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Table 1-1 Operational and slab quality problems and these

countermeasures.
Countermeasures
Operational | Breakout(BO)
problems Sticking BO Improvement of lubrication(Powder)
Crack-induced | Mold taper, Powder
BO --Homogenization of solidification
Mold level Irregular pitch of rolls, Level control
fluctuation --Homogenization of solidification
Slab Inclusions Molten steel fluid control
quality
problems Segregation Soft reduction, Homogenization of
cooling of spray
Cracks
Surface cracks | Homogenization of solidification 1in
(Longitudinal, | mold, Temperature control of corner
Transverse edge of slab
cracks)

Inner cracks

Enough shell

alignment

thickness, Roll

gap
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Fig.1-2 Variety of defects of slab quality.
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Mold

Bulging

Rolls

Level fluctuation

i Molten steel

/Solidifying steel shell

Fig.1-3 Mold level fluctuation and bulging of solidifying steel shell.
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Powder penetrates Powder
in between Shell and Mold Mold Wide_face \ Water cooled copper

Mold
Narrow face

Powder or Gap Oscillation

Casting direction Wide face solidifying shell shrinks

along the casting direction

(a) Solidifying shell in the mold.

Fig.1-4 Behavior of the solidifying shell.
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Casting direction

Bending - Compression Section A-A
_ Unbending No sprays on edge.
+ Tension A

Slab + Tensi@

+

-/
- Comprgs)aon Q /

l-A  Ssolidified shell

Sprays
Molten steel Pray

(b) Stress distribution at bending and unbending positions of slab

and spray arrangement in width.

Fig.1-4 Behavior of the solidifying shell.
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Fig.2-1 Boundary conditions of solidification model.
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HARMIZIX, Fig.2-2 i3 X oz, $EHE 1.24m/min- A7 40C D5
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5.0E+05 S_> AT=40
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Fig.2-2 Comparison of heat flux between casting speeds(Vc) of 1.99mpm
and 1.24mpm.
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Casting direction

Liquid side

o node (0,v,4,6,.6,.6, Cooling side

_ integration  point (6.,6,T)

Fig.2-3 FEM 4-nodes thick shell element.
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™~
Solidifying steel shell

Narrow face

| Casting direction

Wide face

Wide face

398) MOJIEN

:

Uniformity ratio=B/A

Fig.2-4 Uniformity ratio of the shell.

(Observed shell thickness near the corner.)
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— narrow face

- Molten steel

) Soft contact

Static pressure

4—

Solidifying shell
near the corner

Severe contact

Friction Force oc J'(Contact Force)dS,,

S, :Surface of Narrow Face

Fig.2-5 Definition of friction force.
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—-<

Fig.2-6 Difference of solidification of molten steel in Single and

me—

Multiple taper narrow face mold.
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. Meniscus
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\Molten steel
Computational —
Domain >~
Solidifyingsteel shell
Narrow face T ) o
| Castingdirection
Wide face
. X 1
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;
z:fixed at meniscus
I>
. ‘fixed
y:fixed X.TIxe
0,0,:fixed 6,0, fixed
| Castingdirection
>
0:fixed at mold end
Narrow face Wide face

Fig.2-8 Boundary conditions of computational model.
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Fig.2-9 Calculated shell thickness and gap between shell and mold

((a)Single taper (b)Multiple taper).
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Fig.2-10 Comparison between calculated and measured uniformity ratio
of the shell.
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(a)Single taper

(b)Multiple taper

Fig.2-11 Measured shell thickness near the corner.

(a)Single taper (b)Multiple taper
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Mold width(Top) : W+(m)

: Meniscus
Upper taper : Lb(m)I
Boundary position Mold length :L(m)
| Multipfle taper ~ Single taper

Lower taper
|
|

Mold width(Bottom) :Wg(m)

Total taper ratio = V% x100 (%/m)

T

Fig.2-12 Taper definition.
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Fig.2-13 Calculated friction force normalized by limit value compared

with boundary positions of multiple taper.
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Wide width

N Total taper ratio is constant in all width.
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Vl\\llgrrow V\%idth Dw/Ww=Dn/Wn
! Uw/Ww<Un/Wn
Lw/Ww>Ln/Wn

'\g\ Mold Narrow face
Ln

Fig.2-14 Taper change in different slab width.
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Fig.2-15 Taper ratio’s change in variable width of the wide face.
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Fig.2-16 Calculated and measured uniformity ratio of the shell compared

with the width of the wide face.
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Fig.2-17 Calculated friction force between shell and mold normalized by

limit value compared with the width of wide face.
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(b) Schematic view of spray water flow.

Fig.3-1 Continuous casting machine and spray water flow in secondary

cooling zone.
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Fig.3-2. Simulation model to set particle diameters (unit:mm).
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(a)Particle diameter is 2mm.

(b)Particle diameter is 3mm.

(c)Particle diameter is 4mm.

Fig.3-4 Spray flow pattern when the particle diameter is 2,3 and 4 mm.
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(a)Simulation model

(b)Calculated flow (c)Calculated flow
pattern(Contact angle pattern(Contact angle
is 30 degree) is 60 degree)

Fig.3-6 Effect of contact angle on water flow.
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Fig.3-7 Spray patterns.
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Table 3-1 Calculation conditions of the spray water flow model.

Density(kg/m?) 1000
Dynamic coefficient of viscosity(m?/s) 1.0x10°
Coefficient of surface tension(N/m) 0.072
Boundary condition of wall Non-slip
Turbulence model None
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Casting Direction
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(a) Perspective view of the model
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. 0
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(b) Three orthographic views of the model
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Fig.3-8 Simulation model for spray water flow between rolls(unit:mm).
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No interference of Nozzles

) mmtm—— e ||}

(b) Experimental result(5L/min/nozzle)

Fig.3-9 Calculated and observed spray water flow patterns (View from
slab side).

The flow rate is 5L/min/nozzle.
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Interference of Nozzles

Interference between dripping

(c)Calculated result(10L/min/nozzle) water and spray water

(d)Experimental result(10L/min/nozzle)

Fig.3-9 Calculated and observed spray water flow patterns (View from
slab side).

The flow rate is 10L/min/nozzle.

76



_Interference of Nozzles

Interferen‘o’e betweeh acé

water and spray water

Interference between dripping
water and spray water

(e)Calculated result(20L/min/nozzle)

(f)Experimental result(20L/min/nozzle)

Fig.3-9 Calculated and observed spray water flow patterns (View from
slab side).

The flow rate is 20L/min/nozzle.
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Fig.3-10 Calculated flow pattern with overflowed water from roll.

The flow rate of the spray nozzle is 20L/min.
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Fig.3-11 Calculated water flow rate at region2(defined at Fig.3-2).
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(c)Water flow rate of a nozzle is 20L/min

Fig.3-12 Comparison between the calculated and the measured water

flow rates at steady-state conditions. Water flow rate of each nozzle is
(a)5L/min,(b)10L/min and (c)20L/min.
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Spray

| Rélgzéo =

(a) Simulation model without split roll

Split Roll

(b) Simulation model with split roll

Fig.3-13 Simulation model to calculate water low density of spray nozzle

with or without split roll.
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900 ==@==Spray only

800 1 == Spray with
700 dripping water
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100

Water density(L/min/mm?2)

-200 -100 0 100 200
Distance from nozzle center(mm)

Fig.3-14 Calculated water density with or without dripping water.
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(a) Just after injection of spray water on roll.

(b) 5 seconds after injection of spray water.

Fig.3-15 Calculated accumulated water on rolls.
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(a) View from roll side.
Fig.3-16 Calculated results rendered by 3D CG.
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(b) View from slab side.
Fig.3-16 Calculated results rendered by 3D CG.
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Table 3-2 Computer specification.

CPU

Intel Corei7-3960X 3.30GHz 8 cores
(4 cores are used for the calculations.)

Main Memory

64GB DDR3 SDRAM

GPU

NVIDIA Tesla C2075 X1

(ON)

Microsoft Windows7
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Table 3-3 Number of particles and calculation time.

Number of
sprays(Total Number of . .
Case volume of particles Calculation time
flow)
2 columns of sprays (13500 L/min) 238,856 i%g;gOmm
4 columns of sprays ?E(S)OO L/min) 561,719 gg?;imm
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Fig.4-1 Measured surface temperature at 18m below the meniscus.
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Fig.4-2 Schematic view of the flow pattern of spray water.
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Fig.4-3 Simulation model for spray water flow between rolls(unit:mm).
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Fig.4-4 Calculated spray water flow (View from slab side).
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Split roll

Roller
Slab(Half transparent plate) Bearing

Fig.4-5 Calculated spray water flow pattern (View from slab side).
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Roller
Split roll Slab(located back of split rolls) Bearing

Fig.4-6 Calculated spray water flow pattern (View from roll side).
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(a) One spray

Dripping water

(b)Spray and dripping water (c)Spray and accumulated water

Fig.4-7 Schematic view of measurement test of heat transfer coefficients

of spray water.
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Fig.4-8 Experimental image (Water is sprayed on the heated steel plate).

108



900
800 = = — center

700 \ - = 210mm from center
600

500

N
o
o

Temperature(C)

N W

oo o

S SO
i
[

!

-
-~-‘~~
R ————— - o

o

0.0 50.0 100.0 150.0 200.0
time(s)

Fig.4-9 Measured temperatures at the center and 210mm from the center

of the steel plate.
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Fig.4-10 The profile of heat transfer coefficients (W/m?K) calculated

from the measured temperatures at the cooling test.
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Fig.4-11 Schematic view of interference between accumulated water and

spray water.
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Fig.4-12 Boundary conditions for the simulation model of solidification.
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casting speed
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*Boundary condition
(Spray, Roll, Water flow, Radiation)

- 2D-heat transfer +solidification (Enthalpy method)

* Symmetry at center of width %model

Fig.4-13 Simulation model of solidification.
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Table 4-1 Calculation conditions of the simulation model of

solidification.

Density(kg/m?) 7800
Reference specific thermal 59
conductivity(W/mK)
Reference specific heat(kJ/kgK) 0.47
Latent heat(kJ/kg) 260
Reference temperature(C) 30
Heat transfer coefficient(W/m?K)
Roll-Slab 1700
Spray water-Slab Measured data
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Fig.4-14 Calculated results of solidification.
(a) Surface temperatures.
(b) Heat transfer coefficients.

(c) Center solidus ratios.
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Fig.4-15 Comparison between the measured and the calculated surface

temperatures at 18m below the meniscus.
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Fig.4-16 Slit rolls and the effect on the spray water flow
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Fig.4-17 Calculated results of solidification without

accumulated water on rolls.
(a) Surface temperatures.
(b) Heat transfer coefficients.

(c) Center solidus ratios.
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Fig.4-18 Comparison between with or without accumulated water on

rolls
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KL OERICHEDY, TEIORALARTHKEALTEHE £ L2 HETKE
KPR TR IER > 2T LAl R BB G — 2R 00 5 RE#H D
=L ET.

¥, AEERIEEZHESELL, AR KFALY L PHEL ¥
— WHEMHER, RRERFRFZRELFZROER 2T LAIKT FHK
EEFEE R, KRR RERFRLFERMFER LY = X TR
V= WS RS, MIRET KR RFEERESE SR L EE
MHERICES BILWZ L X7

AWFZEIEE A AR (K (Bl FA#Ee (BK) oFHoO™MEEHT T
Fhig X, EHMRABRSEMMICT VLT, MBERE—-EBK, = KKHK,
MHEEERICZ KRB AHEZES, RIEH LI BEMBITE T LV OMK
KROMMBEDOHMBE OO DT RERIZIZ WL TIE, BE =K, HEKK
TR, BIEELK, MRBRROBHDICESEHFHLET. BEMFTFO YR
A MMEERLEITICHALCE, EHo L Yv=7TV 7 (%) HREFAK,
ANy b AT A (BK) WBHRILKIZOHLEH L ET. bFIEMR
FricPLTIiX, YeXT7y 27 Y7 b= (K) OBERIZ, BEERK

ORFEICEHAL TE, FXSHELESUIEFOERICZ KW I A2 THZ,
I HEERLET.

Fo, FBAEEe (BK) & - REBIN T 2 — B BN o e 2
[F] {58 D B BRI TR < &AL £ 9.
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