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1. Investigation of 3-D Frozen Meniscus Shape
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» Micrographs of the hook come from 2-D vertical section view of certain location
* Near the corners of the dab: deepest hook depth at corners, complex 3-D hook shape

-> 3-D shape of frozen meniscus at cornersisnot clear
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Metallurgical Method
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» Ten micrographs (2-D vertical section view) were obtained from YZ plane
accordingto X distance(~6mm) from corners
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% Casting Conditions

- Slab thickness: 230 mm; Slab width: 1300 mm; Casting speed: 1.45 m/min; Pour temperature: 1571°C

Mold oscillation conditions

Stroke Frequency Modification ratio Negative Positive
(mm) (cpm) for non-sinusoidal mode (%) | strip time (sec) strip time (sec)
5.0 174 12 0.100 0.241
Steel composition of ultra-low carbon steel (wt. %)
C Mn S P S Cr Ni Cu Ti Al
<0.005 | 0.08 | =0.005 | ~0.015 | ~0.01 0.01 0.01 NO(')OéZ 0.05 | ~0.04
Mold powder composition and properties
Chemical | Basicity | SO, | CaO | MgO | AL,O, | TiO, | FeO, | MnO, | P,O, | Na,O | K,0 | F | B,O, | Li,0
composition
0 1.10 36.3 1398 (084 | 597 | 0.18 | 0.34 0.03 | 0.03 | 343 | 0.11 | 6.72 0 0.35
(wt. %)
Solidif. Temperature | Softening Temperature | Melting Temperature | Viscosity at 1300 °C
Properties (°C) (°C) (°C) (Poise)
1149 1170 1180 3.21
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Actual Measurement of Micrograph

Slab surface D; : Distance from slab surface ) i
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. Analysis of Micrographs
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Blue color: Upper line of frozen meniscus
Red color: Lower line of frozen meniscus
Gray color: Profile of oscillation mark

: Tip of frozen meniscus
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S Investigate of Frozen Meniscus Shape

. . 22 T T T T T LR BLRLEL LA BRI B
—c— Upper lines of forzen meniscus E ]
—o— Lower lines of forzen meniscus 20 —=—D_at1stOM
TW 4 184 —e—D_at2nd OM J
1, 16 —— D, aif 3rd OM
] g — 141 D,: Distance from slab surface to j
0 = E 12_5 the tip of the hook structure 3
2 g g
g B0
4 0O ©
o o 8
S
L -6 § 6 Max. hook depth point
. - -8 434"
5 5
N, 10
(@] A 6 04 :
e, *oFg 2 * (mm) Q-0 2 4 6 8 10 12 14 13 1B 20 2
M) comer wide Face % ° °o8 eon®
X Narrow Face (mm)
Front view of frozen meniscusat 1¢ OM Topsview of frozen meniscus

Hook characteristics:
Continuous defect along the OM; 3-D structure

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . Go-Gi Lee 9

Conclusions

* Frozen meniscus shape near the corner of slabs is
Investigated with metallurgical analysis:
- Micrographs show the 3-D frozen meniscus
shape

- Hook is continuous defect at the oscillation mark
running completely around the strand perimeter
- Deepest hook depth appears near corners
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2. I nvestigation of Argon Bubble Size
In Water Model using Porous Nozzle Refractory
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Water Model Apparatus (1/3 scale)
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Size of MgO refractory brick: 14mm(W)*44mm(L )*17mm(D)
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Schematic of Upper Tundish Nozzle
In Water Model
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Conditions of the Experiment

Fixed test conditions
- Submer gence depth:
- SEN outport angle:
- Height of tundish bath:

* Factors
- Total gasflow rate:
- Mean water velocity:

60mm
35°downward
330mm

0.1,0.2,0.31/min
0.96, 1.10, 1.25 m/s

< Test conditionsin water model >

Brick 1 Brick 2

Fired B.D. (g/cc)
Porosity (%)

Per meability (nPm)
Modulus of rupture (psi)

2.9
17.6
16.32
1119

2.9
16.2
7.52
1085

< Properties of MgO refractory bricks>

Note: MgO usesto simulate the dolomite refractories
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o Similarity Analysis
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Dimensionless groups
Fro— Inertial forceduetoliquid momentum_ g Ui,2
a Buoyancy force (0 - py) Dg

o Physical propertiesused in calculation
_Inertial forceduetogasmomentum P, dY
gas - _ 3 _ai _
Buoyancy force (0 -py) D’g Parameters Water-air ~ Steel-hot

system  Ar system

Fr,

_ Inertial forceduetoliquid momentum _ p DU,

Réia= Viscousforceof liquid " Liquid density (p;, kg/m’) 1000 7020
Re,.= Inertial forcedueto gasmommentum _ £,dV, Gas density (p,, keg/m’) 13317 0.446
Viscousforceof gas Ay Liquid viscosity (u, , kg/m's) 0.001 0.0056
We, = Inertial forcedueto!iquid momentum _ o, DU’ Gas viscosity (i, kg/m-s) 1.70E-05 7.42E-05
Surfacetension force yD Surface tension coefficient (yl/g, N/m)  0.073 1.192
We,, = Inertial forcedueto gasmomentum _ £ 50V’ **) Note: Gas density was calculated for the temperature
Surfacetension force yD in liquid and the pressure due to the height of liquid in
where, tundish (see appendix 2)

D :averagebubblediameter at a pore, d :gasinjection porediameter,
p :liquid density, p, :gasdensity, g :liquid viscosity,

Uy :gasviscosity, U, :liquid velocity, V :gasvelocity,

y:liquid / gassurfacetensioncoefficient, g :gravitational acceleration

Ref.) H. Bai: Ph. D. Thesis. UIUC, Urbana, IL, 2000
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%  LIQuid Flow Rate between Two Systems
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From mass balance

) Qu
QN :UW,nozﬂe ' AN,nozzle o UW,nozﬂe =

AN,nozzIe

We choose the same liquid velocity between two
systems, because therefractory geometry scaleis 1:1

Here,

Qy isthewater flowrate(n'/s),

Qs isthesteel ﬂowrate(m"/s),

Uy nozte ISthewater velocityinwater model nozzle(ny's),
UW,nozzle =U S,nozzle U s noze ISthesteel velocityinactual nozzle(nmy/s),

2 Qs =Us nome * As.nome A norse 1Sthecross — sectional areaof water model nozzle(m’ ),

Qs J A rouse iSthecross— sectional areaof actual nozze(m’),

V.= . : .
¢ [Cross— setional areaof thestrand Ve isthecasting speed (my/min)

Table. Relationship between the liquid flow rate and casting speed

Water flow rate (I /min) Qw 28.2 325 36.8
Liquid velocity in nozzle (m/sec) Uw,nozzle(=Us,nozzle) 0.96 1.10 1.25
Steel thoughput (m*/min) Qs O.fS O.i9 0.33
Casting speed (m/min, 230mm* 1500mm slab) e 0.74 0.85 0.96

Note) Bore diameter of SEN is 25mm in water model and 75mm in steel caster, respectively
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Gas Flow Rate Ratio
N caused Surface Area of Refractory
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g T L
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< Schematic of water model experiment > < Schematic of stedl caster >
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\ Summary of Dimensionless Number
N Analysis
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o B L S S S A I A
High liquid velocity (U>1.4m/s)
. . . . *% Frhq Re\lq Wehq _
Similarity requirement for gasflow rate 084---Fr, ---Re_ ---We,_ 3
0.7
Dimensionless Quicin Quivin —. 06 3
f= p
number QAr-cold QAr»cold IS 053 3
(This work) (Bai's calculation) 55 )

Fryy, 0.07 0.285 o %7 E
Rejiq 0.087 0.356 0.3 .
Wey, 0.03 0.123 027 3
Fry 0.0152 0.067 01 [
Reg, 0.005 0.026 —LozooZIIIIIIISIICIIIIIIII ooo-o----od
O o e e A S LA RS LN AN LS LA

We, 0.01 0.044 o 1 2 3 4 5 6 7 8 9 10

QAr-cold (I/mm)
At high liquid velocity (U>1.4m/sec):
D,, =D, at thesamegasflow rate

-> Matching all of the dimensionless groups at the sametimeisimpossible
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\E___ Active Sites in Stagnant Flow
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60 T T T T T T T T T T ]
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D A m 752nPm e 16.32nPm ]
E 45
2 1 .
2 40 A Porosity (Chosun Ref.) 7
£ 35 A 20% ]
c 4 A
& 304 ]
» 4
£ 25 4
22 activessites |1 | N ] L <4 | 40 active sites
0 Imm g 15 4 _ 0 1mm
LWB Refractories < 104 ] Chosun Refractories
L ow permeability(7.52nPm) 51 ] Por osity = 20%
Qg: 0.31/min 0 T T T T T T T T T T Qg: 0.018 I/min
0.0 0.1 0.2 0.3 0.4 0.5

Total gas flow rate (I/min)

* Number of active site and bubble size through the porousrefractory in
stagnant flow are mainly dependent of the texture of porousrefractory

» Generally speaking, active site increases as gas flow rate increases
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Comparison of Mean Active Sites
Sam, between Flowing and Stagnant Flow

Snsortium

il 00— 71— T T T ]
Test conditions 55 ] Downward-flowing flow 3
- ili i O Low permeability ]
Low per m_eablllty_(7.52an) 503 o High permeability
- Mean liquid velocity: 1.25 m/s 25
- Total gasflow rate = 0.1 1/min o 40 /_,Jg.—::f:/ E
: ~ ] o = 3
- Camera speed: 4000 frames/s 8 35 P ]
- I _— a3 A ]
£ 4 4 © 304 9 E
z : - § =3 - :
[ | | -4 S 20 3
- - - Q 1 ]
g1 g - = 153 3
::' E .:.’ 0i Stagnant flow E
o ' siw m  Low permeability j
t=0 t=0.25ms t=0.5ms o 1/ e High permeability ]

0.0 T O.Il T 0?2 o 0!3 o 0!4 T 0.5

< Example of experiment photograph series > Total gas flow rate (|/min)

« Active sitesin downward flow are about 2 times thosein stagnant flow

» Gasflow rate per site of high permeability isdlightly higher than that of low
permeability in downwar d-flowing flow at the same total gasflow rate
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Calculation of Total Active Sites in the

0
0
I I |
Ltcsu
N Steel Caster Nozzle Wa
Dnsnrtiurﬂl
0 T T LI 25 T LA I I LN I I
] Downward ﬂowmg ﬂow Stagnant flow 1 Downward ﬂowmg ﬂow
94 O Low permeability m | ow permeability {| Low permeability High permeability
. O High permeability ® High permeability »0dl P measurement O measurement ]
] Jl_m estimated value ® estimated value
73
6] o %}% <«
5 s o £
K =
z ]
S — Nu (#/cm?) = 2.48 InQ, (Vmin) + 9.8
———————— Nu (#/cm?) = 2.15 InQ, (/min) + 8.7
0 e e e

Qs (Mean gas flowrate per site)=

University of I

Q; (Total gas flowrate)

Q, (Vmin, cold)

Water Model Steel Caster

N; (Total activesites)

Qr (Total gas flow rate-cold, I/min) 0.2 7
Ny (Mean active sites per unit area, #/cm?) 55 13.732
A (Inner wall area of refractory*, cm?) 6.2 353.4
Ny (Total active sites, #) 34 4853

*) see appendix 1

* L ow permeability is much more active sites

Ilinois at Urbana-Champaign

Metals Processing Simulation Lab

Go-Gi Lee 21
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Comparison of Estimated Mean Gas Flow

Rate per Site between Two Systems

0.25 ———— T T
020 ] N, (Mean active sites per unit area
g g on inner wall of refractory)
— U)— -
EE o5 . ] = 2.3154 InQ(cold, I/min) + 9.2263
0T 1
53 .
£ ]
g g 010+ - . .
5% ] Estimated mean gasflow rate per site
= C -
22 o] 1 in steel caster (ml/s, hot)
B ] .
= BxQ; (cold,l/min)
Y — —— ————r AS*(sz)XNU(#/CmZ)
0.00 0.05 0.10 0.15 0.20 0.25 *) A = 353.40m2. see appendix 1
Estimated mean gas flow rate ) As= ’ ’ app
per site in steel caster (ml/s, hot)
Water Model Steel Caster
Qq (Total gas flow rate-cold, /min) 0.1 0.2 0.3 0.4 5 7 9 11
B (Gas volume expansion coefficient**) 1 4
N (Total active sites on inner wall area, #) 24 34 40 44 4578 4853 5058 5223
Estimated mean gas flow rate per site (hot, ml/s) 0.069 0.098 0125 0.151 | 0.073 0.096 0.119 0.140

Similarity of mean gasflow rate per site between two systems
-> It makestheresult of water model is meaningful
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Bubble Size Distributions:
measured in water model nozzle

100 Trr T T T T 100 LN T T T
Mean liquid velocity Mean liquid velocity
904[" Low permeability High permeability E 90[" Low permeability High permeability E
I 0.96 m/s B2 0.96 /s - I 0.96 /s B2 0.96 m/s
g % mm11ms B 1.1 mis E g %9 mm11ms B 1.1 mis E
>~ I 1.25 /s B2 1.25 m/s ~ I 1.25 /s 2R 1.25 m/s
o 70 — E o 704 — E
g B o]
8 : 8
£ o] i E £ 607 E
o B Kl o
@ B R ® 50
a 509 BB E o > E
) S @
E oy K K i Total gas E 0] i Total gas
®E Bk 3
> % LR o B w
S o1,k HE i flowrate S 2 i i flowrate
2 ‘Y EER . 2 - 8 H .
2 »HE BE 3 =011/min 2 0] gal b | 3 =0.3l/min
o - 1) - "
T T T
10 15 20 25 30 35 40 10 15 20 25 30 35 40
The range of bubble diameter (mm) The range of bubble diameter (mm)
10 T T T T T T
T o9 O Low permeability (7.52nPm) E
£ O High permeability (16.32nPm)
T 08 E
Q
E 07 B4
g . . . . .
5 0o » Bubble size variationsincrease with
Qo
3 054 - - - -
o
= increasing gas flow rate and increasing
o 04
s .
bubble diameter
[}
PR
] o ) .
2 014 Correlation coefficient = 0.83047 ]
et Correlation coefficient = 0.72677
2]
0.0 T T T T T T
05 0.6 0.7 0.8 0.9 1.0 11 12
Mean bubble diameter (mm)
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o Effect of Liquid Velocity and Gas Flow

N,

N Rate on Bubble Diameter (water model)
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e B e o e B e B R
B Low permeability ® High permeability

11

1.0

0.9

0.8

0.7

Mean bubble diameter (mm)

0.6

s+ s
0.0 0.2 0.4 0.6 058 1.0 12 14

Gas injection volume fraction (%)

Total gas flowrate
(Total gas flowrate+ Liquid flowrate)

Gasinjectionvolume fraction= *1

« The mean bubble size increases with increasing gas flow rate
and decreasing liquid velocity
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N Comparison of Measured and Predicted
N, Gas Bubble Size
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4.0 4.0
1 Mean liquid velocity = 0.96 m/s ] Mean liquid velocity = 1.25 m/s
35 35
E 3.0 L i E 3.0
z d: Gas injection hole'd|amleter 5 ]
E 254 7 32841122 p:‘;g:gzg :2 xztg; 2832: g 25 d: Gas injection hole diameter
% 1 LOW‘ perrr;e[;bility measured ._‘g {1 ——d=0.4mm, pred?cted ?n water model
@ 204 o High permeabilit;} measured % 20 - d=0.1mm, prgqlcted in water model
S ] Liquid steel ar on’ rediction 8 1" L(.)W permeabl!le, measured
2 151 q gonp 2 154 e High permeability, measured
§ 1 § 1 Liquid steel argon prediction
S 104 S 104
] ] ®
0.5 05
0'0-""I""I""I""I"" 0‘0-""|""I""I""I""
0.0 0.1 0.2 0.3 0.4 05 0.0 0.1 0.2 0.3 0.4 05
Mean gas flow rate per site (ml/s) Mean gas flow rate per site (ml/s)

Total gas flowrate

Mean gas flowrate per site= —
Mean activesites

alU - o art’ o e, d
fD“_' f (#1357 (ar + b)¥2 + —(ar + b)Y | dr = 2ryei* + ST
DT 2 |

Bubble size prediction model: 5.2692=

Ref.) Bai & Thomas, Met. Trans., 2001
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0N Comparison of Estimated Ar Bubble Size

\¢&zm, - between Steel Caster and Water Model
using the Bai’s Prediction

Ref.) Bai & Thomas, Met. Trans., 2001

e L Sy B S S S B B A B R
1 Gas injection flow rate per site (hot) ]
74 | Air flow into water Ar flow into steel 3
1| --—-0--0.069 ml/s —=#— 0.073~0.14 ml/s ]
’E\ 6] | —=—0.151 ml/s .
E 1
g 5
5 ]
E ]
8 44
= 7]
ko) ]
8 3
=2
o
g 2
8 <
= ]
1]
0 ] Gas injection hole diameter = 0.1mm 1
LA L L R B L R A B B R A B R R
0.0 0.5 1.0 15 2.0 25

Mean liquid velocity (m/s)
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Conclusions

* Investigation of Ar bubble size in water model nozzle using porous
refractory
- Micro texture of the porous refractory greatly affects injected gas
behavior in stagnant flow
- Active sites in downward-flowing flow are about two times compare
with stagnant measurement
- Although matching different dimensionless groups at the same time
Is impossible, the similarity of mean gas flow rate per site between
water model and steel caster is good
- Bubble size variations increase with increasing gas flow rate and
increasing bubble diameter
- Mean bubble size increases with increasing gas flow rate and
decreasing liquid velocity
- The match of mean bubble size between the previous model
prediction by Bai and the experimental data is reasonably good
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% Appendix 2. Calculation of Gas Density

p, isdensityof gas
_ weight(m) 1’
9
volume(V)
Ideal gaseqution is PV =nRT 2)'
Combining Egs.(1)'&(2)' gives
_mP
P = oRT

1) Steel-Ar system
(pAl' )S(d PStd T1833K Psm 1833

:l=0.25
6.714) 4

'.’(pAr )1833K =025 *('OAr )std =0.446 kg/mz
<. Ar volume expansion coefficient relativeto STP =4

:1.679*(

2) Water-air system
(P):[P]( Tag Hpad +pw'9'Hw}(273j
(loAir )gd Paa )\ Tonsk Paa 273

=1.032
(P )y =1.032% (0, ) o =1.331kg/m?’

University of Illinois at Urbana-Champaign

Table. Propertiesused in calculation

Standard pressure Psia | 101325 | Pa

The Density of the liquid (kg/m’)

Density of water pw | 1000 | kg/m

Density of steel ps | 7020 |kg/m’

The Density of the gas (kg/m’, STP)

Density of Ar gas par| 1.783 | kg/m
Density of air gas pair| 129 | keg/m’
The height of steel in tundish H; 1.0 m
The height of water in tundish Hw | 0.33 m

Metals Processing Simulation Lab .

~(Pprn ) =0.446 kg /M7
o(Par—ou )= 1.331kg/n7

Go-Gi Lee
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