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Problem Statement

* Nozzle Clogging commonly plagues the steel industry

» Clogging and erosion leads to detrimental inclusions in
the final product

Many complex coupled phenomena govern the
process: turbulent flow, multi-component multi-phase
thermodynamics, ion-diffusion (in bulk, solid-phase,
liquid-phase, and grain-boundaries), chemical
reactions (eg. graphite oxidation, spinel formation, etc.)

Doloma nozzle

Clogging (conventional Alumina-Graphite nozzle)

Keith Rackers thesis, 1995 Donald Griffin, LWB, 2007
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Adding CaO can liquefy Al;04
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Doloma nozzles utilize this concept to prevent clogging
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Nozzle Clogging & Erosion
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S Mechanisms
4 Steel velocity
. . 3 i & S profil
+ Clogging: solid ciecionor | 0o : > = prole
alumina (A| O ) _ALO L, e turbulence
_ . 2 .3 inclusio
inclusion particles
in the steel flow = o Bulk
come in contact Heat seel

transfer

with nozzle walls
[ |
* Doloma (CaO-MgO) nozzle:
diffuses calcia (CaO) through
nozzle to liquify the inclusions

; boundary
& prevent Clogglng Nozzle wall  Partially or fully layer, moves at
refractory altered liquid slower speed

 Liquid layers/regions form and  interface  ca0.ALO; inclusion

(doloma layer) removed from

particles are released and tortane

walls erode with time. LWB refractories
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* Develop Numerical model (using finite element
analysis) to simulate multi-component ion-
diffusion, nozzle reactions / phase
transformations, erosion, and clogging.

* Use model to predict

— The dissolution and sweeping away of alumina
inclusions

— Composition of released inclusions

— Composition evolution and liquefaction of nozzle wall
— Removal rate of CaO (wall erosion)

— Particle removal rates
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Model Description
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* The nozzle erosion / clogging mechanism
will be modeled in 3 microscopic stages:

— Stage 1: Removal of inclusion particles that
touch wall surface, diffuse, partially liquefy, and
are carried away, eroding nozzle wall

— Stage 2: Gradual liquidation of nozzle wall,
entrainment of inclusions that touch, and
formation of liquid/inclusion matrix layers in the
wall

— Stage 3: Inclusion build up on nozzle surface
such that the nozzle wall can no longer liquefy
all the inclusions present at the interface.
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Nozzle — Stage 1
ST I P
) AlLO,
N Ca0 /30ncentration
Concentration .
Profile Profile
L
\
T Nozzle Inclusion
wall Particle
N
Stage 1:

Alumina particles attach on to un-liquefied
nozzle wall

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab OA Araromi




S Nozzle — Stage 1
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Call AlL,O,4
Concentration Concentration
Profile

/ Profile
Nozzle l Inclusion

Wall Particle

/I

Stage 1:
Particle becomes liquefied
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Nozzle — Stage 1
PRSI _
Call AlL,O,
Concentration Concentration
Profile
/ Profile
Nozzle Inclusion
Wall Particle
Stage 1:

Particle becomes liquefied
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Nozzle — Stage 1

sﬁ::gogrtium /
Al
Ca0o / 203
Concentration Concentration
Profile
Profile
Nozzle Inclusmn
wWall Particle
/ Force of Steel Flow
Stage 1:

Liquefied inclusion removed by force of flow
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Stage 2: Liquefied
nozzle wall e
* Nozzle wa_II _ Alumina “rich
becomes liquefied : liquid/inclusion
- Particles stick to B : J— matrix
liquid wall, form :

liquid/inclusion

matrix : Q
e Inclusions still :

liquefied (i.e. no 3 . :
solidification) Nozzle AIumlna_lncIusmn
Wall 1 O L particles
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S Nozzle — Stage 3
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Stage 3
* Inclusions build up on nozzle wall preventing further liquefaction

» As aresult, solidification of the liquid/inclusion matrix can take

place. i
Initial
wall/inclusion
interface
Inclusion Build up
Nozzle due to insufficient
liguefaction
Wall g
Clogging
Liquified Wall
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Casting time = 191 minutes
Doloma Graphite SEN

Tube Profile of SEN

70 97 151 159 128 151 140 164 162 160 175 1773 152 125 183 156

ZG11 (3.2 mam)

Ry WA

64 74 154 153 159 153 16.3 163 164 182 19.1 19.2 140 131 178 182
ZG11 {38 mm)

590 mara

* Original thickness ~ 20 mm

 Measurements taken at 50 mm intervals

Donald Griffin, Rob Nunnington LWB , 2007
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B Nozzle wall microstructure
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Original surface Casting time = 191 minutes
Region of lower wear (top of SEN) .
<« Relatively Doloma Graphite SEN
1 small wear
~ 3 mm of

4mm wear/erosion

Region of higher wear (near bottom of SEN)

Donald Giriffin, Ro Nunnington, LWB , 2007
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. Modeling Assumptions

 Diffusion equation is solved for activity
* Assume activity = concentration everywhere in the domain

+ Diffusion based on Al,O, concentration, assumed to govern
the diffusion process due to low diffusivity

« 1-D assumption (3-D inclusion effects incorporated)
* Assume inclusion particle is initially 100% Al,O4

* Assume semi infinite mediums (particle not fully liquid upon
release)

* Assume only CaO and Al,O; move by diffusion
» Effects of steel flow not included
* Only MgO and CaO present in new nozzle wall

* Only 3 phase’s considered: Al,O4 “rich” (solid), CaO “rich”
(solid) and liquid with associated diffusion coefficients

« Temperature gradients ignored across the domain
» Concentration on weight basis
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Previous Work
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* Roy Maske’s 1-D model of CaO-Al,O,
diffusion couple which used analytical
approach to solve diffusion equations

« Analytical equations are limited in their
ability to model other effects such as MgO
content, etc.
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Finite Element Equations

» 1-D diffusion equation

Where: D, is the diffusivity of

oC 0 (D aCa j phase a

a P —
- a C, Concentration of a
ot OX OX particular specie in phase a

dx, is the nodal spacing

dt, is the time step
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Finite Element Equations
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» Galerkin Finite Element Equation (analogous
with heat transfer):

[CH{C,}+[KI{C,} = {F}
{Ca}:{caneW}A—t{cm.d}

{cxy=6C, }+1-0){C,,} Odetermines the time-step method.

[k1=> [[BT [DIBlv  Diffusivity Matrix

\%
[C1=[[NT [N]av Capacitance matrix
v
F1=% j[N]TVdV Force matrix
Y%
[D]=D,
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Finite Element Equations
\\.\\'"?".\z::gogrtium
Domain
s, local co-ordinate
L Sl system
Nodes: i i+1
Oo——=O
Element:
€«
L
1 S S Shape Function(N)
L L
0 , .
[C.]= % A L. Lumped capacitance matrix
J 0 2 1)
! j
T 1 1 ADJI1 -1
[k] = J EL DJ [—L Jdv = ’L ,- {_1 ) } Diffusivity matrix
L
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Finite Element Equations
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2 Element domain

Nodes: i-1 [ i+1
O————O0—°©O - v : 1
Element: ] it1 AD), AD/ 0
L, L,
2AL 0 0 0| A D! AD! A.Di* A.D"
=|- + -
[Cl=| 0 VAL+YA.L, 0 L L L, L,
0 0 Yo Aulia . _ADF ADM
L LJ+1 LJ+1 i

From Galerkin Equation

LAy, 0 o e, re.T
A L2((A0), +(AL), ) 0 c, | -lc | t+
C Id

At
0 0 PGP
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Finite Element Equations
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» Re-arrange in terms of concentration at
current time step

C. “ C. “
{c, ] —At[C]l[Alt[C]—[k]J{ c, }

i+l i+l

c (AL),
2 AD, 1 AD, AD, AD,
Sl oty | (2 Ao () (2] =)

2 AD, 1 AD
0 0 0 +| e —(AL),, —| ==
(AL),., [ L JM 2At( 8 [ L jm

Assuming constant area,
c.T 1-2p 25 0 .

G =|2p; 5N 1-28, L —28, L 28, L Ci
C I : Lj + Lj+1 : L] + Lj+1 i L+ I—j+1 s L. +L; !
i+1 | new 0 Zﬁ. 1,213”1 i1 _Jod

j+l

D, At
LZ
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... Finite Element Equations
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 Diffusion coefficient based on phase
» Phase based on concentration (nodal property)

» Geometric averaging of Diffusivities used to
determine diffusivity of elements

Nodes: i i+1 , i —
o——o0 D’z\/D(C)OD(C )
Element: ]
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Finite Element Equations
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Equation for LEFT most node in domain:

cr=(-28,)C ha+28,Co )y ™ oS

Element: J j+1

Equation for INTERNAL nodes:

Cia :ﬂj (Ciail)old +(1_:Bj _ﬁj+1XCia )old +ﬂj+1(Ci(il)old

Equation for RIGHT most node in domain:

Cia = zﬂj (Cioil >0Id +<1 - Zﬂj )(Cia )old DaAt
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Model Validation 1
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» Finite element solution compared analytical Solution
for single species diffusion and single diffusivity

Initial condition

conditions
1
Concentration . Initialt_
oncentration
Boundary _—
concentration
condition of 1
atx=0
0
0 X

Distance, x (mm)
 Analytical Solution,

C(x,t)=C, +erf [L

2Jat }(C" ~C)

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . OA Araromi 25

Model Validation 1
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e Solutions match

Plot of Concentration as a function of distance and time
1 T T T T T T T T
! ! ! ! ! ! [ ——F.E. solution
0.9 - i”””":”””’:T’”””:r ”””” i ”””” i’" —— — Analytical Solution 4

T e S S
o7 b
T R e e e e

RS AN N A P

Concentration

o7 S A O S D
SRR NN S S S RS S
02 S

R T R e S e s S S

0 | ] : T O N IV Y U TS RN S E U
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distance, X (mm) -3
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Model Validation 2
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+ Validation against previous analytical model:
— Single diffusion species

_ Single Diffusivity - -~ |Initial Condition

Concentration Profile - 250 node domain

! T ‘ 7 1 : : : :
| | ) | ! | |
09— LN Lo [ N L R [ - Current Model
! i i ! ! i i Maske Model
0.8 - L AR R R R [ E— ER— A—
0 2 N .
§ 081 R
8 | | I
g | : | | ‘ |
€ 05F----- EIEp— [ . [ B [
[ | | | | | |
o | | | | | |
< I I I I I I
S I I I I I I
e L e et [ A W [
S Rt St ST S S NS e
e Rt Tt SRR T e S
] A S S I N G
1 ! ) ‘
0 1 1 1 1 1 | \ L
-5 -4 -3 2 -1 0 1 2 3 4 5
Disatnce (mm) X 10”
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Model Validation 3
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+ Validation against previous analytical model:
— Single diffusion species
— Multiple Diffusivities (1 order of magnitude difference)

; ‘ . 1Concentraltion Prc:ﬁIT-ZSO noc:e domain1 ‘ ‘ C S 09 Or C < 01
0_9,,,,,,3 ,,,,i,,,,,,,i,,,,,:,i,,,,,,,i, ,,,,,, i,, ——— Current Model “Low” diffusion

| ‘ ‘ ‘ ‘ ‘ Maske Model | coefficient
region (Solid)

- - - Initial Condition

0.8

0.7

0.6

0.5

Concentration

0.4

o e I

o2 N > 0.9&C <041

O ‘ . o ‘ | | ‘ ‘ “High” diffusion
| | ! ! ! : 1 ! ? ~  coefficient
10" region (liquid)

o ; ; ; ; ;
-5 -4 -3 -2 -1 0
Disatnce (mm)

o
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Post Processing: to model
multicomponent materials
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How to find compositions using data
from diffusion data of single species?

ie.
% AlLO, % Al,0,
Previous time . Current time
% CaO step + M «—> %ca0 step
Composition f AI203 Composition
% MgO (0 ) % MgO P
OA Araromi 29
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Post Processing — mass flows
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* Find mass flow rate, m

From Finite element Domain
equations: ' Nodes:  i-1 i i+1
i —b; i o0——O0—00
BJ BJ Ca V'jl Element: i j+1
-B; Bj+B. -Bu| G | =V
. . C = Concentration as a result of diffusion
- Bj+1 Bj+l C|+1 Vi+1 Where; equations at current time step
V = Volume flow rate (mm?3/s)
Hence, for Node i 5 _ AD
m = V X pmix E
m :pmix|__(Bj )C|—1 + (BJ + Bj+1)C| _(Bj+1)C|+1 Pmix = Mixture Density
(kg/mm3)

-1
[,omix = {ZC”} ,forn species}

n=1 pn

NB: +ve flowing into a node
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Post Processing -
&z . Criterion: charge balance

Diffusion of ceramics is ionic diffusion, charge balance
conserved. Net diffusion governed by slower-diffusing atoms

Molar Basis

2Al(kmol)*® & 3Ca(kmol)*?
©) @)
Inclusion
@@ Particle
e
0,

Assume Oxygen and Magnesium atoms have no net diffusion

Nozzle
Wall
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Post Processing —
N mass ratio calculation
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» Charge balance converted to mass ratio

Mass Basis

2A17° (kmol)x M ,, (kg / kmol) <> 3Ca** (kmol) x M, (kg / kmol)

3M
Al*(kg) = Ca*?(kg) S
(kg) L9l

Al

where: M, = 40.08 kg/kmol M, = 26.98 kg/kmol

 Hence, mass flow rate of Ca found as a function of mass flow
rate of Al.

, . [ 2%x26.98 .
mCa = mAl (m} = mAl X 2228
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Post Processing —

‘&= new species composition calculation
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 New Composition for species n

Concentration N*¥ = Nodal mass®? + (mass flow rate,, x dt)

Nodal massNew

Where,
dt = Time step size in seconds

Nodal massNew = Nodal mass®d + (mass flow rate., + mass flow rate, ) x dt

‘Old’ = previous time step ‘New’ = current time step
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0 Spherical Assumption

* model single inclusion as a sphere

Nozzle
Wall

Inclusion Particle

« The normal length, b, can be determine as a function
of the distance x away from the sphere boundary, and
the radius, R, of the sphere
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Spherical Assumption
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* By geometry:

(gjz +(R-x)*=R?

Hence,

b=2x,/R*=(R-X)’
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Spherical Assumption
« Approximate sphere as a series of
frustums: Nodes:
\ L]
.l T
§ 3 ‘ i
2
b, =2x /R — (R—x,)’ b, =2xR* - (R-X,)’
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Spherical Assumption
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 VVolume of frustums:

b, Volume = % b’ +bb, +b,’

L =(X—X,)

=

— ”(Xz _Xl) b

b, Volume = .’ +bb, +b,°

 Area,

Area = % b’ +bb, +b°
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Choosing Diffusivities
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» Published diffusion coefficients vary substantially

Up to 6 orders of
Magnitude Difference

Diffusi in solids and liquid slags
Species Ju_cm®s™ Es koal Temprange.C D.em’s™®  Temp K Temp. C Ori
Mg - - 7 0E-05 1823 15501 3BCa0 032502 JEMU research

o WE0-1700 3.00E-15 1873 1600 “solid A1203 EPSRCI Robin Grimes
o WEO-1700 300E-I7 1773 1500 EPSRCH Robin Grimes
o 1672 307 850-1000 23412 1273 000 R.G. REDDY. %. YEN. and |.C.l. OCAFOR. MTB YOLUME 31A. DECEMBER 2000
o 1330 15210 1200-1300 254E-16 773 1500 ¥. Dishi and¥.D. Kingery: J. Chem. Phys.. 1960, vol. 33. pp. 480-86.
o zn 0.0 1200-1300 5.52E-14 773 ¥. Dishi and¥.D. Kingery: J. Chem. Phys., 1960, vol. 33, pp. 480-86.
o 63000 520 F50-1000 1I1E-1D 1000 0 and Tipeérdiffusiving in Ti0Z | R.G. REDDY, X. WEN, and 1.C.l. OKAFOR, MTE ¥OLUME 324, MARCH 2001—491
o 20E-0E 0.0 T10-1300 155E-16 Oin Ti0Z R. Haul and G. Dumbgen: J. Phys. Chem. Solids, 1965, vol. 26, pp.1-10 h
o 700 556 583760 6.27E-10 Oin Ti0Z J. Unnam, R.M. Shenoy, and RK. Clark: Ozid. Met., 1986, vol. 26 [3-4), pp. 231-52. ]
o 01500 836 096-1333 4 50E-18 Oin Ti02 W.D. Kingery, HK. Bowen, and D_R. Uhlmann: Introduction to Ceramics. )
o FoizE Diin pure fg0l ¥ang and Flynn b
o 1.00E-05 540 2.20E-12 pure solid M0 Geiger and Pourier
o L00E- 1 10 pure solid Fe202 Geiger and Pourier
Ca GICa0N0A2033SI02 | Multicomponent Diffusion in Molten Slags M.0D. DOLAN and R.F_ JOHNSTON
Ca Oiptical bagiciy =068 DOLAN, M.D. and JOHNSTON, RF. b
Ca Cain pure Mgl ‘Yang and Flynn b
Ca CainFel Fukuyama, MTB 338 2002
Ca pure solid Codl Geiger and Pourier

Al203 Y solid A1203 T.B. Braun, JF Elliott and M.C. Flemings: MTB, 10B (1979), 171.

Al203 BCA0NIIARONE4ESI02 | MONAGHAN, BLJ.. NIGHTINGALE, S.A., CHEN, L, and BROOKS, G.A. A

Al203 28Ca0/22.7A1203148.35I02 | MONAGHAN. B.J.. NIGHTINGALE. S.A.. CHEN. L. and BRODKS. G.A. h
Al +30E04 5.1 e 1873 600 436030V0AIROIMESSID: | J. Henderson, L. Yang and G. Derge: Trans. Metall. Soc. AIME. 221 (1961). 56. h
Al SA0E-04 600 SA0E-03 1873 2600 38.6030020A2034145102 | J. Henderson, L Yang and G. Derge: Trans. Metall. Soc. AIME, 221 (1961), 56. h

» Partly due to solid vs. liquid diffusion

 Liquid diffusion coefficient highest Rob Nunnington, LWB
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B Choosing Diffusivites

* However CaO on average has the highest diffusivity:

elf diffusion coefficients in liquid slag [Richardson

Species  Ja. c I Es. kcal Temp range. C DAAWS" " Temp.C Slag

. Ca 1250-1450 E.TOE-07 400 CAS

Rob Nunnington, LWB YT N cas
J00E-07 1240 4020040
190E-0E 1500 4020040
2 14601600 B.BOE-DE 1500 /20042
Species Ju. em®s ™ Es. kcal Temp range. C D, em®s™ Temp, K Temp, | - &0 14851520 T.00E-07 1500 BECMES
Al 527 E0.0 1298-1487 104E-07 / 1700 “z7 - 1420-1485 8.00E-07 1500 49CI51A

Al 0.0023 212 2050-2300 E.58E-DE 1222 1550 Si o T 1250-1450 W 1450 CAS
o 0.00EE 0.7 14201550 JHE-4 1823 1550 2ME-07 1500 4020040
o 0.0E2 1EE 14201550 1EGE-04 1823 1550 2.00E-07 1470 4020040
o 8217 229 1000-1200 186E-02 1373 1o - S00E-D2 1360 4020040

o BEOEAZ4 976 1650-1650 277E-I 1873 1600 o 47 a5 1250-1450 E.ODE-DE 1450 CAS
o 12203 arz 1650-1650 AR 1873 1600 190E-05 1500 4020040
Ca 2zm E0.0 H20-1515 7.99E-07 1762 1425 4.00E-05 1550 4020040
Ca [y} 360 1420-1550 2.59E-05% 177e 1500 = 2.00E-DE 1378 4020040
Ca 0.21 3.3 1400-1600 2 44E-05 1773 1500 Al T.O0E-07 1420 4020040
2.B0E-07 1410 40120040
54 1] 14001520 T.O0E-07 1500 4412144

Fe - 40 1260-1208 T.A0E-05 1250 BIFeQi29Si02
1.20E-04 1304

5 N 2.70E-DE 1580 4020040
8.50E-07 1340 40120040

+ CaO movement by diffusion “easier” than Al203 movement by diffusion
* Hence, calculate Al203 diffusion only (model)

+ Assume CaO diffuses fast enough to satisfy charge balance, based on
local AI203 concentration (post processing)

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . OA Araromi

- Choosing Diffusivities
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» Diffusivities used:
— D, (CaO “rich” solid) = 1 x 10-°mm?/s
— D, (Liquid-rich) =5 x 104 mm?/s
— D5 (AlL,O4 “rich” solid) = 1 x 10 mm?/s

D,

Nozzle
Wall
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Choosing Diffusivities
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» Assume liquid diffusivity, D,, acts on
compositions with 50% liquid and above

N Isotherm section:
S:D‘Clsmhermal.‘ier.lion 1600 C

100 % liquid region

50 % Liquid line

a  we an 40 5o w0 T4 2a oo
Mg0o
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Choosing Diffusivities
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« Assume a single liquid layer and
associated diffusion coefficient.

ALD,

Isotherm section:
1600 C

i Mg0o
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Choosing Diffusivities
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« Single diffusivities for AI203 “rich” and
CaO “rich” regions

Isotherm section:

Al,O; “rich” region
N 12: mmmmmmmmmmmmmmm i 1600 C

(D5 = 1x10° mm?/s)

CaO “rich” region
________ . (D; =1x10° mm?/s)

10 we  an 4 o oen T4 20 no
Cald Mgo
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Choosing Diffusivities
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Geometric averaging used to determine
diffusion coefficients when not in liquid,
CaO “rich” or Al, O, “rich” regions

Al,O,4 (100%)
0, D-D,e)xD/&5)
A Sl bt o
3
J () (&)
D = D2 C,—C3 ) X D3 C4—C3
Cz
){ C = AlL,O, Concentration
C - ¢, toc,: Al,O, Boudary
Concentrations

D,
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°"@L..,u Results — Stage 1

Model Inputs:
— Model inclusion as spherical particle
— Inclusion diameter = 100 microns

— Contact region with nozzle wall = 20 microns diameter
(Ratio of max inclusion area to contact area =25:1)

— Initial nozzle wall composition is 90% CaO, 10% MgO

— Critical liquid layer thickness before particle
detachment = 20 microns

— All liquid removed with particle
— Removed particle immediately replaced by another
— Temperature 1600 C
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Results — Stage 1

An i m ati O n Concentration Plot
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» First Particle caused wall liquefication
* Hence, mininimum stage 1 duration time is 0 sec
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Results — Stage 1

Particle composition

1

0s

08

Concentration
o o [=] o
5 [ = in

o

Particle Composition

i iAverage Compostlon
TTTTTTTIALD 0997
: ;CaO %0021949
iMgO

. 1 1 1 1 1 L 1 L L
.08 .08 0.04 0.03 .02 0.0 i om oo
Distance mm
time = 14.051s
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Results — Stage 2
Model Inputs:
— Initial nozzle wall composition is 90% CaO,
10% MgO
— Al,O5 concentration fixed at 100 % on right
domain boundary
— No area variation
— Initial nozzle/particle interface a X =0
— No material removed
— Temperature 1600 C
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Concentration Plot

Results - Stage 2
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Simulation time = 190 mins (11400 sec)
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700

Number of nodes
University of Illinois at Urbana-Champaign



\Q

Estimation of CaO removal rate

3.1 mm of wear assuming all liquid
is removed (worse case scenario)
| The mass removed per unit area is
therefore = 3.1 x 3.36x10¢ =
1.04 x10 > kg/mm?
g (using an approximate wall density
= 3.36 x10° kg/mm3)
Mass of CaO removed per unit
area = 1.04x10°x 0.9 =
9.4 x10-6 kg/mm?
Removal rate of CaO
" = (9.4 x108 kg/mm?2) / 190 mins
[ 4
Removal rate of CaO = 4.9 x10-% kg/mm2min
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... Estimation of CaO removal rate

S asting
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For an SEN surface area = mm x 60 x1000 = 1.88 x10° mm?

SEN
CaO removal rate = 1.88x10°x 4.9x108 =9.3x10* kg/min /_\
1.5m/s 7.0 x10°6 kg/mm3
Flow rate of steel = SEN cross-section x flov/velocity X steﬁ,\’rdensity \_/
= 1780 kg/min
Hence,
1m
Max (upper limit) of CaO ppm in steel final
product:
=9.3x103/1780 x 1x108 v \_/

= 5.2 ppm 60 mm
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... Estimation of inclusion limit

S asting
“=onsortium

Can use liquefied inclusion region to estimate an inclusion
limit/maximum that the nozzle can handle before clogging
can occur:

- Liquefied inclusions region = 2.2 mm in 190 min (~ 3hrs) from previous figure

1
I
0

- Total mass of inclusions per unit area of nozzle as function of time:

= 2.2 x liquid density

(density approx. 3.6 x10¢ kg/mm3 using average liquid composition)

=7.92 x10-6 kg/mm?2
(for time = 190 mins)

or,

Inclusion liquefaction rate = 4.17 x10-8kg/mm? min
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" EStimation of Inclusion limits
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Assume an average inclusion particle diameter of 100 microns
~ 4 x10'6 kg/mm?3

Average inclusion mass = 4/3 x  x (50 x10-%)3 x (density cyézjmina) SEN

= 2.1x10°kg NV
N

Hence,

Inclusion limit = total mass of inclusions per unit area time

Average inclusion mass
= 4.17 x10-8 kg/mm?2 min Tm
2.1 x10° kg

~ 20 inclusion /mm2min

With an SEN with a surface are = 1.88x105 mm?2 ' \_/
Inclusion limit = - . .
3.8 million inclusions per 60 mm

min
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%.... Estimation of Inclusion limits

« Can express inclusion limit in terms of ppm:

For the SEN dimensions as shown on the previous slide,

Inclusion limit = 1.88x10°x 4.17x108
=7.84 x103kg/min

Steel flow rate = 1780 kg/min (as shown on slide 54)

Inclusion limit (ppm) = 7.84x103/1780 x 106
=4.40 ppm

(Note: This estimate is conservative, as model assumes a continuous
Al,O, source)
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+ Assume:
ssume:

— a steel flow rate of 1780 kg/min
— Steel upstream inclusion content of 40 ppm

— On average 10% of the inclusions come in
contact with nozzle wall (4 ppm)

— Casting time = 190 mins
* Nozzle walls can liquefy 4.4 ppm inclusions,
so should not clog in this time
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Summary

* 1-D Numerical model of ceramic ion diffusion developed
for Al,O,4 - CaO - MgO refractory systems

* Model tracks the inclusion particle interaction with a
nozzle and simulates the stages of inclusion deposition
and removal, wall liquefaction and inclusion entrainment
and the insufficient liquefaction of inclusions leading to
conventional clogging.

* The model provides a frame work for studying
composition evolution and the behavior of
nozzle/inclusion interactions

* Model results provide estimations of:

— The removal rate of CaO from doloma nozzle wall

— The lower limit on the amount of inclusion the nozzle can handle
before clogging is likely.

— The maximum wall erosion
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