | 0,021 ,036
Mangamese % | 1,160 2,990
Holybdswum % | 1,809 1,860
Chrontun % | 18,53 17,91
Hickel 41 781 7,30
Ir 4| 70,18 72,26 i
Sulphur %1 0,018 0,014
Phosphorve % | 0,025 0,025
Nitrogen % | 0,048 2,019
Oxygen % | 0,020 2,007
v

Apart from a few exceptions, it is evident that the model, in its
present '-m.wned" torm, doas not accurate)y pradict the

beerved on vhe plant,
fiowaver, in ot Gaces, i cxpacts 1 trands ara correst

ndividual trajectories are discu. -d below

8.5.2 Temperature

In both simulations 1t 4o evident that the predioted rate of
temperature incresce was much too high compared to plant data
F 2 Possible reasons fur this are tha folleuingi-

(1) The heats of solutian of the variove elements were
considsred to be smil anough to bu nerlootsd, This may be
. ® an over-simpiifieatien.

- ¢ The hant of fofmation data used applies only tu wue
formasion of oxides in their pure states, The pox

F ' 8.16
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her tor [ betuesn
the varigus axides and the fluxes in the slag phase have not
bean considered.

(14) The Lingarised (rith respact to temperature) hest capcities
the vericus wetal and slag phase components may need
ravision.

) The simplification introduced by the comcept of an
equivalent lining thickness and hot face surface area of the
regractory 1ining.

Sinilar problems have recently been experienced by Pauw'’ and,
he madal could be tuned by using empirical correction
further analysis is needed to identify, understand and
resolve the underlying problem.

8.,5.3 Garbon

In the case of the 4:1 blow simulabion the predicted
decarburization vate was about 20% faster than the actual
decarburization Tate. Ta @ large degree this can be avtributed to
the caloulated high temporature rise rate. Basio thermodynanic

4 b tant experience, dictate
that bigh temper‘utLreE mist slgnificantly improve decarburization
efficiancy,

In the case of the 1:1 blow simulation, despite the saloulated
Bath temperatures being higher than the actual ones, the
caloulated decarburization rata wag about 74% slower than the
actual rate. This deviation could be dve to oue or
more of & number of puasibls faotarss

W The of the of carban (and
the other clements) was mot takem into acourt.
Diffusivities applicable at the eomewhat arbitrary
tempsrature of 1650° hava besn uaed. Incrsasing
diffustvities with fncreasing tenperature vould
significantly improve the pradlcted decarburization rate,

(%) The temperature dependence of aetivit coefficiemte was nat
taken into acoount Gxoept in the vkue of uitrogen, Data weed
was taken from the paper by Dab Roy et.al.’ cod Naking,
Shaping and Treating of Steel”.

(1143 lutoraction parameter data for nalirlating activity
chefficients ie, strictly apeaking. aly applicable to
dilute spiutions of Tolutes in 1ic: 4 iron. For lack of
altornative data, aone of the inte.o,tlon parameters have
boan applied to fa’rly high conce:.rations of some of the

salutes,

The Tuyere ard Ricing Bubble Roac o #esnds are, in

goneral, fairly sensitive to the ot interaction
8.17
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parameter data, Any inaccuracies in this respect cauld be
axpected to have a significant effect on the overall
acouracy 0f the AOD Nodel.

<iv) An arbitrery bubble diameter of Smm at the tuyere level was
selected, Becauss of the strong dependence of the
decarburization rate 2quation on bubble and oxide particle
msurface area¢, the selsction of a smaller imitial bubble
diameter would have the effect ©f improving the kinetice of
decarburization.

Conversely, in situations of an unrealistically bigh
decarburization rate, the rate could be slowed down by
choosing a larger initial bubble size.

(1v) The AOD Wode), in ite present form, does not take tnto
account slag/metal reactions at the intarface between the
bulk 1{quid metal and bulk slag phases,

By the time the 1:1 Llow commences, there can be expested to
be a significant accumlation of reducible oxides (is, ¥n0,
CrDs and eome FeD? in the bulk slag phase, Sums secondary
dscarburization can ba expected to btake place at the
interface between the bult metal and slag phases which has
ot been taken inte account by the model,

@) The decieton wap taken (for tha enks of igtegrater stebility
daring the early tages of the model development) to mal
the somewhat crude approximation of cowpling the
decarburization reaction in a bubble to the reduction of
cxides in an oxide particle, This may be a sericus problem.

loulating the uxygen
e ik Uquid Tatan voutd b sare Tesstetio. This would e
done vin an oxygen balanes that takes into account the
oxygen depletion rate due to the decarl rization reastion
end the nxygan input rates from oxides dissaciating in the
cxide draplet and bulk slag phases.

(vi) The Tuyere Reaction Model has not been formulated in much a
nannar as to allow reduction of “unetable oxides such as
B0, HoO, and FeO by elements with a greater affinity for
o¥ygon such s G, b1, Mn or Gr.

As & result, if elaments such as B4, Yo or Fe ara allowed %0
participata in the tuyere reaction model, droplets of an
exide mixture with a very high oxygen potential are
produced, Thic high oxygen potential causes ver:
decarburization rates in tho Rioing Bubble Eenctiun Fome.
This in burn gives rise to unrealistically high
decarburization officiencios in all ratlas.

Ao in the cace of the Tuyere Reactinn Zone, the Mising
Bubble Reaction Zoie duem not allow for the reduction of
F10, HoOx or Fol by Gr or ¥n oimaltancously with that by G

6,18
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parapetor data, Any inagouracies in this respect could ba
capected to have 4 significant effect on the overall
o svracy of the ADD Modol.

€ivy An arbitrary bubble éiaseter of Smm at the tuyere lavel was
relocted. Because of the strong dependence of the
decarburization rate equation on bubdle ard oxide partiole
2urface areas, the seleotion of a sxaller ‘nitial bubble
Oiameler would have the effect of improving tra kinetjcs of
decarbur1zatian,

an wirealistically high
decnrhurizatlnn rate the rate couid he elaved dova by
~haosing & lerger initis) hubble sbze,

(tv) The ADD Kodel, in its present farm, doss not take into
account slag/mbal reactions st the interface betwesn the
bulk linuid metal and bulk slag phases,

By the time the 1:1 blow commences, there can be expected to
be a significant acoumslation of reducible oxides (ie. MnQ,
Gry0, and same Fe0) in the bulk slag phase, Some secondary
decarburization can be expeated ta take place i the
interface betwesn the bulk metal aud slag phases which has
nat been taken into account by the modsl,

) The decision wae vaken (for the sake af xncegrumr stabilisy
during the early stages of the model developrent) nake
the somewhat orude approximtion nf coupling b
deearburization reaction in a bubble to the red\\ctinn of
oxides i an oxids particle. This may be a sericus problem,

The alternative of calolating the oxygen concentratiom in
the bulk liquid metal would be more realistic, Tuis would be
done via an oxygen balance that takes into account the
ouygen depletion rate due to the dacarburizabion resction
and the oxygen input rates from oxides diesoclating in the
oxide droplet and bulk slag phases.

(v1) The Tuyare Reaction Model has not beem formilated in such a
nanner as to allow reduction of "unetable” oxides such as
L0, Koty and FeQ by elements with a greater affinity for
oxygen such as ¢, &1, Mn or Cr.

A8 a result, if elaments such es WA, ¥o or Fe are alloved to
partiolpate in tho buyere reaction model, droplets of an
oxide mixture with o vary high oxygen potential ere
producad. This high oxygen patential causes very high
decarburization rates in the Rising Bubble Reaction 2 ne.
This in +urp gless Tise o unrealistloally high
dacarburizabion efficiencies in all raties.

4o in the caGe of the Tuyere Reactiop Zone, the Rleing

Bubble Roaction Zona does ot allow for the reduction af
BD, Moby or Fol by Cr or Mn simultaneously with that by ©
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and Si.

The only way %o reduce the osygen potential of the oxide
droplet phase entering the Rising Bubble Reaction Zone is ta
artificlally completely suppress the participation of ¥i, Ko
and Fe in the tuyere reaction zome model. The basis of this
is the possibly unrealistic assumption that if these oxides
are initinlly formed, they are immediately virtually
completely reduced by the elements (such as Si, ¥n and Or)
with a mich greater thermdynamic affinity for oxygen.

The ideal model would be cne that allows a certain degree of
back reduction of Fi0 ete, This would allow the entry, inta
the rising bubble reaction zone, of oxide particles with
limited but realistic levels of these oxides.

(vil) The model assumes that only one oxide droplet is produced
per bubble leaving the tuyere reaction zome. The increased
surface area effect af allawing a nusber of droplets to be
produced per bubble would increase the decarburization rate.

Gonversely, if oxide particles were allowed to coalesce, the
decarburizetion rate would be reduced,

8.5.4 Silicon

1n both cases, the sillcon trajactory of the liquid metal follawed
the expected trend; mn in{’ial high desiliconization rate
gradually tapering off as the silfoon content of the metal became
progressively deplated.

In figure 8.1 the actual desilicomization rete vas faster than the
calculated rate during the first two minutes of blowing tlue.
Thereafter, the caloulated rate appears to hava avertaken the
actual rate. [n both similations the caloulated degres of
desiliconizataon was higher than that actually observad by the end
of the Tespective blow.

1t should however be pointed owt that the final %81 as analysed
should be treated with some caution as the anmalytical technique
used (X-Ray fluorescence’ cannct distinguish between dissolved Si
and 51 in the form of 51C; containing inclusions suspended in the
sample. At the low %S1 levels under consideration, the background
“noise” represented by mimute suspended particles oi 510,
containing material may be significant.

In general, many of the camcepta discussed in section 8.5,3 are
equally applicable in the case of silicon, Huch tuntng and/or
moditication of the models nay be needed before reslly accurate
predictions are achleved,



8.5.5 Nanganese

In both figures B.1 and 8.2, the calculated manganese trajectories
of the liguid ketal bore little resemblance to those observed in
the plant scale hest, The main reasun for the apparent ”lack of
reactivity” of manganesa is suspected to lle in the choice of
interaction parameters used for calculating the manganese activity
coefficient.

Again, many of the concepts discussed in section 8,5.3 may also be
relevant.

8.5.6 Chromium

The caloulated chromium trajectory in figure 8.1 shows an initial
1ucrease follawed by a levelling off of the chromiwn concentration
in the liguid metal, Although chromium was being oxidised, there

was a Dett concentration effect because of the comparatively high
ramoval 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 cocemtration sffect ceased.

There was an apparent very bigh initial incresse in the actual
chromium content in the first two minutes of the blow, This could
have bsen, in part, dva to the selection of the initial chromium
analysie (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% t0 19,04%) of a number of Samples taken at the same
time and concequently an average value was used,

The other alternative could have been the carry-over of a bigh
Grafy cantent slag from the arc furnace which was Subsequently
partially reduced by carbon and silicon in a slag/metal reaction
during the early stages of the blow,

The actual chramiun level of the bath then dropped Off from 18,94%
to 18,55% during the subsequent twenty minutes of blowing time
Binos bhe actunl deeasbur ization rabe vag not as fact as the
predicted rate, the chromium remaval rate was probably sufficlient
%a drop the chromiun concentration in the liquid metal, Agatn
however, uncerteinty in the average final analysis camnct "
ignored altogether,

In the case of figure 8.2, the differance af 0,43% between the
actual (17,31%) and predicted final (16,88%) chromium
concentrations was largely due to the moda) predicting a poorer
oarbon removal efficiency tham what was obeerved in practice. Thus
the comments of section 85,3 above apply,
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§.5.7 Nickel, Nolybdenum and Iron

The comments of section 8.5.3(vi) abave apply.

s
[ O 5.5.8 Bitrogen
P In figwre 8.1 the actual and predicted nitrogen concentration
K trajectories did not bear any resemblar . to dne another. This was

because pure nitrogen alone was used to keep the tuyeres olear for
the short period betwaen turning off the oxygen flow and turning
down the vessal for sampling and temperature measurement. These
brief blawing periods with pure nitrogen were not taken into
account in the simulation.

This problem cen v resolved by the development of the subroutines
needed %o cater far the case of blowing en inert gas withou
oxygen.

In thy case of figure 8.2 where the turn-down gas was argom, the
predicted and actual fina} nit:ogen concentrations were in
reasonable agreement, being about 0,015% and 0,016% respectively

8.5.9 Ouygen

The need for an oxygen balance to determize the oxygen
concentration of the bulk 1iquid metal phase has been discussed in
section 8.8.3(v) akove,

8.5.10 Computation Time

By the use of variable step length integratars'®’®, the problem
of instability that plagued the early stages of the modsl
develonment has been resaived. Howaver this has been at & Kigh
cost in respsct of computation time. In its present form when
running the compiled and linksd FORTRAN 77 source code on an 8KHz
IBX compatible EC, the model is ubstantially slower than real
process time.

Havever the firet cbjective of any future work must remain
modi2icution and tuning of the varlous model cumpanenes o toat 1t
can accurately predict process temperature and compositi:
trajectories,




e CONCLUSIONS
9.1 Summary and copolusions

4 model has baen developed to deseribe the AOD decerburization
process at Kiddelburg Steel and Allloys,

The model assumes that metal phuse elementa diffuse from the bulk
metal through s metal phase boundary layer surrovnding a rising
bubble. They react with oxygen in the bubble at the metal/gas
interface to form an oxide slag. This comtinues vatil the oxygen
ae been depleted.

The oxide slag is assumed 0 dicengage from the bubble as an oxide
droplet, The butble mnd oxide droplet rise up bogether in a pluss
of bubbles and eatrained oxide droplets and liquid metal, 4s they
rise up, Oxygen and carbon diffuse from the bulk metal through the
metal phase huwndary 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
draplet.

Partlally reduced oxids droplets are captured by the bulk slag
phase floatiug an top of $he bulk liguid metal, Further reactions
at the bulk metal/slag interface are not considered at this stage
although they are known to cccur. The composition ohanges occuring
with respect to time in the bulk metal and slag phases are taken
into account with differential maes balances.

The changs of the bath temperature with respect to time is takeu
into acoount with e differential heat balance, The latter
incorporates a model for the unsteady state heat transfer Yhrough
the vessel refractory lining.

The bath temperature and compesition trajectories are determined
by the simultanecus integration of the differential heat and mss
‘balances.

Although nost of the pradicted trajectories follow the expected
trend, they are not sufficlently accurate for the model to be used
25 2 "live" pracess simslator in its presant stage of development,
Substantial tuning and modification of the component models are
still required,

In particular, the compubed temperaturs trajectory was faund to
rise too quickly compared to the actual plant unit,

4% high carbon concentrations (>1%) excessively high carbon

removal rates wers predicted, particularly if elements such as
nicksl, molybdenum or iron wers allawed to participate.

9.1




£t loyer carbon concentrations (<0,5%) the predicted carbon
concentratinn trajectery indicated a lower than actually chserved
carban removal rate,

The calculated silicon comcentration irajectories were aot too
dissinilar from pheerved plant data.

The caloulated vanganese concentration trajectories showed little
concentration change with respect to time, They deviabe
considerably fram the plant dats, indicabing the possible vse of
incarrect v data for caleulatirg activity
coefticients.

The omloulated chromiun cuncentration trajectories reflected the
carbon removal Tates in that a high carbon removal rate gave rise
o a low chromium remval rata and vice versa.

The predicted mitrogen comcentration trajectory lacked promising
in the case where nitrogen was nat used as the iners gas for
keeping the tuyeres unblocked during vessel turn-down operations,
However a modal to cater for blowing either inert ges in the
absence of oxygen is needsd,

1t was concluded that the Rising Bubble Reaction Zone and AOD
Madels needed to be modified to incorporate am overall oxygen
balance for the bulk liquid metal phase. The approach of directly
coupling the reduction of an cxide particle with the
dacarburization reaction at the metal/gas interface of & bubble
sidestepped the need to calculate the oxygen concentration in the
bulk liquid phase directly, Whilst contribubing o integrator
stahility, it was suspected of introdvcing other problens
ndversely affecting the acouracy of the model.

The likely reasuns for observed deviations between predicted and
actual resuits, together with possible solutions were discussed in
sone detail in the precesding chapter. The molutioms bave been
sumaarized in sectiun 9.2

Decpite the lack of accurate composition and tempsrature
$rajectory predictions by the model in 1ts presant "untuned”
atate, it provides the framswork for potentially significant
improvement, both by “parameter tuning”, and by modifying and
inproving some of the component models.

The model provides a useful basis for the understanding of some of
the fundanental physical and chemical prin iples underlying the
AOD process.

9.2 Recommsndaions for Future Work

(1) Temperature dependent diffusion data neads ta be built in
to the model.

(1)  The Rielng Bubble Reaction and Unified AOD models need to

KX
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be modified to allow for an oxygen balauce for the bulk
1iquid metal, Thus the decarburization reaction at the
metal/gas interface of a bubble could be de-coupled from
the reduction of an oxide particla,

The heat balance needs to be investigated (n depth and,
where applicable, new or alternative data neads to be usad.
This includes taking into consideration heats of salution
of metal phase elepents and heats of formatisn of possible
cosplex bulk slag phase compounds.

The concept of an equivalent liming thickness (used to
transfors the complex problem of unsteady state heat
transfer through an irregularly shapad refractory lining
nto & siupler one involving unsteady state heat tramsfer
through a parallel sided plate) ma: be an
over-stmplification in need of revision.

A podel catering for the reactions taking place at the bulk
metal/slag interface naads to be developed and incorporated
into the model,

The Tuyers Reaction Zone podel meeds %o be miified to
allow for the reduction of oxides such as Wi0, Kol and FeO
by reactive elements such as G, Si, K and Cr,

The Rising Bubble Reaction Zome model needs tn be modifisd
ta allaw for the reduction of oxides such as FiD, Mol and
FeD by elements such as Mu and Cr in addition to G and Si,

The interaction parameters used for caloulating activity
coefficients need 0 be revised and bebter data used if
available,

4 padel for imert gas stirring in the absence of oxygen
needs to be develaped.

The models, in their present or modified farnms, nesd to be
tuned to fi% observed plant data,

The immediate objectiva of the foregoing must be to develop
the model to the abate that it oan sccurately prediot
operating plant temperature and composition trajeotories
under all normally encounterad plant oircumstances.
Thereaftar the software nseds o be refined to minimize
computation time to & level that it is significantly less
than real process tine. Failing that, alternative hardware
needs to be iavestigated,

Once a fast and acourate simulator is availabla, the
development of an on-lina procecs aptimtzation and cantral
eystem could proceed, Such a eystem would have t@, amangst
other things, be able to drive the oxygen:lnert gas ratin
sotpoint on & continuoua optimm basie. it would have to
interface with existing plant neasuring and coutrol
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hardware, ns well s existing charge correction hardware
and software.




APPENDIX A

DERIVATION UF THE PEG ION RATE BQUATION USED [N THB RISING
BUBBLE REACTION ¥ODEL

A1 Introduction

In the Rising Bubble Reaction Nodel it is acsumed that the rate of
the decarburization reaction depends on the rate of diffusion of
%ygen and carbon through the metal phase boundary layer
surrounding the bubbles as they rise through the liquid metal.
Because the dscarburization reaction is coupled to the

af oxtdes, the on reaction rate is alss
dependent on the rate of diffusion of oxygen through the metal
phase boundary layer surrounding the oxide particles.

The oonoentration gradients of carbon momoxide, carbon and oxygen
are schemtically reprasentad in Rigure Al wherei-

Pog = Partial pressure of carbon monoxide in the bulk gas phase
af a bubble,

Poa; = Partial pressure of carbon me.oxide ‘n e gas phase of
the gas/netal interfacs of a bubble,

Gie = Concentration af carbon in the mutal phase of the
metal/gas intsrface of & bubble,

Co,c = Concentration af carton in the bulk metal phaee.

Cio = Concentration of oxygen in the metal phase of the
uetal/gas Interface uf a bubble,

Guo = Concentration of oxygen in the bulk metal phase assaciated
Wwith the plume of bubbles.

Cox,0 = Congamtration of oxygon in the metsl phase at the surface
of an oxide particle.

A1
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APFEEDIX A

DERIVATION OF THE DEC 108, RATE _RQUATICN USED IN THE RISIAG

BUBBLE REACTICN WODEL

A1 Introduotion

In the Rising Bubble Reaction Kodel 1t is assumed that the rate of
the decarburization ranction depsnds on the rate of diffusion of
oiygen and carbon through the wetal phase boundary layer
surrounding the bubbles as they rise through the liguid metal,
Becauee the decarburization reaction is coupled to

dismociation of oxides, the decorburization reaction rate is also
depandsnt an the rate of diffusion of uxygen through the metal
phase boundary layer surrounding tl- oxide particles.

The concentralion gradfents af carbun monaxide, car:im and cXygen
are schamatically represented in Rigure Al where:-

Peo = Partial pressure of carbon monoxide in the bulk gas phase
of a bubble

Pcor = Partial pressure of carbon momoxide in the gas phase of
“he gae/netal interfaca of a bubble,

Cre 'mf‘(_ntratinn of carbon in the metal phase of the
wtalsgas interface Of a bubble.
Coe = wentraticn of carbor in the bulk metal phase,

Gie * Concentration of oxyzer in the metal phase of the
wetal/gas interince of a pubble.

. = Concentration of oxygen in the bulk metal phase asspeiated
wrth the plume of bubbles

Tox - Coscentration of cxygen in the motal phase at the surface
af an cride particie.
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APPENDIY &

A2 Derivation of the Decarbur: on Rate Equation

Considering the try of the ur 4 reaction:-
IC) + 10} > 0 L)

1t ie evident that tha fluxes of carbom, oxygen and CO ta and from
the metal/gas interface are equal,

Thusi -

) = e S ()R (o, eCrolR)) (A2

T¢h) = Jaf) # Kma,a(B)K(Co,07CralR)) (A8

3t = Joafh) = KK (Cy,o(BIXCh0{h)-Pear(h) /K (A.4)
what

J» = Flux af G, O and OO at oubble helght b abave the
tuyerea,

Koo c(h) = Hass bransfer coefficient for carbon through the metal
phass boundary layer surrounding a bubble.

Ygow,zth? = Mass transfer coefficient for oxygen through the metal
phass boundary layer surrounding o bubbla,

¥ = Rate constant for the reaction (A.1),
¥ = Equilibrium canstant for the reactioni-
L6 + 10 <=> €O (A5}
2t the metal/gas intarface.
Thus: =~
K* = Poay (/<G 5 ()8s,0(B)) (A6
where Gieh) ond G o(h) are the cemcentrations of carbon and
oxygen in kquilibrium with carbon monoxide at the metal/gas

inferface,

The following aseumptions are made:

) b > kwec(h) and Mousafh)



AFPEEDIX A

(1) the rate of resction between G and O at the interface is
extremely fast, Thue the oquilibrium indicated by equation
A5 1s assuned to exist at the interface.
Thus Cralh) -> Grelh) and Coolh) => Crath).

(111) the mass transfer of GO through the gas phase boundary layer
i not rate limiting.

Thus: -
Poo(h) = Pooth) (AT

Therefore equation A.4 becomes;-

T = Il = KRG o(hIXC, () -PoothI KD (A.8)
From {tem (1) abave ard eguation A.7Ti-

G o®)4Cualbd = Poor(h)/K* = Panti)/K® (A )
ke-arranging A2t~

I = Kpo. ol ¥Co, - Eava o (BI¥Cs, k) (4,10

=5 Crolh) = (ke ¥Co,emd (1)) /Kmo,c(B) (A1)
Statlarlyi~

Cro(h) = Ctoun,o(h)ACo, o~ (b)) /kaom,o(BY €A1
Hultiplying A.11 ang A 13i-

€10 %Cr,0th? = Cspup, (1) ¥Ca, c=J (b))% (Knyo, a (1) ¥Co, o) (h))
7 Uspoa o (B #kag, 0 (0)) A,18)

Combining A 9 with A,13 givesi~

POt /K = Ckmp, o€0) #Ca,e=d (h) )% (B, o <h>>m.. .r.v )
# Covec (R Km0 (22 3

=2 Poath)/R* = (-J (hYkkgun, ¢ (10¥Cs,ctkove, o (1) K koo, 0 (B HHC, cHCr.0
=3t $higen 0 (1) Ko, 04T <) D)/ Ko, - Ch ¥y, (1) 3

=> Pea(h) /K = (F(hIN Ch) X (~Jpup, e (h)¥Co, =Ko, 0(h 14,0}
#oa. (B Kevs, o Ch) #Co.cXCa,0) 7 s, oChI Rkiuo, aCh) )
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= 0 =TI W K, o (13 KCo, o-nue, a{h)¥Cu,
+Hara,c (B ¥Xpon, 0 Ch) ¥Ca, X 0= Epu c(h)*km-.nu Y¥Pco (h) /K

4,15
Now J(h) = Fo(h)/(npuskhmath)) (4,16
where: ~

To(h)  is the decarburization rate at a beight h abuve the
tuyeres;

fee  fo the flowats of bibbles through the hurisontal plane
beight b above the tuyere

fw(h) ic the surface ares of a bubble at a height b above the
tuyeres,

Alsos-
Folh) = Baekhos (D Fkaxo (WX ConBI-Cae) (1T
where:~

Au(h) s the surfaca area of an oxide particle at a height b
2bave the tuyeresi

oea(h) is the mass transfer coefficient for the diffusion of
oxygen through the metal phase boundary layer surrounding
an oxide particla.

=3 FelB)/ euskhor (W) Fkox 0¢B)) = Cox,0(BI~Caso
=) Coo = Coroo () —Fe(D)/ aurkhox (W) ¥hoy o CR)) (4,183

Therefore, substitubing equations 4,16 and A.18 for J(h) and Go
in equation A.15 we Eeti-

@ = (Fethis Cnpetheve (02124 <Fe(h)/ (Dovekings () )Y
* CKpvg €1 Kun, 0 (2 ~Kox 0 (0% (G0 ¢h)~F (R / Cugos¥hor (h) Koy, 0 (b)) )
+hium 0 (2 ¥heau, a () ¥Gs, ¥ (Car.a () ~Fo (3 (Douakhor () ¥kox,o (D)

~ave (Y ¥kaun, 0 () XPo0 (1) /KX 18

This oan be simplified to give a quadratic equation in fo(h) of
the form;-

= By MBrFeh € (AT

A5
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d where: ~
. » = 1/ Cunorhoon (1)) Hasn, o (1) / nous?Hhase () ¥hox Ch¥hor,aCh)) €A1 18)
' NSy B = = C .o ()Xo, cios, o ) ¥Cas, 0 (1) " euskAuun )

: | oo () K qun,aCh) KCn,c/ Chogethos ) ¥an,0B))) (4,187

G = Xoua,o (k) ¥kuio, 0 (BYK{Ca, c¥Cor.o(h)-PeQ () /KD (A.20)

Therefore: -

Fe(h) = -BL(B-4XAXCIVDH/ (2K} (A.21)

However, only one root is applicable,

Nowi -

Felt) = @ .22

when: =

Co.o¥Cor,0 )-Peath)/K* = 0 {le when C = 03 (A.28)

2 0= BB/ (A28 .

Since «B and (B*)'/2 are both positiva quanbities, the resl root
of equation 4,17 1s glven by inspection:~

FelB) = (-B-(BR-43AXC)VD/@KA) (A5




P APPENDIX B
" 2
- BiS DERIVATION OF THE EQUILIERIUK COASTANT USED [N THE TI08
A ] RATE EQUATION
# vl

N For the equilibrium reactions:-

C+1/2 0, ¢ 00 AG = -26760-20,984T cal/gmal  (B.1)

K1 <=> © AP = -5100+10,04T cal/gmol  (B.2)
(40) <= 172 6 AG = 2600040,69%T  cal/gml (5.8
Therefore, by adding equations B.1 to B.3 inclusive:~ N

-3860-10,29%T cal/jsol  (B.4.1

LAC) + 01 (=) 0O A
= -16150-43,05%T ki/kgmol  (B.4.2)

Tor the equilibrium between carbon momoxide in the gas phase and
carbon and oxygen dissolved (1% standard states) in diquid iromi-
L4C1 + 1401 <= €O (B.)

the equilibrium constant K is given byi-

K = P/ (LUCIAEALA0IRES  (B.6)

whers: -

(%C1 = Percent carbon dissolved in liquid iron.

[40] = Percen’ oxygep dissclved in 1iquid irom,

fe = Activily coefficient far carbon.

% = Activity coefficlent for oxygen.

The calculation of the sotivity coefficients for carbon and oxygen
is presented in appendix G,

Now, from equatics B.G:-

T8l H50) = Postfodffl)  (B,7)

E . . e DU



APFENDIX B

For the equilibrium at the metal/gas interface as discussed in the
preceding section, equation B.7 can be expressed asi-

UAGIRA0] = Peos (BXEa¥)  (8.8)

where [4G;] and [40;) are the welght percent concentrations of

carbon and caygen in the metal phase at the metal/gas interface of
bble,

K ts calculatad, as a function uf temperature, from the free
energy given by equation B.4.2:-

K = Bxp((16160+43,05¢T)/(RXT))  (B.9)

Yow the molar concentrations of carbon and osygen at the interface
are related to the welght percent concentrations as follows:-

G = PN /1200 kgmol/n (B, 10)
andi-
Cre = pHL%0:1/1600 kgool/w®  (B.11)

where p is the liquid metal density Ckg/s),

Conbining equations B.8, .10 and B.1l:
1200%(Gs, o/ PYX1600K (Cy,o/P) = Pea/ (LekEoKE)
=3 Gr.o¥Crio = PooXph/ (fo¥ta¥iX], 9286)

=2 G o¥Cio = Fea/B  (B.12)

where: -

£ = fokfoKal,92K6/pt  (B.13)

Substituting equation 5.9 2or K in equation B,13:-

K2 2 p(CI6160H3, 05HT)/ (RRTD AEKEAD, 0260 (B 14D

Now, the equilibriun constant Ke as defined by equatic. 1,26 in
section 4.2.1 of the rising bubble reaction model is:-

=K (B1S)

] 8.2




APPRADIX B

Therefore: -

Keo = p*/ (BRP((16160+43,05¥Ta)/ (RATo) ) ¥EXE0K1, 0286) (B, 16)

where the liquid metal temperature Ty is equivalent to T in
equation B. 14 abave,




APPENDIX €

CALCULATION OF ACTIVITY COEFBICIENIS

Since liquid stainless eteel is a complex multi-component
eolution, it is necessary to take inte account the interaction
effects of the various elements on the activities of individual
elements,

The Henrian activity coefficient for the §'th element is given

£ = 10XKCE Cilhde ) (€1

wherer-

8y 18 the first order parameter for the interaction of element k
on element J in liquid from,

4 is the weight percent uf the k'th element in the liguid metal.
There appears o be same discrapancy betwaen the interaction

parameters quoted by different authors, Values for e, listed in
the paper by Deb Ray et. al.® and are presented in Table C.1
‘balowi-

13 L 2 3 4 8 14 i

Blement| © 81 ¥ or n a I

4 40,19 |40,088 [-B,002 |-0,02 [+0,012 |-0,24
[3 °

84 40,18 [+0,11 '+, 005 }-0,23
o E ? 9 @ ° 2,003
,.) Cr ~0,103 ® ° -0, 0003 ° ~0, 133
N . 1. ° 0,45 [~€,131 [-,021 {~0,04 [+0,008 [~ 2
' /
Bt i Table G.1: Firet Order Hemrian Interaction Parameters
© tex Deb Rey et.al.”)
Gy
’ LY N -
. |
‘. (1
P




APPENDIX C

Values of e . listed in the paper by Sigworth and Ellict" are
presented in Table G.2. Yalues that are temparature dspendent ara
presented in the formi-
ea = A HT (G2
Note that interaction parameters for which no data is reporied in
the reference are taken to be zera (ie, ideal Hemrian behaviour is
assumed),
3 1 2 s 4 5 B 7
3 |Blement| © st o or o Ni Fo
1] ¢ |w,0581[-0,006 |+e,0070 [+0,110 [-0,0083| o [
+158/7 [+162/T
2| st [-o,023 40,080 |+0,010 [+0,000 | o e °
+38Q/T {+34,5/T
3| m o0 o ° ° ° ° °
4| o [-0,120 |-0,0043 o  ]-0,0003 |+0,0018/40,0002] ©
51 #0007 | o o |-e,0003] o ? °
61 W |-0,042 {+0,0057 |-0,0023(-0,0003| @ |+0,0000| ©
e | o |-o.450 |-0,181 |-0,621 [-0,040 |+0,0035( 0,006 | @
Table C.2: First Order Henrian Interaction Parameters

(ax Sigworth and Elliot'h
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X 8 L le 1 12 18 14
3§ |{Blement| Ti AL Gu s P N ]
1] ¢ o |+0,003 40,016 [+0,046 |+0,051 |40,110 )-0,340
2| st 9 |+0,056 [+0,014 (40,056 |+0,110 [+0,000 [-0,230
3| ¥ 3 o o |-9,048 |-0,0035(-0,891 |~0,083
4| cr |+0,080 © |42,016 {40,062 |-0,083 |-0,1%¢ |-0,140
-158/7
&) Mo ° ° o |-e,e005| o |-0,100 |-0,0007
6| W ° o o |-0,0037(-0,0085 [+0,010 |42,010
40 0,600 |+7,15- |-0,013 |-2,133 |+0,07@ |+0,067 |+0,734
20600/T -1750/1)

Table C.2 \continued): First Order

Henrdan Interaction Parameters

In the case Of nitrogen, the Henrien activity coefficient £y is

given by'o~

fu = 10X ((3280/7 -0, 76)X (L. (Rl %an,,)) 40, 0OOLTHACKIXD)  (C.8)
=

whera: -

@ 4o the Tiret order parameter for tha interaction of element
on nitrogen in liquid iron, Values for e, are prasented in
Table C.% on the following page,

<.8




TP ET PRI T PRI S

First Order | Second Order
§ | Blement | Interaction | Interaction
sranater Parapeter
@ny Ru.y
1 ¢ +0,13
2 si +0,047
3 n 0,028
4 or 0,047 +0,00017
5 Ko 0,011
3 i +2,01
7 Fe °
8 T4 ~0,83
° Al 0,028
10 [N +0,000
1 s +0,007
12 13 40,045
13 ¥ °
I 0 +0,05
e +0,018
B 40,004
o +0,011
iy 0,068
sb +0,0088
Sa +0,008
0 +0,007
Ta -¢,082
Ta +0,07
v 0,093
v -0,0015
o -9,83

APPEEDIX G

Iable C.8: Imteracticn Parameters for Nitrogen in mqum fron
(data taken from bhe paper by 8 K Mehlmanm's

c4
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