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Motivation
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« Likely in re-circulation regions. « Defect in the final product
« Change the flow pattern. « Causes lower strength and toughness
« productivity loss

Solidifying Steel Shell

Continuous Withdrawal

Fig 1. Schematic of continuous casting
(Continuous Casting Consortium website)
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The problem
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Fig 4. Captured Alumina cluster in the slab
(Thomas, ME550 lecture note)

Fig 3. Cross-section of SEN nozzle with clogging

(www.iehk.rwth-aachen.de)
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Fig 2. Pressure distribution in SEN with respect

to slide-gate opening fractions
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(Bai and Thomas, 2001) FL — L
(hydrostatic pressure is not included in this Dlower
figure) SEN inlet
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Literature review:
’)l’inuous [ [ [] ’?
S how to avoid aspiration”

\.

e . .
1. Make vacuum or Ar atmosphere outside of slide-gate

Expensive Argon facility (Castrip/Nucor)

Expensive vacuum facility (POSCO, patent 2010, KR20120026720

E

6. Inject Argon gas into nozzle (Bai and Thomas, 2001)

Inject Ar gas through porous refractory
-> increase the minimum pressure in SEN (1of ~5 mechanisms)
-> Fills recirculation regions in SEN with argon

Flood the slide-gate gap with Argon gas

But Ar gas changes mold flow pattern, so could be harmful:

-

(3. Suggest a better SEN geometry : current work

Casting speed, Ar gas flow rate, slide-gate opening,

tundish level and nozzle geometry are inter-related.
Develop analytical model for pressure distribution in flow system

Optimize SEN design to minimize air aspiration

AN

Fig 5. SEN geometry
(Bai and Thomas, 2001)

J
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1. Develop simple model to estimate pressure distribution in nozzle flow system:

e Use analytical approach:
-> 1D pressure-energy equation with energy losses
-> calculate pressure distribution from Tundish top surface to Mold top
surface

e Compare with 3D turbulent two-phase computational model:
-> k — € model with wall functions for a rough wall
-> Eulerian-Eulerian two phase model
2. Propose a new nozzle design to avoid air aspiration.
* Parametric studies with analytical model

* Propose new SEN diameter
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Part 1.

1D Pressure-energy
Model Development
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1D model of pressure Distribution
of flow system (from mold to tundish)

Axial pressure distribution from Tundish to SEN @ P.=0
Top s L T T ' T ! . 10 Assumes that the flow velocity is
surface @ P=0 KPa @ Pg = P10 + p9gz109 dissipated on the top surface (at @J
Z=1.943m
1 2 1 2
Pg =Py — EPVSEN + Eﬂvpnrt + pPerport + PeLetbow
1.5 1
hTUN
@ Py =Py~ pgzss +; pVSEN fD
P=70.7 kP: SEN.L
- Z=0.913m 1 1 1 2
[ 67
T e @ \O|©Ps = Pr = pgzer +5pVsow =5 pVearX® + 5 PViower S 5+ peicont
- e g
S
E P=-52.01 KPa 1 2,2 _
£ o sasm ® P = Ps — pgzse +EPVGAP X =3 PVGAPY + szlower fD
o 8 @ lower
£ p=73.99 kPa (4) 4
2
h 8 ® 70608 m 1 1 1 Zys
2 P=32.1qKPa @) Pe2011kPa @ P, = P — pgzas — EpVUTNZ + EPVGZAPyz + EPVUTNZfD—_ + pesiiae€
2-0.383 7=0.343m Slide
z
M IdT L ova 23
o ®P3=P4—P9234+§PVUTNICD_
level h p=0kpa(10)
sub = 1
—————————————————————————— P=15.76 KPa
petaat kel z=021m @P, =P+ EPVL%TN + pertun + APpyo
Z=-0.21m
Fig 6. Axial pressure distribution  _, . L . L L L P, =P,—
€ P %% 40 =20 0 20 40 60 & O~ =P, ~pgz
from tundish top to mold level Pressure{kPa]
P, : gage pressure at the point x Zap = Za — Zp PeLport : Pressure loss across port (from velocity drop & friction) = B.v, x : velocity

p :liquid steel density f :friction factor

PeLeipow : Pressure loss across the port (from direction change) drop constants

Vsgn @ velocity in SEN lower part g : gravity acceleration PeLcont : Pressure loss across tapered region .
Vpore : velocity in port Dggn,, : lower part SEN diameter  peygiqe : pressure loss across the slide-gate ¢: slide-gate
Vyrn @ velocity in UTN Dyry : UTN diameter peLtun: pressure loss across tundish bottom to UTN pressure loss
Vgap : velocity in slide-gate opening Dg;4 : slide-gate diameter APy,,,, : pressure drop by buoyancy (small but included) constant
Viower : velocity in lower nozzle Diower : lower nozzle dlameter
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i 1D model of pressure Distribution:
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Losses in the model

Top
surface °

_'Q : .

Fig 7. Schematic from tundish to port
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Pressure loss components

- 1>2
At ©~G
Pesiide = %qumz {G - 1)z (%)2 + <% -
At ©~®

2
1 2 [ Aury
=_ -1
PeLcont ZPVSEN (ASEN,L

At®~®

2
e =l Voo 2 2AseN,L Aryn
PeLeun = 5 PVsen Aron —ZAUTN

P9Vgas
AUTN

APy =

M) <M>
As As Liu and Thomas (2012)

At ®~©@
Asen,

1
Perport = ZpVSEN <2A

_1>2
“Pipe” fr|ct|on Ioss in the system
ZPELf— PVUTN

1 2
PeLewow = K> pVsgy

DSEN L

Aggn,, : cross-section area of lower part SEN
Aryy : cross-section area of tundish bottom
Ayry : cross-section area of UTN
Agap : cross-section area of slide-gate opening
Agg : cross-section area of fully opened slide-gate
K : minor loss coefficient of the elbow-shaped port
-> 0.2 is used for the 60x80 mm 75° port [White, 2011]
Q : liquid steel flow rate = casting speed V. x Mold cross-
section area wt
. Metals Processing Simulation Lab .
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i =063+037(=")

Liu and Thomas (2012)

GAP
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Ajower : Cross-section area of lower nozzle




Determination of Model constant y

1. Gamma ) 4 at the point @ (ref.: Armaly et al.,1983)

* In the sudden expanded pipe turbulent flow (backward-facing step flow), the
recirculation zone size x4 is independent of the Re, but a function of geometry.

» 2D approximation is available for Re<400 and Re>6600 (belong to the latter for
this case).

. inlet height 1 .
+ Expansion rate ER = ——9— — — (since Ayry = Asige)

outle height -

» According to the previous experiment study
A | (Armaly et al., 1983):
L
x — [ DUTN ER=2: % =8 ’
! ) ER=12 X =~¢ _ Let’s call this
VT ° X ‘ Turbulence constant C,
J ER=11:7=55

= DSEN
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Determination of Model constant y
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* Incase of Case 12, f; = 0.381:

1
ER= = 2.62

Through the Least Square Method with the Armaly experiment data,
Cy = 2.671223 X ER + 2.671223

' Dlower !
* (; =9.67 when ER=2.62 o
e x;=5s%XC=048m / / N .
1Acap ) =
; AN :\f;/: Vaar Agap(1— )
e S calculation: S=D;,yer-L=Dipwer (1-11) P
« Assume, recirculation zone thickness h <gikp
« Drops from S at (5) (plate bottom) to 0 at x; ® |
‘A
* Assume downward flow extends from center of ‘ L
recirculation zone (0.5S) to outer wall of D;yyer : — —Dyy e
X1
» Definey
b | < S
y = D;OSS -> average velocity at (5) = yV;p v
lower—VY-
—bl- D.S‘EN,L

University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Hyunjin Yang . 10




Determination of Model constant y

2. Define Chi y at point (6) (ref.: Armaly et al., 1983)

» Similar to y, calculate average velocity at ®

» Using linear approximation for recirculation zone thickness.

Velocity profile => From similar triangles:
L h "
s h op o Fm02)s
1 0.2m X1
X1
X1 \ « y=—=r
_ h’ Diower—0.5h7
: " : average velocity at ® = x Viap
Dlower V.m
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Determination of Model constants (&f3
R\Q SO;JnS
“ a?j‘[s ogrtl um
3.Zeta

» The original Liu’'s model shows ~5% slide-gate opening f; difference to the plant
data in the non-clogged conditions, and ~10% difference in the clogged
conditions.

* By increasing the pressure drop by the slide-gate pe;¢iqe With zeta { = 1.2, it
matches better to the plant data on slide 19.

4. Beta

* Intuitively, B should be in the range of

1< B <422 = 2173 (when Dygy,, = 75mm)

2

» Since the port length is smaller than the port
diameter, velocity drop is negligible:
x B -> B =1is chosen.
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To check 1D model works properly

... Location0 |

Uy Ra— A

» At the P; in the bottom-up approach, the pressure is N
1 TUN

calculated by — _II; L
1 .2 - - I sz Mo
Py = Pagm = pg(hryn + h2) + 5 pVpore + Zpey i | !
ocation 3|--f

» We know P; = Py, = 0 Pa (gage)

T

So, the model is validated by checking:

Fig 10. Height definition in
continuous casting system
(Liu and Thomas, 2012)

e P,=0Pa or

1
* pg(hTUN + hz) = Epvpzort + perrun + Atho + perr + persiigze T PeLcont T Perport + pertee

L

J

J k_Y_} \

Y I
Potential E Kinetic E Ipe, : energy losses in the system
(input) (output)
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Geometry of the Baosteel
UTN, Slidegate and SEN

Geometry (from Baosteel)

Top view | O ‘ 4
Isometric R GAP
view fa= A —>  Acar = falsc
Side view Front view ——> &—— 78mm
2. Relation between the f; and f;
UTN 2
fa= ;00571(1 - —;(1 —fiN1-(QQ-f)?
Fu lat S somm
er plate =
Slide plate ppere Lower plate T T=120mm L
Lower plate Diameter i [ | fi=
) + Lower nozzle Diower = so\n\x/g T SN f Diower
SEN (upper part)[] /0 1 \!
- > <«<—— 80mm /o [/ \
(40mm Long) —— Taperedregion 5 o [ % i £ = Aci
(40mm Long) o ;\%‘\AP N A Tp 2
NG 14r\>‘/\i,, A 4 lower
E I 3@3 Sllide plate
SEN fp == ! L ' Diameter
(714mmlong) SEN (lower part) T Dyiige = 80mm
[ (634mm Long)
SEN diameter 3. Relation between the fp and f;,
75mm —> %/—
) ‘ fr=A-Mfi+M u = [ = Dstiae
Fig 8. Geometry of 154 o 80mm = T
76 ‘67 eg/’ = H
Baosteel nozzle comm ) /r Port height
(generated using CATIA ) Port width
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1. Relation between the A p and fy




o Geometry of the Baosteel
g ] UTN, Slidegate and SEN

~Consortium

e Original geometry of Baosteel

UTN bore diameter Dyry SEN upper part bore

(upper & lower) Ul diameter Dsgy i L
UTN length 255 mm SEN upper part length 40 mm
Upper plate thickness 50 mm SEN tapered part length 40 mm
Upper plate bore diameter SEN lower part bore
Dupper 0 lE) diameter Dggy . Gl
Slide plate thickness 25 mm SEN lower part length 634 mm
Slide plate bore diameter 80 mm Port angle 15 deg
Dslide
Lower plate + Lower nozzle T Port width x height 60 mm x 80 mm
bore diameter Djyyer
Port thickness 23.5 mm
Lower plate + Lower nozzle 160 mm
Length Slab geometry 0.3x1.9m
SEN whole length 714 mm
« In the 1D analytical model, UTN upper bore diameter is assumed to 80 mm.
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Hyunjin Yang . 15

N Wall roughness consideration
& (for rough pipe)

“Consortium

1. From the real measurement on the SEN: ¢ (absolute roughness) = 1.0 mm
By the relation & (absolute roughness) = k, (physical roughness height)
->get k; = 1.0 mm in SEN (wall function input for the computational model)

2. Calculate the relative roughness: — c =0

=10~ 00133, =10~ 00125
Dsen,L 75 Dyrn 80

3. From the Moody diagram, get fizy, = 0.042, fyry = 0.041

VO 1o{ wesar 412076 (Vin v, D i)
' fptce aimosphenc a ' .
10 T v ~ - T T
Sraration sone 11 e Come AN, FR RS, R = S0, NG - 114 - Stog ¢
. .| ) =0.0133
SENgh = SEN,L
" .
5
3
5
3
= \
g
Smcom ppes. ¢ 1o
e v fAH .
Fud 200G vt I e
s - Hagen—rcisseute ehusion - :
Water 1.003e-008 752300, f - 64/F \‘
PN o B 0 et BN 1] O 1~ S gy w0 A S S O
Lottute ot seateves gy ok squmeny 22300 ,_H”\M i
107 o 1984 9.78003 | 00
= g ame o : SRS NSRRI} ‘ )
| l | | o - ¢ 10008 ——_ |7  Fig9. Moody diagram
P 2 5 “sereg : seveir = FrErew T s < sora,y 2 5 s sersge (Moody, 1944)
Moody Diagram Reynolds number A = == (Vinnvs, Dinm, vinm®s)
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Flow rate model to determine the
S, slide-gate opening

1. Relation between the flow rate Qsgy and the slide-gate opening f,; (Modified version based on Liu and Thomas (2012))

2(hryn + Ha)g

Qsen = Aery f 2Asen 1\ [ A 2 ASENL ASENL SEN Lo A ASENL L L A 4 A 4
(o) (s 1)+ st it - e it — e ity g (31 ) G - Spdimng cxap e
2. Effective area calculation (two phase flow effect) 4. Gas volume fraction calculation (Thomas et al., 1994)
V.wt Q
Aeff: = A:(l—a)A Patm _ Th
+ Vowt + A Hp = 5—X—
ans,h c ans,h Q f Ppart Teo
3. u calculation Arbitrary cross-

section area Qgash = QgassLpm X Hy X 0.001/60  [m?/s]
Agap

=063 +0.37(— ) =0.63 +0.37f,° o = — Zgash From Bai et al.(2001),
0 Qgasn + Vewt for STP condition
Location L Patm=101325 Pa
EESpEIenas T=25°C
- « hryy
_________ o= ﬂ : liquid steel flow rate through SEN g : gravity acceleration \
J I_ ‘ J Asgy,,  lower part SEN cross-section area £ friction factor
A : area of one port outlet 3
port _ Agar
| Agg : area of slide-gate when it is fully opened #=063+0. 37( s¢ )
Agap : area of opened slide-gate fa : slide-gate opening fraction

a : gas volume fraction

Lsgy : SEN length

V. : casting speed

Wit : caster width and thickness

L siew Qgas,h : 8as flow rate when heat up

Qgas : argon gas flow rate

Dggy : diameter of the SEN

Pgtm : atmosphere pressure

hgyp : sSubmergence depth

Ty, : gas temperature when heat up
Qgas,sLpm * 8as flow rate with SLPM condition T : room temperature

K : minor loss coefficient of port B : pressure drop by the buoyancy
. pressure at port outlet : i

ocatlon 3!-

‘Fig"10. Height definifion in continuous casting system
—.(Liu and Thomas, 2012)
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Validation
Plant vs 1D model
vs Fluent
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q Gate opening comparison:
\&=  Plant measurement vs Flow rate model

2nsortium

55T/ Slab geometry [m] Casting Argon flow tundish slide-gate slide-gate
6ST speed V¢ rate depth opening, F; | opening, F; [%]
[m/min] QgasISLPM] | hpyy[m] [%] Modified flow
Exp. data rate model

1 GL4G71R1 5ST 0.3%x1.7 0.74 41.0
2 GL4G71R1 6ST 0.3%x2.1 0.70 10.2 1.02 47.1
3 GL4G71R1 5ST 0.3x1.7 0.80 7 1.02 433
4 GL4G71R1 6ST 0.3%x2.1 0.70 8.6 1.02 46.3
5 GL4G71R1 5ST 0.3x1.7 0.80 7 0.98 43.6
6 GL4G71R1 6ST 0.3x2.1 0.70 8.4 0.93 47.1
7 IV7Q13P6 5ST 0.3x2.1 0.70 4.2 1.02 44.2
8 JV7Q13P6 6ST 0.3x2.1 0.66 8.2 1.02 45 44.4
9 Jv8Q13P6 5ST 0.3%x2.1 0.66 4 1.10 46 41.7
10 Jv8Qi3pe 6ST 0.3%x2.1 0.66 4.3 1.08 43 42.0
11  JUSP5CP6 5ST 0.3x1.9 0.60 6 1.03 40 38.1
12 JUSP5CP6 6ST 0.3x1.9 0.60 6 1.03 40 38.1

Data from Baosteel (Ruan, 2015)

e =1, =1.2,C = 0 (clogging constant)

- non-clogged
are used for the modified flow rate
model. @ clogged (according to the
e Case 12 is chosen for the analysis. @ clogged severely Baosteel data)
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Hyunjin Yang . 19

. Operating condition
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e Operating condition & Material property of case 12

Slide-gate orientation 90 deg Liquid steel density pg 7000 kg/s
Slide-gate opening f, 0.4 Liquid steel viscosity ps 0.006 Pas
Tundish depth hryy 1030 mm Argon gas density p, 1.6228 kg /s
Casting speed V, 0.60 m/min Argon gas viscosity p, 2.125x 1075 Pas
Argon gas flow rate Qgrgon 6 SLPM
Submergence depth hg,; 0.21m
Absolute roughness of the 1mm
nozzle wall (&) (Non-clogged condition)
Hot argon gas temperature Tj, 1823 K
Hot argon gas pressure P, 70.7 kPa (=psghryn)

University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Hyunjin Yang . 20
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Gate opening comparison:

Plant measurement vs Flow rate model

JUSP5CP6 6ST case 12 condition

Plant data: f;, = 0.40, Hyyy = 1030mm, Q = 0.0057m3/s

Flow rate model: o

0.012

0.01

Flow rate[mg/s]

.014

0.008

o
o
=3
>

Opening fraction IL vs Flow rate

Q = 0.0057m3/s

0.004

0.002

Fig 11. Relations between the slide-,

University of lllinois at Urbana-Champaign

HTUN == 1030mm,

0 . " "
0 0.2 0.4 0.6
Opening fraction f

gate opening fraction f;, and the flow rate Q

Metals Processing Simulation Lab

0.8 1
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1D Theoretical Pressure distribution:
Case 12 condition (Bottom to Top)

\0‘%
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Axial pressure distribution from Tundish to SEN
Top ____? T l
surface [©)
P=0 KP:
Z=1 9433m
1511 hpyy =1.030m
E =
8. &
g P=53.86 KPa @
E Z=0.913m
o P=-52.01 KP:
é @ Zosgam
:'_ LT L L L e - sssssssaaas @
S 05f ® P P=73.99KPa |
hZ 2 2=0.383m 220.608m
P=-20.11 KPa @
Z Z=0.343m .
Reference point:
Mold mold level = 0 Pa
level } ¥ P=0 KP: @
m
hsub ®
""""""""""""""""""""" P 15.76 KPa.
Q P=14.41 KP: Z=-021m
Z=-021m ° @

Fig 12. Axial pressure distribution of

Case 12 in Baosteel data -0.

University of lllinois at Urbana-C

-40
Pressure[kPa]

L ! L L !
-20 0 20 40 60 80
Lab

* P; should be 0 Pa -> satisfied!
c At®~B

periun = 5.20 kPa

AP,0= 6.42 kPa

e At ®-~0
peLsiige X { = 91.62 kPa X 1.2 = 109.9 kPa
o At(e~®
Percont = 98.8 Pa
o At®~O
pertee = 1.35 kPa
Perport = 0 Pa
* Total friction loss

Y. pes =3.61kPa

* Model constants
=10 x= 0.4609
y =0.5465 (=12
Hyunjin Yang 22
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Plant measurement vs Simulation:
<= Simulation of Case 12 condition

Py, = 47.6 kPa
Vin = 1.33m/s

a

[Pal
pressure

60000
40000
20000
0
-20000
-40000
-60000

Pressure distribution
University of lllinois at Urbana-Champaign

» k — e turbulence model + Eulerian Eulerian two phase model

¢ Tundish level calculation:

1 2
__ Pint3pVin+pertunt+APwo

H = = 0.984m
TUN Py
Slide-gate Tundish level Flow rate
opening fy Hryn Q
Plant data 0.40 1030 mm 0.0057 m3/s
Simulation 0.40 984 mm 0.0057 m3/s
6
55
5
45
4
35
3
25
2
15 Velocity [m/s]
1
05 Fig 13. Velocity and pressure distribution in
Velocity distribution nozzle by computational model
. Metals Processing Simulation Lab . Hyunjin Yang . 23
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L Analytical model vs simulation

Case 12 condition

Top 2

Axial pressure distribution from Tundish to SEN

surface |

level[m]

u
H
ht abé

T T 7 T T T

N 1D model
T Fluent
-0.5 L L 1 L L
-60 -40 -20 0 20 40 60 80
Pressure[kPa]
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab

Height above the mold level[m]

A

e The blue line is the 1D pressure
model calculation result shown
on slide 21 (the formula is on
slide 7).

e The pink line is from the Fluent
simulation result shown on
slide 22, which has tundish
level 984mm.

Axial pressure distribution from Tundish to SEN

O1ER & — 1D model
Fluent

0.05 N
0
-0.05
-0.1
-0.15
-02

0 5 10 15
Pressure[kPa]

Fig 14. Comparison of tLe 1D analytical model
and the Fluent pressure distribution

. Hyunjin Yang . 24
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Part 3.

Parametric study:
Change of casting
conditions

University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Hyunjin Yang . 25

Geometry of parametric study 1

e Parametric study 1 geometry

UTN bore diameter Dypy 80 mm SEN upper part bore

diameter Dggy i
UTN length 255 mm SEN upper part length 40 mm
Upper plate thickness S0 mm SEN tapered part length 40 mm
Upper plate bore diameter .
Dypper B SEN lower part bore 3 [ (@il
; 52 mm ~ 100 mm
diameter Dggy 1, . d
Slide plate thickness 25 mm (parametric study)
Slide plate bore diameter SEN lower part length 714 mm
80 mm
Dslide
Port angle 15 deg
Lower plate + Lower nozzle
) 80 mm . .
bore diameter Dioyer Port width x height 60 mm x 80 mm
Lower plate + Lower nozzle )
Length 160 mm Port thickness 23.5mm
Slab geometry 0.3x1.9m

< Inthe 1D analytical model, UTN upper bore diameter is assumed to 80 mm.
* Only Dggy . is changed from the original geometry

University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Hyunjin Yang . 26




) Operating condition of
NG parametric study 1

e QOperating condition & Material property of parametric study 1

Slide-gate orientation 90 deg Liquid steel density ps 7000 kg/s
_ _ 0.4 (original) Liquid steel viscosity us 0.006 Pas
Slide-gate opening f; 0.376~0.454
(parametric study) Argon gas density p, 1.6228 kg/s

VLTS EHETN iy e lulul Argon gas Viscosity ug 2.125x 10~° Pas
Casting speed V, 0.60 m/min
Argon gas flow rate Qgrgon 6 SLPM
Submergence depth hg,; 0.21m
Absolute roughness of the 1imm

nozzle wall (&)

Hot argon gas temperature Ty,

Hot argon gas pressure Py,

(Non-clogged condition)

1823 K

70.7 kPa (=psghrun)

» Same to the original operating condition except slide-gate opening
f. depending on the SEN lower part diameter Dggy .

University of lllinois at Urbana-Champaign

. Metals Processing Simulation Lab .

Hyunjin Yang
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) Parametric study 1: SEN diameter Dggy |
N (fixed all other diameters)

“Consortium

Vary SEN lower part diameter Dggy ;. , also vary slide-gate opening f,

(to maintain flow rate Q = 0.0057m?3/s, keeping all other diameters to 80mm)
DSEN,L =100 mm

DSEN,L =52mm

i Opening fraction , vs Flow rate

DSEN,L = 58mm

Opening fraction f, vs Flow rate

Opening fraction f, vs Flow rate

8 0.01 0015 .
7 0009 ~
0.008
6
-
X:04543 0007 .
=5 Y: 00057 = .
o & 0,006} Z
E E L] E
T X: 04114 ]
24 £ 0005 Y: 0005701 ©
3 H H
g, S 0.004 2 .
0.005 X:09763
0003} Y:00057
2
0002
! 0001
0 . 0 0
0 0.2 04 06 08 1 ) 02 0.4 06 08 1 0 02 0.4 06 08
Opening fraction f, Opening fraction f, Opening fraction f,

et | fas ]

0.381, [30.48]

Flow rate Q [m3/s]

Original condition 75 0.042 (from slide 19) 0.266, [1337] 0.0057
Run 1 52 0.048 0.454, [36.32] 0.341, [1716] 0.0057
Run 2 58 0.047 0.411, [32.88] 0.296, [1488] 0.0057
Run 3 100 0.038 0.376, [30.08] 0.261, [1312] 0.0057

Fig 15. Relations between the slide-gate opening fraction f;,

and the flow rate Q depending on the SEN diameter
Hyunjin Yang

(All other casting conditions are same to the previous slide table)
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Parametric study 1 results: SEN diameter Dggy ;

(fixed all other diameters)

Top
surface

Tundish

UTN

Axial pressure distribution from Tundish to SEN
T T

Lower nozzle |-
SENy ll ___________________ ‘

2 . , , ,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,4&,
X
\\
xR
15} .

E

z 1} 1
PR SR U PP IPIEUIY U

o

o

]

[

>

[e]

B = g R

[ Sy S e 3 ce T A Loinansioases

S 05f 5 \ J

Q \

i S 2 ==

80

Mold level =0 SEN|, R Dggy, =52mm
o = L 1
\\ ; DSENL=58mm
7777777777777777777777777777777777777777777777777777 B g
O DSENL_7Smm
DSENL=1OOmm
H i 0.5 L L { L 1 1
Diameter of this part e — 3 26 0 %
changes! Pressure[kPa]
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab .

Varying only lower part
SEN diameter (and gate
opening fraction to keep
flow rate constant)

Negative pressure is
avoided at slide-gate for
Dsgyn p< 52mm

Fig 16. Axial pressure
distributions for
different SEN diameters

Hyunjin Yang 29
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Geometry of the parametric study 2

UTN bore diameter Dyry

UTN length
Upper plate thickness

Upper plate bore diameter
Dupper

Slide plate thickness

Slide plate bore diameter
Dgiige

Lower plate + Lower
nozzle bore diameter

D lower

Lower plate + Lower nozzle
Length

University of lllinois at Urbana-Champaign

80 mm (original)
49.1 mm ~ 100 mm
(parametric)

255 mm

50 mm

80 mm (original)
49.1 mm ~ 100 mm
(parametric)

25 mm

80 mm (original)
49.1 mm ~ 100 mm
(parametric)

80 mm (original)
49.1 mm ~ 100 mm
(parametric)

160 mm

SEN upper part bore
diameter Dggyy

SEN upper part length

SEN tapered part length

SEN lower part bore
diameter Dggy

SEN lower part length
Port angle
Port width x height
Port thickness

Slab geometry

. Metals Processing Simulation Lab .

80 mm (original)
49.1 mm ~ 100 mm
(parametric)

40 mm

40 mm

75 mm (original)
52 mm ~ 100 mm
(parametric study)

714 mm
15 deg

60 mm x 80 mm
23.5mm

0.3X1.9m

Hyunjin Yang 30




\ Operating condition of
N parametric study 2

“Consortium

Slide-gate orientation 90 deg Liquid steel density ps 7000 kg/s
_ _ 0.4 (original) Liquid steel viscosity us 0.006 Pas
Slide-gate opening f; 0.278~1.000
(parametric study) Argon gas density p, 1.6228 kg/s
U N ORIl Argon gas Viscosity u 2.125% 105 Pas
Casting speed V, 0.60 m/min
Argon gas flow rate Qgrgon 6 SLPM
Submergence depth hg,; 0.21m
Absolute roughness of the imm
nozzle wall (&) (Non-clogged condition)
Hot argon gas temperature T, 1823 K
Hot argon gas pressure P, 70.7 kPa (=psghryn)

» Same to the original operating condition except slide-gate opening
f. depending on the SEN lower part diameter Dggy .
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B\ Parametric study 2: All nozzle diameter
\ 9
\'c’é’j‘s{u}g (Dyrn = Dupper = Dsiidze = Diower = Dsgny = Dsen,L)

“Consortium

Vary lower SEN diameter Dggy ;. (but also vary 5 other nozzle diameters to keep all 4 diameters the same).
Also vary slide-gate opening f;, (to maintain constant flow rate Q = 0.0057m3/s)

DSEN,L =49.1mm DSEN,L =58mm DSEN,L =75mm DSEN,L =100 mm

Opening fraction{, vs Fiow rate i Opening fraction f, vs Flow rate Opening fraction f, vs Fiow rate Opening fraction 1, vs Fiow rate
x

0014 o

x1
V. 0005705 0012]

Flow rate[m’s]
Flow rate[m/s]
.
H \\
- . .
2 8 =
\
&
\
\

x:02775
¥:000857

\

X

s o
g 8
g 8
P
82

08 1 0 02 0. 6 0.8 1 o 02 o. 6 08
Opening fraction f, Opening fraction f_

Note: remove taper part of SEN

P T | e

[ 6 04 6
Opening fraction f, Opening fracton I,

Run 4 49.1 0.049 1.000, [49.1] 1.000, [1893] 0.0057
Run 5 58 0.047 0.612,[355]  0.519, [1370] 0.0057
Run 6 75 0.042 0.415,[31.1]  0.300, [1325] 0.0057
Run 7 100 0.038 0.278,[27.8]  0.168, [1323] 0.0057

Fig 17. Relations between the slide-gate opening fraction f;,

and the flow rate Q depending on the SEN &UTN diameter
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Hyunjin Yang .

(All other casting conditions are same to the previous slide table)
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%\ Parametric study 2 results: Nozzle diameter
“*«?};“N\_‘_ —_ = =
\é’a"s‘li“nsg (DSEN - Dlower - Dslide - DUTN)

\gpnsortium

Top Axial pressure distribution from Tundish to SEN A
e 2 T T % a v v Eyen with fully-open
\\ slide-gate (49mm),
Tundish \\ some negative
’\\ pressure arises at
15 . 1 both tundish bottom
\\ and at slide-gate.
3
£ N
T 1t R o)
e L el gy Soomoooosesaas Ry
UTN
- - Slide-gate
Lower plate
nozzle
..\‘
SEN
Mold level =0
Fully-open slide-gate = Dy =49-1mm \\ \
o Dy =58mm | L~
O Dggy =75mm Fig 18. Axial pressure
Dggy =100mm distributions depending on
i - I I ! L L L the different SEN diamet
All diameter changes! 08 40 20 5 0 prs ps pes e difteren lameters
Pressure[kPa]
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Mechanism
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¢ Avoiding air aspiration due to negative pressure at the slide-gate joints requires a
redistribution of the pressure drop to consume the potential energy generated by the
height difference.

¢ Thus: increasing pressure drop below the slide-gate (by decreasing lower nozzle and SEN
diameter) is advantageous due to:
* Increased friction loss (both straight sections and “minor loss” transition regions)
e Increased velocity (requiring converting more potential energy into kinetic energy)

* Tapering (Dyry > Dsgpn) is beneficial because it increases the portion of pressure drop
occurring below the slide-gate.

2 4
Zperpewiow X Vsgny % 1/Dgpy p

Losses above the slide-gate Losses below the slide-gate
| A

1 (
pg(HTUN + hz) = szpzort + pertun + Atho + persiide T PeLcont + Perport + Periee T peLr

L ) | J ( J
Y I
Potential E Kinetic E Ipe, : energy losses in the system
(input) (output)

Eperapove X Virn ¢ 1/Diry
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Conclusions

* A 1D analytical model is developed for pressure distribution in the CC flow delivery
system (from the tundish top surface to the mold top surface).
¢ Pressure distribution is validated by roughly matching both a 3D numerical simulation and
several plant measurements.
¢ Smaller SEN diameter is beneficial to decrease negative pressure.
e Smaller SEN diameter requires a larger slide-gate opening -> less pressure drop
through the slide-gate
¢ Apply model to typical commercial caster suggests:
e Current SEN diameter of 75mm causes negative pressure below slide gate
* Decreasing SEN diameter to 50mm or less (keeping other nozzle dimensions
constant) should avoid negative pressure
* Gate opening increases from 38% (75mm Dggy 1) to 45% (52mm Dggy ;) to maintain
casting speed
¢ Decreasing all diameters together (UTN, upper plate, slide gate opening, lower plate,
lower nozzle, and SEN) is not recommended because
¢ 1) negative pressure still arises and
e 2) this requires large increase in gate opening, which makes the system more
vulnerable to clogging.
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