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Introduction

One difference between billet casting and dab cagting is the lubrication materid.
Qil isthe lubricant for cagting hillets while dab cagting uses mold powder as lubricant.
This difference leads to the different models for calculaing gap heet flux between srand

and mold.

Hest transfer and solidification mode for continuous casting, CON1D has
combined both mold powder casting and oil casting heat flux mode. The new devel oped
oil-casting model was vaidated by plant-measured data Y.

M odéel Description

For ail billet cagting, heat flux extraction from the sted is decided by the air gap
thickness between strand and mold, contact resistance and radiation. Figure 1 illustrates
this gap heat conduction modd!.
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Figure 1. Thermal resistance used in the interface model

The heat flux transferred across gap can be calculated:

Qine = (hrad + hconv)(T s~ Tmold) (1)
hrad - S (Ts + Tmold )(T52 + Trr?old) (2)
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where
Oint = heat flux transferred across gap (W/nv)
hyaq =€ffective radiation heat transfer coefficient (W/mPK)
heony = effective convection heat transfer coefficient (W/meK)
Ts = surface temperature of the stedl shdll (°C)
Trmolg = Surface temperature of the mold (outermost coating layer) (°C)
Feontact = Strand/mold contact resistance(n?K/W)
d5r = thickness of the air ggp (mm)
k&ir = conductivity of the air gap (W/mK)
s = Stefan Boltzman congtant (5.67e-8W/nPK 4)

Esteel, €mold = Stedl, mold surface emissvity (-)

Thisail cadting gap heet flux mode has been incorporated into a user-friendly
FORTRAN program, CON1D that is a solidification and hesat transfer model with 1-D
trandent finite-difference modd of solidifying ed shell and 2-D steady- state heat
conduction within the mold wall.

M odel Validation

Table 1 provides some smulation parameters used in CON1D for cdibrating billet-
casting modd, the casting condition and mold geometry came from reference [1], refer to
atachment 1 for complete input file. The solidus and liquidus temperature is cdculated
based on Clyne-Kurz microsegregation model, which has been incorporated into
CON1D. The contact resistance used in CON1D simulation is 5.6e-4 K /W, induding
the resistance due to oscillation mark and mold/strand contact resstance. It islarger than
expected, but the results based on this turns out to match the measurement data well.



Table 1. Smulation parameters

Cadting condition:
Cadting speed: 2.2 m/min
Superheat: 20°C
Meniscus leve: 100 mm
Cooling water flow rate: 1100 I/m
Cooling water velocity: 6.6 m/s
Inlet cooling water temperature: 30°C
Sted properties:.
Carbon content: 0.1 wt%
Liquidus temperature: 1517.8°C
Solidus temperature: 1468.4 °C
Mold geometry and properties:
Strand dimension: 120 mmx120mm
Mold length: 800 mm
Mold thickness: 6 mm
Mold taper: 0.75 %/m
Mold thermd conductivity: 360 W/mK
Others:
Air conductivity: 0.1 W/mK
Contact resistance: 5.6e-4 mPK /W

Mold cooling water temperature rise and heat flux

The plant trial measured mold cooling water temperature rise is 8°C, while CON1D

predicts a 7.65 °C cooling water temperature increase at mold exit.

Figure 2 gives the comparison of heat flux. It showsthat CON1D predicts
ingtantaneous heat flux agrees with measured data. Also, the predicted average hest flux
for this 700mm work mold length is 1722. 7K W/n(refer to attachment jpil.ext) which
fits the measured average heet flux curve.
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Figure 2. Heat flux down the mold
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Figure 3. Mold temperature down the mold



Mold temperature

Figure 3 shows that the predicted thermocouple temperatures in mold match with
measured data. It aso plots the predicted mold hot face and cold face temperature.

Shell thickness

Figure 4 shows the CON1D predicted shell thickness down the mold, compared
with the plant trid measurements by tracer test. Shell thicknessis defined in the mode by
linearly interpolating the position between the liquidus and solidus isotherms
corresponding to the specified solid fraction. The plot shows that the measured data vary
in the range of predicted shdll thickness between 10% and 70% solid fraction. This may
because the depth of tracer penetration varies.
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Figure 4. Shell thickness down the mold: Center

CON1D was dso run for astrand corner smulation with an assumption of big air
gap at corner. Figure 5 shows the cdculated shell thickness down the mold. It predictsa
2.53mm shel thickness (60% solid) a 285mm below meniscus, which agrees with
measured data.
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Figure 5. Shell thickness down the mold: Corner
Discussion

The detall a mold-grand interface is plotted in figure 6. Mold distortion due to
therma expansgon Dxmaiq is calculated from:

Jrold width T o i+ T (4)

2 2

DX oid = @ mold

where,
amold = Mold thermal linear expansion coefficient (1.6e-5K ™)
Teold = mold cold face temperature (°C)
Thote = mold hot face temperature (without coating) (°C)

Mold taper is 0.75%/m, so the mold wall deflection due to taper Dx;aper IS



mold width
X————xz

DXper = 0.75% (5)

where z = distance below meniscus (m)

Shell shrinkage Dxgneir is calculated based on Dippenaar method™>4!, and output by

CON1D (refer to atachment .shl files). So the final air gap Dxgap between strand and
mold should be:

ngap = DXoia - Dxtaper + DXgya (6)

Thisar gap represents the gap likely to be found in the mold corner. In red cadter,
the ferro-gtatic pressure from liquid sted pushes the solidified sted shell dloseto the

mold, decreasesthe air gap of the interface.

Figure 7 gives the mold digtortion due to the therma expanson and the air gaps
used in CON1D smulation for both the positions a center of the strand and in the corner.
The smulation results show this estimation isfairly reasonable.
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The ar gap between stland and mold is one of the input parametersin CON1D.
Figure 8 compares the input air gap and measured data at 285mm below meniscus. The
result showsthe red air gap varies greetly, but the trend is that the corner has the
maximum air gap, and it decreases with the distance from the corner.

Figure 5 plots the predicted shell temperature at center of strand and corner. This
prediction can also be used for cdibration of the modd, if measurements from optical
pyrometers located just below mold exit are available.
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Figure 9. Shell temperature down the mold

Conclusion

From above discussion, the comprehensive heet transfer and solidification modd of
the continuous dab-cagting mold CON1D, specificdly the heat flow modd for billet
cadting, has been calibrated with measurements on operating casters, including cooling
water temperature rise, mold thermocouple temperatures, and shell thickness. The model
predicts a 60% solid fraction for shell thickness, which matches the tracer test.
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In addition to heet transfer, the mode predictsided mold taper, after caculating

mold distortion based on mold therma expansion, the air gap profile at both center and

corner can be obtained. The output cooling water temperature provides boundary

conditions for 2D smulation.
Future Work
- Parametric study
- 2D Smulation
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Attachment

Center of strand, CON1D input file, jpil.inp
Center of strand, CON1D outpui file, jpil.ext:

condition at mold exit, mold thermocouple temperature
Center of strand, CON1D outpui file, jpil.shl:

shell thickness, temperature and taper history
Center of strand, CON1D output file, jpil.mid:

mold temperature, heat flux and water heet transfer coefficient
Corner of sirand, CON1D inpuit file, jpi2.inp
Corner of strand, CON1D output file, jpi2.ext:

condition a mold exit, mold thermocouple temperature
Corner of strand, CON1D output file, jpi2.shl:

shell thickness, temperature and taper history
Corner of strand, CON1D output file, jpi2.mid:

mold temperature, hest flux and water hegt transfer coefficient



[1] Center of strand, CON1D input file, jpil.inp

CON1D- 6.2 Sl ab Casting Heat Transfer Analysis
University of Illinois, Brian G Thomms, 2001

JKPark billet Center of Strand

(1) Casting Co
1

0

2.2

1540. 000
120. 0000
120. 0000
700. 0000
699. 0000
127. 0000 *

(2) Simulation
0
2

2
15

0. 20. 50.
2800. 1540. 1885
1.0000

17

10. 45. 100. 200.
20. 40. 58. 57.
1

400. 0000

4. 000000E-03
120

10. 000

0. 000000E+00
710. 000

60. 00000

100000
3

10.0 12.5
0. 7000000

I nput Dat a I NP

ndi tions:
Nunber of time-cast speed data points
(I1f=1, constant speed)
Next 2 lines contain tinme(s) and vc(m min) data points

Pour tenperature (C)

Sl ab thickness (nmm)

Slab width (mm

Working mold I ength (mm

Z-di stance for heat bal ance(nmm
Nozzl e submergence depth (nmm

Par amet er s:

Wi ch shell to consider? (0=wi de face; 1=narrow face)

VWi ch mold face to consider(0O=outer, 1=inner,

2=straight nold or narrow face)

Cal cul ate nold and interface (=0 flux casting, or 2 oil casting
or enter interface heat flux data (=-1)

Nunber of z and q data points (if above = 1 or -1)

Next 2 lines contain z(nm and q(kWnR) data

13

)

85. 120. 175. 230. 300. 350. 450. 550. 580. 650. 840. 870.
2060. 1980. 1880. 1830. 1820. 1785. 1680. 1570. 1400. 1375. 1365. 1350

I's superheat treated as heatfl ux?

0=no; 1l=yes (take default);-1=yes (enter data)
Nunber of z and q data points (if above = -1)
Next 2 lines contain z(nm and q(kWnR) data

300. 400. 500. 675. 720. 770. 980. 1120. 1370. 1470. 1575. 1700. 2000.
28. 36. 88. 384. 408. 406. 321. 303. 98. 58. 38. 25. 20

Do you want (more accurate) 2d cal cul ations

in mold? (0=no; 1=yes)

Max. dist. bel ow nmeniscus for 2d mold calcs (mm

Time increment (s)

Number of slab sections

Printout interval (mm

Start output at (nmm

Max. simulation length (nmm

Max. sinmulation thickness (

(smaller of max. expected shell thickness &

hal f of slab thickness)

Max. number of iterations

Shel | thernmocoupl e nunmbers bel ow hot face (less than 10)
Next |ine gives the distance bel ow surface of thernocoupl es(nm
25

Fraction solid for shell thickness location (-)

(3) Steel Properties: (Plain nmedium Carbon Steel)
0.100 0.48 0.001 0.026 0.39 %UC, YVh, U8, %P, %S
0.0 0.02 0.02 0.02 0.01 %Cr , YNi , YCu, YVb, YT

0.003 0.026 0.0
0.020 0.0000 O
1000

10

. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000

.
RPRRPRRRER

56 0.010 0.0000 YAl , %/, YN, ¥\b, %N

. 0000 0.0000 0.0000 %Co, (addi ti onal conponents)
Grade flag (1000, 304, 316, 317, 347, 410, 420, 430, 999)
(carbon steels,..AlSI stainless steels..,user subroutine)
I f CK sinple Ansys. Seg. Moddel wanted for default Tliq, Tsol
(1=yes, 0=no)
Cooling rate used in Seg, Model (if above =1) (K/sec)
Override defaults with follow ng constants(-1=default)
Steel liquidus tenperature (C)
St eel solidus tenperature (C)
Steel density (g/cm3)
Heat fusion of steel (kJ/kg)
Steel em ssivity (-)
St eel specific heat(kJ/ kg deg K)
Steel thermal conductivity(W nK)



-1.00000
0

Steel thermal expansion coefficient

(-)

Use segregation nodel ?(0=no, 1=yes)
(not yet inplemented)

(4) Spray Zone Vari abl es:

25. 00000 Wat er and anbi ent tenperature in spray zone(Deg C)
spray zone condition: (heat tran.coeff.funct: h=A*C*W'n(1-bT))
(Nozaki Mbdel : A*C=0. 3925, n=0. 55, b=0. 0075)
1.570000 A(O=off)
5.500000E-01 n
7.500000E-03 b
8. 700000 m ni mum convection heat trans. coeff. (natural) (W nm2K)
5 Number of zones
No. zone rolls# roll water spryzone spryzone contact Frac.of g spray conv
starts inzone radius flowate width I ength angl e thru roll coeff coeff
(nm (m (I/mn/row (m (m (deg) (W nf'2K)
1 700.0 1 . 0750 18.882 0.984 . 904 0. 000 . 010 . 250 8.7
2 2000. 1 . 0750 9.1872 0. 984 . 050 10. 00 . 080 . 250 8.7
3  2710. 1 . 0950 5.1955 0.984 . 050 10. 00 . 220 . 250 8.7
4  8700. 5 . 0950 3.8966 0.984 . 050 10. 00 . 200 . 250 8.7
5 13640. 1 .1075 2.9044 0.984 . 050 10. 00 . 360 . 250 8.7
14000. 0 End of |ast spray zone (nmm
(5) Mold Flux Properties: (M62-C20)
39.2 38.4 3.4 2.00.6 %CaO, ¥Si 02, VO, ¥Na20, ¥K20
0.0 0.70 0.0 1.3 0.0 %eO, %e203, ¥Ni O, %h O, UCr 203
5.0 0.0 0.0 0.0 1.4 %Al 203, %l O2, ¥B203, %.i 20, ¥%Sr O
0.0 9.31.8 2.6 2.8 %Wr O2, %, W ree C, % otal C, uCO2
1135.0 Mol d flux solidification tenperature(C)
0. 8300 Solid flux conductivity(W nK)
1. 43000 Liquid flux conductivity(W nK)
2.00000 Fl ux viscosity at 1300C (poise)
2700. 000 Mol d flux density(kg/ nm3)
200. 0000 Fl ux absorption coefficient(1/m
-1.0000 Fl ux index of refraction(-)
( -1 = take default f(conposition) )
0.9 Slag em ssivity(-)
3. 089508 Exponent for tenperature dependency of viscosity
1 Form of nmold powder consunption rate
0.48 Mol d powder consunption rate
0. 0000E+00 Location of peak heat flux (m
0. 0040000 Slag rimthickness at metal |evel (m
1. 0000E- 02 Slag rimthickness above heat flux peak (m
(6) Interface Heat Transfer Vari ables:
1 Number of distance-ratio data points
(1=constant ratio of solid flux velocity
to casting speed)
Next 2 lines contain z(mm and vratio (-) data
0. 10. 60. 100. 190. 300. 400. 410. 450. 600. 800. 1000. 1096
.18 .31 .35 .31 .29 .2 .29 .41 .41 .39 .3 .2 .15
5. 600E- 04 Fl ux/ nol d contact resistance(m 2K/ W
0. 500000 Mol d surface em ssivity(-)
5.99999E-02 Air conductivity(W nK)
0 Osc. marks simul ation flag(0=average, 1=transient)
0. 20000000 Oscillation mark depth (nmm
1. 500000 W dth of oscillation mark (nm
3.942 Oscillation frequency (cps)
(-1 = take default cpme2*i pm casting speed)
8. 0000 Oscillation stroke (mm
(7) Mold Water Properties:
-1 Wat er thermal conductivity (WnK) (-1 = default = f(T))
-1 Water viscosity (Pa-s)(-1 = default = f(T))
-1 Wat er heat capacity (J/kgK)(-1 = default = f(T))
-1 Water density (kg/nB)(-1 = default = f(T))
(8) Mold Geometry:
11. 78700 Mol d t hickness including water channel (mm), (outer rad.,top)

14

anb.

t enp.
(DegQ)
25



11. 78700 Mol d thickness including water channel (nm), (inner rad.,top)
100. 0000 Di stance of meniscus fromtop of mold (nm
120. 0001 Di stance between cooling water channel s(center to center)(nmm
360. 0000 Mol d thermal conductivity(W nK)
30. 00000 Cooling water tenperature at nmold top(C)
0. 620000 Cool i ng wat er pressure(MPa)
5.7870 Cool i ng water channel depth(nmm
120. 0000 Cool i ng water channel wi dth(nm
694. 44 Total channel cross sectional area(mt2)
(served by water flow |line where tenp rise nmeasured)
2 Form of cooling water flowate/velocity(l=ms ; 2=L/s)
4.583 Cooling water flowrate per face/velocity
(> 0 cooling water fromnold top to bottom
< 0 cooling water frommold bottomto top)
5.0
5.0 Machi ne radius(m (outer & nner radius)
6 Nunmber of mold coating/plating thickness changes down nold
No. Scal e Ni Cr Others *Air gap Z-positions unit
1 0. 000 0. 000 0. 100 0. 000 0.00 0. 000 (mm)
2 0. 000 0. 000 0.100 0. 000 0. 05 20. 000 (mm)
3 0. 000 0. 000 0. 100 0. 000 0.01 85. 000 (mm
4 0. 000 0. 000 0.100 0. 000 0.01 300. 000 (mm)
5 0. 000 0. 000 0. 100 0. 000 0.02 600. 000 (mm
6 0. 000 0. 000 0.100 0. 000 0. 03 700. 000 (mm)
0. 550 72.100 67. 000 1. 000 0.10 Conductivity (W nK)
0. 250000 *Factor to approxi mate nonlinear heat flow at
meni scus, (first guess for 2d anal ysis)
4.9999999E- 03
6. 4999998E- 02 Equival ent inner and outer radius
(9) Mol d Thernmocoupl es:
11 Total number of thernocouples (space here for t.c. |ocation)
No. Di st ance beneath Di st ance bel ow
hot surface(nm meni scus( mm Measur ed:
10 0.0 285. 00
11 1.0 285. 00
12 3.0 285. 00
13 6.0 285. 00
14 9.0 285. 00
21 0.0 20. 00
22 6.0 20. 00
1 3.0 20. 00 108
2 3.0 70. 00 125
3 3.0 300. 00 118
4 3.0 600. 00 100 (DeltaT=8 DegC)
[2] Center of strand, CON1D output file, jpil.ext:
CON1D-6.2 Slab Casting Heat Transfer Analysis
University of Illinois, Brian G Thomms, 2001
EXIT Cal cul ated Conditi ons EXT
Initial casting speed: 36.67 (nmm's)
Car bon content: 0. 1000 (9
W de face sinulation:
Steel Properties:

The follow ng 3 tenperat
Li qui dus Tenp:

Sol i dus Tenp:

Peritectic Tenp:

ure fromY. M Wn Segregation Mde

1517. 80 Deg C
1468. 40 Deg C
1471.74 Deg C

15



AE3 Tenp:
AE1l Tenp:

Paraneters Based on Derived Ml d Val ues:

Car bon equi val ent:
(using initial casting speed:)
Negative strip tine:
Positive strip tinme:
Vel ocity anplitude of nold oscillation:

Pitch(spaci ng betweeen oscillation marks):

% Ti me negative strip:
Aver age percent negative strip velocity:

Cooling water velocity:

Cooling water flow rate per face:
Average mold flux thickness:

(based on consunption rate)

(assumi ng flux noves at casting speed)

m n. heat trans. coeff. on nold cold face
max. heat trans. coeff. on nold cold face

Wat er boiling tenperature:

Max cold face tenperature:

Max hot face tenperature(copper only):
Max hot face tenperature(w coating):
Mol d water tenp diff(in hot channel):
Mol d water tenp diff(over all channels):
Mean heat flux in nold:

Friction Val ues:

Heat

Heat

Aver age absol ute shear stress in Mld:
Average friction force in Mld:

Max. shear stress in Mol d:

Max friction force in Mld:

M n. shear stress in Modld:

Mn friction force in Mld:

shear stress in Ml d when Vnol d=0:
Friction force in Mld when Vnol d=0:

Bal ance at 699. 02mm

Heat Extracted:

Heat I nput to shell inside:
Super Heat:

Latent Heat in rmushy region:
Latent Heat in Solid region:
Sensi bl e Cool i ng:

Total Heat:

Error In Heat Bal ance:

Bal ance at Mold Exit( 700.04nmm):
Heat Extracted:

Heat I nput to shell inside:
Super Heat:

Latent Heat in rmushy region:
Latent Heat in Solid region:
Sensi bl e Cool i ng:

Total Heat:

Error In Heat Bal ance:

Vari abl es Cal cul ated at Mdld Exit( 700.04nm):

Pr edi
No.

taper (per nold, narrow face):

taper (per nold per length, narrow face):
Shel I thickness:

Liquid flux filmthickness:

Solid flux filmthickness:

Total flux filmthickness:

Shel | surface tenperature:

Mol d hot face tenperature:

Heat fl ux:

cted Thernocoupl e Tenperatures:
di stance beneath di st ance bel ow

894. 67
734. 35

22.74
27.37
150. 0000
115. 1255
149. 8655
156. 1307
7.6528
7.6528
1722.70

10. 1561
0.8531
10. 1561
0.8531
-10. 1561
-0.8531
10. 1561
0.8531

32
2
0
3.
17.55
9
33
1

1.85

9. 64
0. 0000
0. 0000
0. 0000
1146. 12
109. 18
1.3076

tenperature

=2
3333
N R N N
SEEE

I mh2)
)

8gzzzEzE

23
3

s8¥3333
?500
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hot surface(nm) meni scus( mm Deg C

1 0. 00 285. 00 136. 39

2 1.00 285. 00 131. 25

3 3.00 285. 00 120. 97

4 6. 00 285. 00 105. 57

5 9. 00 285. 00 90. 18

6 0. 00 20. 00 118.31

7 6. 00 20. 00 92. 38

8 3.00 20. 00 105. 54

9 3.00 70. 00 124. 25

10 3.00 300. 00 120. 16
11 3.00 600. 00 103. 73

[3] Center of strand, CON1D output file, jpil.shl:

# CON1D V6.2 Slab Casting Heat Transfer Analysis
# University of Illinois, Brian G Thomms, 2001
# SHELL CQut put Shell Tenperature, Taper Histories SHL
# Posi tinme Li gLoc Sol Loc shell Therno- Surf EndWall Taper Taper A dt aper
# coupl T Tenp Def | Instan Cunul Cunu
# mm S mm mm mm C C mm % m % m % m
#
0.00 0. 00 0.0 0.0 0.00 1518.3 1518.3 0. 00 0. 00 0.00 0.00
10. 12 0.28 1.5 0.0 0.00 1518.3 1488.4 0.00 0. 00 0. 00 0.00
20. 09 0.55 2.0 0.0 0.06 1518.3 1480.9 0.00 0.00 0.00 0.00
30. 07 0.82 2.1 0.0 0.21 1518.3 1475.1 0.00 0.00 0.00 0.00
40. 04 1.09 2.5 0.0 0.36 1518.3 1468.7 0.00 0. 00 0. 00 0. 00
50. 01 1.36 2.5 0.2 0.54 1518.3 1457.0 0.01 1.80 0. 49 0. 49
60. 13 1.64 3.0 0.4 0.73 1518.3 1448.6 0.03 1.79 0.71 0.71
70. 11 1.91 3.2 0.5 0.88 1518.3 1440.3 0.04 3.75 0.93 0.93
80. 08 2.18 3.5 0.8 1.11 1518.2 1422.5 0.08 4.70 1.58 1.90
90. 05 2. 46 3.5 0.9 1.30 1518.2 1411.3 0.10 4.35 1.89 2.41
100. 03 2.73 3.8 1.2 1.49 1518.2 1399.3 0.14 6. 44 2.31 3.00
110. 00 3.00 4.0 1.4 1.71 1518.2 1389.0 0.17 4.84 2.59 3.53
120. 12 3.28 4.2 1.5 1.87 1518.2 1381.4 0.19 2.93 2.69 3. 66
130. 09 3.55 4.4 1.7 2.06 1518.2 1371.2 0.22 4.10 2.83 3.56
140. 07 3.82 4.5 1.9 2.25 1518.2 1362.4 0.24 3.56 2.90 3.45
150. 04 4.09 4.6 2.0 2.40 1518.1 1355.5 0. 26 5. 06 2.94 3.33
160. 01 4. 36 5.0 2.2 2.59 1518.1 1346.9 0.29 3.14 2.98 3.24
170. 13 4.64 5.0 2.4 2.76 1518.1 1338.8 0. 30 2.84 2.98 3.16
180. 11 4.91 5.7 2.5 2.90 1518.1 1332.1 0.32 2.68 2.97 3.07
190. 08 5.18 5.6 2.7 3.08 1518.1 1325.1 0.34 2.60 2.99 2.99
200. 05 5. 46 5.8 2.9 3.25 1518.1 1317.7 0. 36 2.40 2.97 2.93
210.03 5.73 5.8 3.0 3.38 1518.1 1311.2 0. 37 2.26 2.94 2.86
220.00 6. 00 6.1 3.2 3.54 1518.1 1305.1 0. 39 3.10 2.93 2.79
230.12 6. 28 6.0 3.3 3.71 1518.0 1298.3 0.40 2.09 2.92 2.74
240. 09 6.55 6.5 3.4 3.85 1518.0 1292.0 0.41 1.98 2.88 2.68
250. 07 6.82 6.6 3.6 3.98 1518.0 1286.3 0.43 2.72 2.85 2.63
260. 04 7.09 6.7 3.8 4.16 1518.0 1280.4 0.44 2.49 2.84 2.58
270. 01 7.36 6.9 3.9 4.30 1518.0 1274.5 0.46 1.78 2.81 2.53
280. 13 7.64 7.0 4.0 4.42 1518.0 1268.8 0. 47 1.69 2.78 2.49
290. 11 7.91 7.0 4.2 4.57 1518.0 1263.6 0.48 2.20 2.75 2.44
300. 08 8.18 7.5 4.3 4.73 1518.0 1258.2 0. 49 2.09 2.73 2.40
310. 05 8. 46 7.5 4.4 4.85 1518.0 1253.0 0.50 1.53 2.70 2.36
320. 03 8.73 7.9 4.5 4,97 1518.0 1248.3 0.51 1.88 2. 67 2.32
330. 00 9. 00 8.0 4.7 5.13 1517.9 1244.0 0.52 1.81 2.64 2.28
340. 12 9.28 8.3 4.8 5.28 1517.9 1239.5 0.53 1.72 2.62 2.24
350. 10 9.55 8.5 4.9 5.39 1517.9 1235.2 0.54 1.67 2.59 2.21
360. 07 9.82 8.8 5.1 5.51 1517.9 1231.2 0.55 1.59 2.56 2.17
370. 04 10. 09 9.1 5.2 5.68 1517.9 1227.4 0.56 1.55 2.53 2.14
380.02 10. 36 9.5 5.3 5.81 1517.9 1223.5 0.57 1.48 2.51 2.10
390. 14 10. 64 9.7 5.4 5.93 1517.8 1219.7 0.58 1.44 2.48 2.07
400. 11 10.91 10.0 5.6 6.05 1517.8 1216.1 0.59 1.71 2.45 2.04



410. 08 11.18 10.5 5.7 6.21 1517.7 1212.6 0. 60 1. 36 2.43 2.01
420. 06 11.46 10.7 5.8 6.33 1517.5 1209.2 0.61 1.31 2.40 1.98
430. 03 11.73 11.0 5.9 6.45 1517.3 1205.8 0.61 1.26 2.38 1.95
440. 00 12.00 11.2 6.1 6.57 1516.9 1202.5 0.62 1.49 2.35 1.92
450. 12 12.28 11.5 6.2 6.73 1516.6 1199.3 0. 63 1.16 2.33 1.90
460. 10 12.55 11.7 6.3 6.85 1516.2 1196.1 0. 64 1.17 2.31 1.87
470. 07 12.82 12.0 6.4 6.96 1515.8 1193.0 0. 64 1.13 2.28 1.85
480. 04 13.09 12.2 6.6 7.08 1515.4 1190.0 0. 65 1.32 2.26 1.82
490. 02 13.36 12.4 6.7 7.23 1514.9 1187.1 0. 66 1.27 2.24 1.80
500. 14 13.64 12.5 6.8 7.35 1514.3 1184.2 0. 67 1.30 2.22 1.78
510. 11 13.91 12.5 6.9 7.46 1513.8 1181.4 0. 67 1.02 2.20 1.75
520. 08 14.18 12.9 7.0 7.57 1513.2 1178.6 0. 68 1.27 2.18 1.73
530. 06 14.46 13.0 7.2 7.72 1512.5 1175.9 0. 69 1.14 2.16 1.71
540. 03 14.73 13.1 7.3 7.84 1511.8 1173.3 0. 69 1.10 2.14 1.69
550. 00 15.00 13.5 7.4 7.95 1511.1 1170.7 0.70 1.12 2.12 1.67
560. 12 15.28 13.5 7.5 8.06 1510.3 1168.1 0.71 0.91 2.10 1.65
570. 10 15.55 13.8 7.6 8.19 1509.4 1165.6 0.71 1.04 2.08 1.63
580. 07 15.82 14.0 7.8 8.31 1508.6 1163.2 0.72 0.99 2.06 1.61
590. 04 16.09 14.0 7.8 8.42 1507.6 1160.8 0.72 1.01 2.04 1.59
600. 02 16.36 14.0 7.9 8.52 1506.6 1158.4 0.73 0.98 2.03 1.58
610. 14 16.64 14.4 8.1 8.64 1505.6 1156.4 0.73 0.94 2.01 1.56
620. 11 16.91 14.5 8.2 8.77 1504.5 1154.8 0.74 0. 88 1.99 1.54
630. 08 17.18 14.6 8.3 8.88 1503.3 1153.3 0.75 0. 83 1.97 1.52
640. 06 17.46 14.8 8.4 8.98 1502.1 1152.0 0.75 0. 83 1.95 1.50
650. 03 17.73 15.0 8.5 9.09 1500.8 1150.8 0.76 0. 80 1.94 1.48
660. 00 18.00 15.1 8.6 9.21 1499.5 1149.7 0.76 0.91 1.92 1.46
670. 12 18.28 15.0 8.7 9.33 1498.1 1148.7 0.77 0.72 1.90 1.44
680. 10 18.55 15.5 8.8 9.43 1496.6 1147.8 0.77 0. 68 1.89 1.43
690. 07 18.82 15.5 8.9 9.53 1495.1 1146.9 0.77 0. 68 1.87 1.41
700. 04 19.09 15.8 9.0 9.64 1493.6 1146.1 0.78 0. 66 1.85 1.39
710. 02 19.36 15.8 9.1 9.75 1492.0 1197.1 0.77 -0.84 1.81 1.21

[4] Center of strand, CON1D output file, jpil.mid:

# CON1D V6.2 Slab Casting Heat Transfer Analysis

# Uni versity of Illinois, Brian G Thomas, 2001

# MOLD Mol d Qut put MLD

# Z Mold TSurf Mol d Tenp Heatfl ux gqcold hwater hw t wat er

# t hi ck hot hotcu cold

# mm mm Deg C (Deg C) MV M2 MV M2  Wm2K Wn2K Deg C

#

0.0 6.0 1518.3 98. 7 90. 3 71.2 2.802 1.038 25204.8 26184.9 30.00
10.1 6.0 1488.4 123.7 118.0 89.7 1.932 1.525 25594.9 26184.9 30.15
20.1 6.0 1480.9 122.9 118.3 92.4 1.523 1.586 25526.8 26184.9 30.26
30.1 6.0 1475.1 125.0 120.3 93.7 1.589 1.617 25501.3 26184.9 30.35
40.0 6.0 1468.7 129.0 124.0 96.4 1.663 1.676 25427.5 26184.9 30.46
50.0 6.0 1457.0 133.9 128.7 99.7 1.738 1.751 25315.5 26184.9 30.56
60.1 6.0 1448.6 139.7 134.3 103.8 1.832 1.839 25162.1 26184.9 30.68
70.1 6.0 1440.3 146.1 140.3 108.1 1.940 1.931 24978.6 26184.9 30.80
80.1 6.0 1422.5 152.1 146.0 112.2 2.050 2.015 24792.6 26184.9 30.92
90.1 6.0 1411.3 155.7 149.4 114.7 2.109 2.064 24680.6 26184.9 31.06

100.0 6.0 1399.3 155.9 149.7 115.1 2.085 2.071 24679.3 26184.9 31.19
110.0 6.0 1389.0 155.3 149.1 114.7 2.066 2.062 24724.3 26184.9 31.32
120.1 6.0 1381.4 154.4 148.3 114.1 2.052 2.049 24782.0 26184.9 31.45
130.1 6.0 1371.2 153.4 147.3 113.4 2.033 2.034 24844.1 26184.9 31.58
140.1 6.0 1362.4 152.4 146.4 112.8 2.018 2.019 24905.6 26184.9 31.71
150.0 6.0 1355.5 151.5 145.5 112.1 2.005 2.005 24964.0 26184.9 31.84
160.0 6.0 1346.9 150.6 144.7 111.5 1.990 1.991 25021.8 26184.9 31.96
170.1 6.0 1338.8 149.7 143.8 110.9 1.976 1.977 25079.0 26184.9 32.09
180.1 6.0 1332.1 148.9 143.1 110.4 1.964 1.964 25132.5 26184.9 32.21
190.1 6.0 1325.1 148.1 142.3 109.8 1.951 1.951 25184.9 26184.9 32.34
200.1 6.0 1317.7 147.4 141.6 109.3 1.938 1.939 25236.7 26184.9 32.46
210.0 6.0 1311.2 146.7 140.9 108.8 1.927 1.927 25286.4 26184.9 32.58
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Corner of srand, CON1D input file, jpi2.inp
CON1D- 6.2 Sl ab Casting Heat Transfer Analysis

Casting Conditions:

1

0.

2.2
1540. 000
120. 0000

Uni versity of

Cor ner of

Nunber
(1f=1,

St rand

of time-cast speed data points

const ant

Il'linois,

I nput

speed)

Brian G Thonas,

Dat a

PRRRPRRPRPRRPRPRRPRRPRPRPRPRRRPRPREPRPRPRRPRPREPRPRPRPRRPRRPREPRPRPRPRRPRRPREPRPRPRPRRPRRPREPRRPRRRLRER

916
905
894
883
873
863
853
843
831
817
802
787
772
758
744
730
717
704
696
677
665
653
641
629
617
606
595
584
573
562
552
541
531
521
512
502
492
483
474
454
436
418
401
384
368
352
337
322
308

25334.
25383.
25430.
25475.
25520.
25564.
25608.
25652.
25698.
25750.
25803.
25856.
25908.
25959.
26008.
26056.
26103.
26148.
26185.
26241.
26284.
26327.
26369.
26411.
26451.
26491.
26530.
26568.
26606.
26644.
26680.
26716.
26752.
26787.
26822.
26856.
26889.
26922.
26955.
27003.
27049.
27094.
27136.
27177.
27217.
27256.
27293.
27329.
27364.

2001
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26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26184.
26230.
26273.
26316.
26358.
26399.
26440.
26479.
26518.
26557.
26595.
26632.
26669.
26705.
26740.
26775.
26810.
26844.
26878.
26911.
26943.
26992.
27038.
27082.
27125.
27166.
27205.
27244.
27281.
27318.
27353.
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Next 2 lines contain tine(s) and vc(m m n) data points

Pour tenperature (C)
Sl ab thickness (nmm)

I NP
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120. 0000 Slab width (nm

700. 0000 Working mold I ength (mm

699. 0000 Z-di stance for heat bal ance(nmm

127. 0000 * Nozzl e submergence depth (nmm)

(2) Simulation Paraneters

0 VWi ch shell to consider? (0=wi de face; l=narrow face)

2 VWi ch mold face to consider(0O=outer, 1=inner,
2=straight nold or narrow face)

2 Cal cul ate mold and interface (=0 flux casting, or 2 oil casting )
or enter interface heat flux data (=-1)

15 Nunber of z and q data points (if above =1 or -1)

Next 2 lines contain z(nm and q(kW nR) data
0. 20. 50. 85. 120. 175. 230. 300. 350. 450. 550. 580. 650. 840. 870
2800. 1540. 1885. 2060. 1980. 1880. 1830. 1820. 1785. 1680. 1570. 1400. 1375. 1365. 1350

1.0000 I's superheat treated as heatfl ux?
0=no; 1l1l=yes (take default);-1=yes (enter data)
17 Nunber of z and q data points (if above = -1)

Next 2 lines contain z(nm and gq(kW n2) data
10. 45. 100. 200. 300. 400. 500. 675. 720. 770. 980. 1120. 1370. 1470. 1575. 1700. 2000.
20. 40. 58. 57. 28. 36. 88. 384. 408. 406. 321. 303. 98. 58. 38. 25. 20

1 Do you want (more accurate) 2d cal cul ations
in mold? (0=no; 1l=yes)
400. 0000 Max. dist. bel ow meniscus for 2d mold calcs (mm
4. 000000E-03 Tine increment (s)
120 Number of slab sections
10. 000 Printout interval (mm
0. 0O0O000OE+00 Start output at (nm
710. 000 Max. simulation length (nmm
60. 00000 Max. sinmulation thickness (nm

(smal l er of max. expected shell thickness &
hal f of slab thickness)
100000 Max. number of iterations
3 Shel | thernocoupl e nunbers bel ow hot face (less than 10)
Next |ine gives the distance bel ow surface of thernocouples(mm
10.0 12.5 25

0. 7000000 Fraction solid for shell thickness location (-)
(3) Steel Properties: (Plain nmedium Carbon Steel)
0.100 0.48 0.001 0.026 0.39 %UC, YVh, U8, %P, %S
0.0 0.02 0.02 0.02 0.01 %Cr , YNi , YCu, YVb, YT
0.003 0.026 0.056 0.010 0.0000 YAl , %/, YN, ¥\b, %N
0. 020 0.0000 0.0000 0.0000 0.0000 %Co, (addi ti onal conponents)
1000 Grade flag (1000, 304, 316, 317, 347, 410, 420, 430, 999)
(carbon steels,..AlSlI stainless steels..,user subroutine)
1 If CK sinple Ansys. Seg. Moddel wanted for default Tlig, Tso
(1=yes, 0=no)
10 Cooling rate used in Seg, Model (if above =1) (K/sec)
Override defaults with follow ng constants(-1=default)
-1.00000 Steel liquidus tenperature (C)
-1.00000 St eel solidus tenperature (C)
-1.00000 Steel density (g/cm3)
-1.00000 Heat fusion of steel (kJ/kg)
-1.00000 Steel em ssivity (-)
-1. 00000 St eel specific heat(kJ/ kg deg K)
-1.00000 Steel thermal conductivity(W nK)
-1. 00000 St eel thermal expansion coefficient (-)
0 Use segregation nodel ?(0=no, 1=yes)

(not yet inplenmented)

(4) Spray Zone Vari abl es:
25. 00000 Wat er and anbient tenperature in spray zone(Deg C)
spray zone condition:(heat tran.coeff.funct: h=A*C*W'n(1-bT))
(Nozaki Model : A*C=0. 3925, n=0. 55, b=0. 0075)
1. 570000 A(O=off)
5.500000E-01 n
7.500000E-03 b
8. 700000 m nimum convection heat trans. coeff. (natural) (W nt2K)
5 Number of zones
No. zone rolls# roll water spryzone spryzone contact Frac.of q spray conv anb.



starts inzone radius flowate wdth I ength angle thru roll coeff coeff
(nm) (M (I/mn/row (m (m (deg) (W nf2K)
1 700.0 1 .0750 18.882 0.984 . 904 0. 000 . 010 . 250 8.7
2 2000. 1 .0750 9.1872 0.984 . 050 10. 00 . 080 . 250 8.7
3 2710. 1 . 0950 5.1955 0.984 . 050 10. 00 . 220 . 250 8.7
4  8700. 5 . 0950 3.8966 0.984 . 050 10. 00 . 200 . 250 8.7
5 13640. 1 .1075 2.9044 0.984 . 050 10. 00 . 360 . 250 8.7
14000. 0 End of |ast spray zone (mm
(5) Mold Flux Properties: (M62-C20)
39.2 38.4 3.4 2.00.6 %Cal, ¥Si 02, %V O, ¥MNa20, ¥K20
0.0 0.70 0.0 1.3 0.0 %eO, %e203, ¥Ni O, %Wh O, UCr 203
5.0 0.00.00.01.4 %Al 203, %Ti 02, ¥B203, %.i 20, %Sr O
0.0 9.3 1.8 2.6 2.8 Wr O2, %, % ree C, % otal C, uCO2
1135.0 Mol d flux solidification tenperature(C)
0. 8300 Solid flux conductivity(W nK)
1.43000 Li quid flux conductivity(W nK)
2.00000 Fl ux viscosity at 1300C (poise)
2700. 000 Mol d flux density(kg/ m3)
200. 0000 Fl ux absorption coefficient(1/m
-1.0000 Flux index of refraction(-)
( -1 = take default f(conposition) )
0.9 Slag em ssivity(-)
3.089508 Exponent for tenperature dependency of viscosity
1 Form of nold powder consunption rate
0.48 Mol d powder consunption rate
0. 0000E+00 Location of peak heat flux (m
0. 0040000 Slag rimthickness at netal level (m
1. 0000E- 02 Slag rimthickness above heat flux peak (m
(6) Interface Heat Transfer Vari ables:
13 Nunber of distance-ratio data points
(1l=constant ratio of solid flux velocity
to casting speed)
Next 2 lines contain z(nmm and vratio (-) data
0. 10. 60. 100. 190. 300. 400. 410. 450. 600. 800. 1000. 1096
.18 .31 .35 .31 .29 .2 .29 .41 .41 .39 .3 .2 .15
5. 600E- 04 Fl ux/ nol d contact resistance(m2K/'W
0.500000 Mol d surface em ssivity(-)
5.99999E-02 Air conductivity(W nK)
0 Osc. marks simul ation flag(0=average, 1=transient)
0. 20000000 Oscillation mark depth (mm
1. 500000 W dth of oscillation mark (mm
3.942 Oscillation frequency (cps)
(-1 = take default cpme2*i pm casting speed)
8. 0000 Oscillation stroke (mm
(7) Mold Water Properties:
-1 Water thermal conductivity (WnK) (-1 = default = f(T))
-1 Wat er viscosity (Pa-s)(-1 = default = f(T))
-1 Wat er heat capacity (J/kgK)(-1 = default = f(T))
-1 Wat er density (kg/nB)(-1 = default = f(T))
(8) Mdld Geonetry:
11.78700 Mol d thickness including water channel (mm), (outer rad.,top)
11. 78700 Mol d t hickness including water channel (mm), (inner rad.,top)
100. 0000 Di stance of meniscus fromtop of nmold (mm
120. 0001 Di stance between cooling water channel s(center to center)(nmm
360. 0000 Mol d thermal conductivity(W nK)
30. 00000 Cooling water tenperature at mold top(C)
0. 620000 Cool i ng water pressure(MPa)
5.7870 Cool i ng wat er channel depth(nm
120. 0000 Cool i ng water channel wi dth(nmm
694. 44 Total channel cross sectional area(mt2)
(served by water flow |line where tenp rise measured)
2 Form of cooling water flowate/velocity(l=ms ; 2=L/s)
4,583 Cooling water flowrate per face/velocity

(> 0 cooling water fromnold top to bottom
< 0 cooling water fromnold bottomto top)

21
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5.0 Machi ne radius(m (outer & nner radius)
6 Nunmber of mold coating/plating thickness changes down nold

No. Scal e Ni Cr Others *Air gap Z-positions uni t
1 0. 000 0. 000 0.100 0. 000 0. 00 0. 000 (mm
2 0. 000 0. 000 0. 100 0. 000 0. 00 20. 000 (mm)
3 0. 000 0. 000 0.100 0. 000 0.10 85. 000 (mm
4 0. 000 0. 000 0.100 0. 000 0.30 300. 000 (mm
5 0. 000 0. 000 0. 100 0. 000 0.40 600. 000 (mm)
6 0. 000 0. 000 0.100 0. 000 0.40 700. 000 (mm

0. 550 72.100 67.000 1. 000 0.10 Conductivity (W nK)

0. 250000 *Factor to approximte nonlinear heat flow at
meni scus, (first guess for 2d anal ysis)

4. 9999999E- 03

6. 4999998E- 02 Equivalent in

(9) Mol d Thernmocoupl es:
11 Tot al

No. Di stance beneath

hot surface(nm

WWWWwoOoowoO wEr o
[cNoNoloNoloNoloNoNoNe)

ner and outer

radi us

nunmber of thermocoupl es (space here for t.c. |ocation)

Di st
meni

ance bel ow

scus(nmm

285. 00

285.
285.
285.

Measur ed:

108
125
118
100 (Del taT=8 DegC)

[6] Corner of strand, CON1D output file, jpi2.ext:
CON1D-6.2 Sl ab Casting Heat Transfer Analysis

Uni versit

y of IIli

nois, Brian G

EXIT Cal cul ated Conditions

Initial casting speed:

Carbon content:

W de face sinulation:

Steel Properties:

Thomas, 2001

EXT

36. 67 (nm's)
0.1000 (%

The following 3 tenperature from Y. M Wn Segregati on Mdel

Li qui dus Tenp:
Sol i dus Tenp:
Peritectic Tenp:

AE3 Tenp:
AEl Tenp:

Par aneters Based on Derived Ml d Val ues:

Car bon equi val ent:

(using initial casting speed:)
Negative strip tine:
Positive strip tinme:
Vel ocity anplitude of mold oscillation:

Pitch(spaci ng betweeen oscillation marks):

% Ti me negative st

rip:

Aver age percent negative strip velocity:

Cooling water velocity:

Cooling water flow

rate per

face:

1517. 80 Deg C
1468. 40 Deg C
1471. 74 Deg C
894. 67 Deg C
734. 35 Deg C
0.1919 (9
0.10 (s)
0.16 (s)
99. 07 (mm's)
9. 30 (nm)
37.93 (9
72.01 (%
6. 60 (m's)
4.5830 (L/s)



Average mold flux thickness:

(based on consunption rate)

(assumi ng flux noves at casting speed)

m n. heat trans. coeff. on nmold cold face
max. heat trans. coeff. on nold cold face
Wat er boiling tenperature:

Max cold face tenperature:

Max hot face tenperature(copper only):
Max hot face tenperature(w coating):

Mol d water tenp diff(in hot channel):
Mol d water tenp diff(over all channels):
Mean heat flux in nold:

Friction Val ues:
Aver age absol ute shear stress in Mld:
Average friction force in Mld:
Max. shear stress in Ml d:
Max friction force in Mold:
M n. shear stress in Ml d:
Mn friction force in Mld:
shear stress in Ml d when Vnol d=0:
Friction force in Ml d when Vnol d=0:

Heat Bal ance at 699. 02nm
Heat Extracted:
Heat | nput to shell inside:
Super Heat:
Latent Heat in mushy region:
Latent Heat in Solid region:
Sensi bl e Cool i ng:
Total Heat:
Error In Heat Bal ance:

Heat Bal ance at Mol d Exit( 700.04nmm):
Heat Extracted:
Heat I nput to shell inside:
Super Heat:
Latent Heat in mushy region:
Latent Heat in Solid region:
Sensi bl e Cool i ng:
Total Heat:
Error In Heat Bal ance:

Vari abl es Cal cul ated at Mol d Exit( 700.04nmm:
taper (per nold, narrow face):
taper (per nold per length, narrow face):
Shel | thickness:
Liquid flux filmthickness:
Solid flux filmthickness:
Total flux filmthickness:
Shel | surface tenperature:
Mol d hot face tenperature:
Heat fl ux:

Predi cted Thernocoupl e Tenperatures:

No. di stance beneath di stance bel ow
hot surface(nm meni scus( mm
1 0. 00 285. 00
2 1.00 285. 00
3 3.00 285. 00
4 6. 00 285. 00
5 9. 00 285. 00
6 0. 00 20. 00
7 6. 00 20. 00
8 3.00 20. 00
9 3.00 70. 00
10 3.00 300. 00
11 3.00 600. 00

0. 0649

22.
26.

64
76

150. 0000
119. 3907
158. 4988
166. 1601
3.4314
3.4314
773.59

10. 1561
0.8531
10. 1561
0.8531
-10. 1561
-0.8531
10. 1561
0. 8531

[EnY

-
OO, OUIOION D™

[N

-
OO, OIOION A~

0.
0.
3.

12
17
94

0. 0000
0. 0000
0. 0000
1428. 03

61.

77

0.5103

tenperature

&
(o]
000000

(KW nt2)

(kPa)
(kN)
(kPa)
(kN)
(kPa)

I 2)

s
3333¢

85
§LQ(Q
300
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[7] Corner of strand, CON1D output file, jpi2.snl:

# CON1D V6.2 Slab Casting Heat Transfer Analysis
# University of Illinois, Brian G Thomms, 2001
# SHELL Qut put Shell Tenperature, Taper Histories SHL
# Posi time LigLoc Sol Loc shell Therno- Surf EndWall Taper Taper A dt aper
# coupl T Tenp Def | Instan Cunul Cunul
# mm S mm mm mm C C mm % m % m % m
#
0.00 0.00 0.0 0.0 0.00 1518.3 1518.3 0.00 0.00 0. 00 0. 00
10. 12 0.28 1.5 0.0 0.02 1518.3 1482.4 0.00 0.00 0.00 0. 00
20. 09 0.55 2.0 0.1 0.34 1518.3 1458.7 0.01 5.28 1.05 1.04
30. 07 0. 82 2.4 0.3 0.52 1518.3 1452.6 0.02 0. 66 1.14 1.14
40. 04 1.09 2.6 0.3 0.68 1518.3 1450.6 0.02 0. 27 0.96 0.96
50. 01 1.36 3.0 0.4 0.80 1518.3 1449.8 0.02 0.11 0.81 0.81
60. 13 1.64 3.1 0.5 0.90 1518.3 1449.5 0.02 0.03 0. 68 0. 68
70.11 1.917 3.4 0.6 0.99 1518.3 1448.0 0.03 0.51 0. 64 0. 63
80. 08 2.18 3.7 0.6 1.09 1518.2 1447.6 0.03 0.14 0.59 0. 56
90. 05 2. 46 3.7 0.7 1.18 1518.2 1447.5 0.03 0.19 0.54 0.50
100. 03 2.73 4.0 0.7 1.25 1518.2 1447.0 0.03 0.17 0.51 0. 46
110. 00 3.00 4.2 0.8 1.32 1518.2 1446.5 0.03 0.15 0. 47 0. 43
120. 12 3.28 4.0 0.8 1.39 1518.2 1446.2 0.03 0.12 0.44 0. 40
130. 09 3.55 4.3 0.8 1.45 1518.2 1446.0 0.03 0.10 0.42 0. 37
140. 07 3.82 4.5 0.9 1.50 1518.2 1445.8 0.03 0.08 0. 40 0.35
150. 04 4.09 4.7 0.9 1.56 1518.1 1445.6 0.03 0. 07 0.37 0.33
160. 01 4.36 4.7 0.9 1.62 1518.1 1445.5 0.03 0. 06 0.35 0.31
170. 13 4.64 4.5 1.0 1.68 1518.1 1445.4 0.03 0.05 0.34 0.29
180. 11 4.91 4.8 1.0 1.73 1518.1 1445.3 0.03 0.33 0.32 0.28
190. 08 5.18 5.1 1.1 1.78 1518.1 1444.6 0.04 0.15 0.32 0. 27
200. 05 5.46 5.2 1.1 1.84 1518.1 1444.3 0.04 0.10 0.31 0.26
210.03 5.73 5.0 1.1 1.89 1518.1 1444.2 0.04 0.08 0.30 0.25
220. 00 6.00 5.0 1.2 1.93 1518.1 1444.1 0.04 0. 07 0.29 0.24
230. 12 6.28 5.4 1.2 1.98 1518.1 1444.0 0.04 0. 06 0.28 0.23
240. 09 6. 55 5.4 1.2 2.02 1518.1 1444.0 0.04 0. 06 0.27 0.22
250. 07 6.82 5.5 1.3 2.07 1518.1 1444.0 0.04 0.04 0. 26 0.21
260. 04 7.09 5.5 1.3 2.11 1518.0 1444.0 0.04 0.04 0.25 0.20
270.01 7.36 5.5 1.3 2.15 1518.0 1444.0 0.04 0.03 0.24 0.20
280. 13 7.64 5.8 1.3 2.19 1518.0 1444.0 0.04 0.03 0.23 0.19
290. 11 7.91 5.8 1.3 2.23 1518.0 1444.0 0.04 0.03 0.23 0.18
300. 08 8.18 6.0 1.4 2.26 1518.0 1444.1 0.04 0.02 0.22 0. 18
310. 05 8.46 6.0 1.4 2.30 1518.0 1443.9 0.04 0. 06 0.21 0.17
320. 03 8.73 6.0 1.4 2.33 1518.0 1443.7 0.04 0. 06 0.21 0.17
330. 00 9. 00 6.5 1.4 2.37 1518.0 1443.4 0.04 0. 06 0.21 0. 16
340. 12 9.28 6.6 1.5 2.40 1518.0 1443.2 0.04 0. 07 0.20 0.16
350. 10 9.55 6.7 1.5 2.43 1518.0 1442.9 0.04 0. 06 0. 20 0.16
360. 07 9.82 7.1 1.5 2.47 1518.0 1442.7 0.04 0.19 0.19 0.15
370. 04 10.09 7.0 1.6 2.51 1518.0 1442.1 0.04 0.16 0.19 0.16
380. 02 10.36 7.6 1.6 2.55 1517.9 1441.6 0.04 0.14 0.19 0.16
390. 14 10. 64 7.9 1.6 2.59 1517.9 1441.1 0.04 0.13 0.19 0.16
400. 11 10.91 8.3 1.7 2.64 1517.9 1440.7 0.05 0.12 0.19 0.16
410. 08 11.18 8.5 1.7 2.68 1517.9 1440.4 0. 05 0.12 0.19 0.16
420. 06 11. 46 8.6 1.7 2.72 1517.9 1440.0 0.05 0.11 0.19 0.16
430. 03 11.73 9.0 1.8 2.76 1517.9 1439.6 0.05 0.11 0.18 0.16
440. 00 12.00 9.0 1.8 2.80 1517.9 1439.3 0.05 0.11 0.18 0.16
450. 12 12.28 9.3 1.8 2.85 1517.9 1439.0 0.05 0.11 0.18 0.16
460. 10 12.55 9.5 1.8 2.89 1517.8 1438.6 0.05 0.11 0.18 0.16
470. 07 12.82 9.5 1.9 2.93 1517.8 1438.3 0.05 0.10 0.18 0.16
480. 04 13.09 9.6 1.9 2.97 1517.8 1438.0 0.05 0.10 0.18 0.16
490. 02 13.36 10.0 1.9 3.01 1517.8 1437.7 0.05 0.10 0.17 0.16
500. 14 13.64 10.0 2.0 3.05 1517.8 1437.3 0.05 0.10 0.17 0.16
510. 11 13.91 10.3 2.0 3.09 1517.8 1437.0 0.05 0.10 0.17 0.16
520. 08 14.18 10.5 2.1 3.14 1517.8 1436.6 0.05 0.16 0.17 0.16
530. 06 14.46 10.5 2.1 3.18 1517.7 1436.0 0.05 0.14 0.17 0.16
540. 03 14.73 10.5 2.1 3.23 1517.7 1435.6 0.06 0.13 0.17 0.16
550. 00 15.00 10.9 2.2 3.28 1517.6 1435.1 0.06 0.12 0.17 0.16
560. 12 15.28 11.0 2.2 3.32 1517.5 1434.7 0.06 0.13 0.17 0.16
570. 10 15.55 11.0 2.3 3.37 1517.4 1434.3 0.06 0.13 0.17 0.16



0.17
0.17
0.17
0.17
0.16
0.16
0.16
0.16
0.16
0.17
0.17
0.17
0.17
0.15

K

580. 07 15.82 11.1 2.3 3.41 1517.3 1434.0 0.06 0.13
590. 04 16.09 11.2 2.3 3.45 1517.2 1433.6 0.06 0.13
600. 02 16.36 11.3 2.4 3.49 1517.1 1433.3 0.06 0.12
610. 14 16.64 11.5 2.4 3.54 1517.0 1432.9 0.06 0.13
620. 11 16.91 11.5 2.4 3.58 1516.9 1432.4 0.06 0.14
630. 08 17.18 11.5 2.4 3.63 1516.7 1432.0 0.06 0.14
640. 06 17.46 11.5 2.5 3.67 1516.6 1431.6 0.06 0.15
650. 03 17.73 11.9 2.5 3.71 1516.5 1431.1 0.06 0.20
660. 00 18.00 12.0 2.6 3.76 1516.4 1430.5 0.07 0.19
670. 12 18.28 12.2 2.6 3.81 1516.3 1429.8 0.07 0.19
680. 10 18.55 12.0 2.7 3.85 1516.1 1429.2 0.07 0.18
690. 07 18.82 12.1 2.7 3.90 1516.0 1428.6 0.07 0.18
700. 04 19.09 12.5 2.8 3.94 1515.9 1428.0 0.07 0.17
710. 02 19.36 12.5 2.8 3.98 1515.7 1432.4 0. 07 -0.41

[8] Corner of srand, CON1D output file, jpi2.mid:

# CON1D V6.2 Slab Casting Heat Transfer Analysis

# University of Illinois, Brian G Thomms, 2001

# MOLD Mol d Qut put

# Z Mold TSurf Mol d Tenp Heatfl ux gqcold hwater hw

# t hi ck hot hotcu cold

# mm mm Deg C (Deg ©) MV M2 MV 2 W 2K W n2

#

0.0 6.0 1518.3 109.7 101.3 79.5 2.782 1.284 25928.0 26498
10.1 6.0 1482.4 157.2 149.4 111.6 2.613 2.011 24702.4 26498
20.1 6.0 1458.7 165.3 157.7 119.3 2.543 2.160 24285.0 26498
30.1 6.0 1452.6 151.4 145.3 111.6 2.053 2.005 24714.4 26498
40.0 6.0 1450.6 135.4 130.2 100.9 1.743 1.776 25252.4 26498
50.0 6.0 1449.8 122.2 117.6 91.9 1.526 1.568 25627.9 26498
60.1 6.0 1449.5 111.8 107.7 84.8 1.361 1.397 25860.3 26498
70.1 6.0 1448.0 103.9 100.2 79.5 1.234 1.264 25997.7 26498
80.1 6.0 1447.6 97.9 94.5 75.4 1.132 1.160 26081.6 26498
90.1 6.0 1447.5 93.6 90. 4 72.5 1.065 1.085 26133.5 26498

100.0 6.0 1447.0 90.5 87.5 70.4 1.020 1.029 26168.6 26498
110.0 6.0 1446.5 88.0 85.1 68.7 0.979 0.985 26195.6 26498
120.1 6.0 1446.2 85. 8 83.0 67.3 0.942 0.946 26218.4 26498
130.1 6.0 1446.0 83.9 81. 2 66.0 0.909 0.912 26237.8 26498
140.1 6.0 1445.8 82.2 79.5 64.9 0.879 0.881 26254.9 26498
150.0 6.0 1445.6 80. 6 78.0 63.9 0.851 0.853 26270.3 26498
160.0 6.0 1445.5 79.1 76.7 62.9 0.825 0.827 26284.4 26498
170.1 6.0 1445.4 77.8 75. 4 62.0 0.802 0.803 26297.6 26498
180.1 6.0 1445.3 76.5 74.2 61.2 0.780 0.781 26309.8 26498
190.1 6.0 1444.6 75. 4 73.1 60.5 0.759 0.761 26321.3 26498
200.1 6.0 1444.3 74.3 72.1 59.8 0.740 0.742 26332.2 26498
210.0 6.0 1444.2 73.4 71.2 59.2 0.723 0.724 26342.7 26498
220.0 6.0 1444.1 72. 4 70.3 58.6 0.706 0.707 26352.8 26498
230.1 6.0 1444.0 71.6 69.5 58.0 0.691 0.692 26362.7 26498
240.1 6.0 1444.0 70.8 68. 8 57.5 0.677 0.677 26372.1 26498
250.1 6.0 1444.0 70.0 68.1 57.0 0.663 0.664 26381.4 26498
260.0 6.0 1444.0 69. 3 67. 4 56.6 0.650 0.651 26390.4 26498
270.0 6.0 1444.0 68.7 66. 8 56.1 0.638 0.639 26399.3 26498
280.1 6.0 1444.0 68.1 66. 2 55.7 0.627 0.628 26408.1 26498
290.1 6.0 1444.0 67.5 65.7 55.4 0.616 0.618 26416.7 26498
300.1 6.0 1444.1 67.0 65. 2 55.1 0.606 0.609 26425.3 26498
310.1 6.0 1443.9 66. 7 65.0 54.9 0.602 0.603 26434.0 26498
320.0 6.0 1443.7 66.5 64.7 54.8 0.599 0.599 26442.8 26498
330.0 6.0 1443.4 66. 3 64.6 54.7 0.595 0.595 26451.7 26498
340.1 6.0 1443.2 66. 2 64. 4 54.6 0.591 0.591 26460.6 26498
350.1 6.0 1442.9 66.0 64. 2 54.4 0.588 0.588 26469.3 26498
360.1 6.0 1442.7 65. 8 64.1 54.3 0.584 0.584 26478.1 26498
370.0 6.0 1442.1 65. 6 63.9 54.2 0.581 0.581 26486.7 26498
380.0 6.0 1441.6 65.5 63.8 54.1 0.577 0.577 26495.4 26498

[oNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNo oo oo oo oo o No e o o) o) o) No) o) No) o) No) e el
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0.16
0.16
0.16
0.16
0.16
0.16
0.17
0.17
0.17
0.17
0.17
0.17
0.18
0.14

M.D

t wat er

De

g C



390.
400.
410.
420.
430.
440.
450.
460.
470.
480.
490.
500.
510.
520.
530.
540.
550.
560.
570.
580.
590.
600.
610.
620.
630.
640.
650.
660.
670.
680.
690.
700.

ORRPRROORRRRPROORRROORRRLRRLROORRRLROORRERE

PPPIPPPPPPPPOPPDPANPAPPPOPROND NP PO

[eNoNolololojlololoololojolololololololololoolololoNe oo oNe o}

1441.
1440.
1440.
1440.
1439.
1439.
1439.
1438.
1438.
1438.
1437.
1437.
1437.
1436.
1436.
1435.
1435.
1434.
1434.
1434.
1433.
1433.
1432.
1432.
1432.
1431.
1431.
1430.
1429.
1429.
1428.
1428.

OCONOUIRPROOPRPOWOOWNRPRODOODODOWNOWOO WOOMNPR

QUi aUIoOoON0ORNWIUIONOORWAUIINOORF, W

OO O0OO0O0OO0O0OO0O0OO0OORNWRARIITONOORNMITIONOONWMOD

QO OO UORABRMRARARARMNIIIOONODOOORNWWRAIUIONOWMOOO

COLLLLLLLLLLLLLOLOLOLOLOLO000000

574
571
567
564
561
558
555
552
549
546
543
541
538
535
532
529
527
524
522
519
517
514
514
513
513
513
512
512
512
511
511
510

COLLLLLLLLLLLLLOLOOOOOLO00000000

574
572
567
564
561
558
555
552
549
546
543
540
538
535
532
529
527
524
521
519
517
514
514
513
513
513
512
512
512
511
511
510

26504.
26512.
26521.
26529.
26538.
26546.
26554.
26563.
26571.
26579.
26587.
26596.
26604.
26612.
26620.
26628.
26636.
26644.
26652.
26660.
26668.
26675.
26684.
26692.
26700.
26708.
26716.
26724.
26732.
26740.
26748.
26755.

OCOOROOORRPRPFRPOFRPRWRAMRUODRARDMPRWONRFPOORARRPOWOUIRLNE

26498.
26498.
26509.
26518.
26526.
26534.
26543.
26551.
26559.
26568.
26576.
26584.
26592.
26600.
26608.
26616.
26624.
26633.
26640.
26648.
26656.
26664.
26672.
26680.
26688.
26696.
26704.
26712.
26720.
26728.
26736.
26744.

POV UINONOOOOOOWONRARNONWOIEFROOO
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