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Introduction

* Need a simple model of the mold for shell
solidification models coupled with:
— Shell mechanical behavior
— Mold distortion
— Fluid flow

» “Reduced-order model” (ROM) options:
— CON1D: 1D mold (2D at meniscus), interface, shell, efc.
— Layer of finite elements: mold as a rectangle/brick
— Boundary condition: mold as zero-D model

University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . L. C. Hibbeler . 2




Thot

RO M M o I d é Fin CI[::::;:CI
13 Parameters \
foul Twater
¢ Thicknesses Distance from H:; Face 7

— Coating layer dcoat
— Mold plate  dplate
— Fouling layer dsou
— Thermocouple position drc

» Channel geometry
— Pitch e .
— Width we
— Depth d.

* Thermal conductivity
— Coating layer kcoat
— Mold plate kmotd
— Fouling layer  kfoul

* Boundary conditions
— Uniform heat flux ¢hot

— Uniform convection condition L ) dw_)‘ L_

hwater ) Twater

-F 'in Path

Channel Path

w
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S 1D Temperature Solution
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» Treat channels as fins, solve 1D steady
conduction equation to give

_ 1 d d - .
Twatcr + Ghot ( + plate + coat ) f0<z< dcoat
hcold kmo]d kcoat

Tip(z) =

e 1 d ac+dcoa -
Twater + Ghot (h + = :

> if deoat < = < deoat + dp]atc
cold kmold

 Cold face HTC: = (;’—) ixoots + <1 - %> s

C (o]

B = "m0 3 o (8)

L _ 1 dw d.
hroots B hwater Egou 8= hwatcrd hwater Pc — We
kmo]d ¢ kmold 2
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Water Channel HTC

 We recommend the Sleicher-Rouse model
— Good fit (7% error) with measurements

kwater -
hwater = NUu D Nu at Tywater
h,c
Nu =5+ 0.015Re“*Pr*
0.24 1
a; = 0.88 — ypy e az =3+ 0.5exp(—0.6 Pr)
Re — pwaterﬁwaterDh,c Pr — HwaterCp,water
Mwater Kwater
Re at Thim = % (Twater + Tc) Pr at T,
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Y. ~ Aside: Optimum Fin Geometry
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* h with

~ 3mm

4 has the maximum value of 5/3 h
_ 2 Fmold _ 1 Fmold
4 hwater 4 h'water

col water

Pc

~ 9mm We

1 kmold
2 hwater

Values from solving the unconstrained optimization problem Vheold(pe, we, de) = 0

assuming no fouling and constant h,,,,
* Fin assumption not valid at this configuration

« BUT, maximizing the heat extraction is one of
many goals of mold/channel design

d. = atanh(y)

~ 21 mm 0.95<x < 1.0
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S ROM Calibration
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 Use a small 3D FEM model of the mold that
captures all the details of mold heat transfer

— Called “snapshot” model in ROM literature

Calibration Domain

Mold

v /l\ v Jmolc Hot Face

Thermocouple
Face

Thermocouple Hole
Water
Channels

Bolt Hole

mold
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« Examine blueprints, calculate channel geometry Pc Wc d.

2
We.d. = M 1+4/1 Dh.physica] Ac _ Ac total
cy Qe = - o i —
Dh.physical Aphysica] Pc Wmold

Maintain 1) cross-sectional area 2) hydraulic diameter and 3) water area per unit width

 Build 3D calibration model, calculate average hot face,
average channel, max channel, average TC temperatures

d _ kzlold T To k° 1 dgoat
plate = —¢o ( 3D, hot — watcr) ~ Mmold ho + k°

lﬁot cold coat
10 ko Use same values of
droots = (;+Old (TSD.hot - TBD.roots) Si dgoat (1 - "2—0](1) km0|d, qhot’ hwater’
hot - and coating and
kol o kol fouling layers as
dchanncls =S (TSD.hot - TSD,C) + dcoat, L— 7.0 .
Bk kgat used in 3D model

o o

1d o 1d

drc = == (T3p,hot — T3D,1C) + diar | 1 — k"o‘—o
qhot coat
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Example Slab Caster
Wide Face
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188
ALL DIMENSIONS
IN MM 7.9‘<20.9#20.9T20.9T20.9T20.9>‘<20.9)‘(20.9)‘(20.9)‘7.9
AR 20006
175
20 50
5]~
(49}
42 *7 100
22 5
Channel 1 2 3 4 5 6 7 8 9 ROM
Ae, mm? 107.3 107.3 107.3 107.3 107.3 107.3 107.3 107.3 107.3 107.3
Dy c, mm 8.278 8.278 8.278 8.278 8.278 8.278 8.278 8.278 8.278 8.278
Troots, °C 85.68 83.19 83.29 83.16 84.44 84.48 83.13 83.18 85.63 85.68
1%, °C 47.66 47.30 47.65 47.14 47.86 47.88 47.17 47.24 47.61 47.50
[ — kW/(m2 -K)  27.68 27.68 27.68 27.68 27.68 27.68 27.68 27.68 27.68 27.68
. —_ 2 — . = (o]
WF and NF: g, = 1.31 MW/m?, k. q = 200 W/im'K, T, ..o, = 27.5 °C
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Example Slab Caster
Narrow Face
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78.5

ALL DIMENSIONS

IN MM 17.

.7 ‘ 14. 12.6 —>

1 ‘

Channel

Ac, mm?
Dy e, mm
Troots, °C
T., °C

 hwa
University

ter, KW/(m? - K)
of lllinois at Urbana-Champaign

1
89.27
8.000
79.71
47.34
27.09

2 3 4
89.27 89.27 89.27
8.000 8.000 8.000
78.54 81.14 82.36
45.09 47.16 48.71
27.08 27.09 27.09
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5
71.26
9.525
83.07
59.03

26.37
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ROM
85.26

8.339
83.07
49.70
26.93
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Example Slab Caster
N ROM Mold Geometry
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Mold dplate droots dchannels P c Wc dc dTC

WF 2186 2048 26.31 20.89 5.170 20.76 12.17
NF 2843 2690 3199 17.44 5834 1462 --

All dimensions in mm

Calibrated geometry perturbed <10% from
closest nominal blueprint geometry

Use this geometry in CON1D to get results
as accurate as 3D model
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« |f the calibrated plate thickness in the 1D
solution were sensitive to the heat load, then
the derivatives involve extra terms, e.q.,

UT]I) _ 1 + d])lutv) Ghot U(Iplulo
U(Ih()t h('(;l(l kmo 1d l“mold 0(11101

 |f the second term is small relative to the first,

O(II)IM(‘
0(1]1()(

I"mo](l dplz\l(‘

Ghot h(‘ol(l Ghot

then we can say the calibration procedure is
independent of the particular choice of g,
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Sensitivity to BCs
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Numerical experiment

10!

10°

(m?3- K/MW)

R (e

U”plm e
ORS, .
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xx ]“mo]d Uh(‘old
X 2 -
X, hZq Ohwater
X,
)(Xx
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Xxxxx
KXo
x
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Water HTC hS,,,., (kW/(m?-K))

» Calibration is independent of heat load, weakly sensitive to
conductivity, and somewhat sensitive to water HTC

« Calibrating with h,,4,
h

water

= 40 kW/m?-K and using the ROM with
=50 kW/m?*-K causes about 0.6 mm error in d .,

which causes about 4 °C error in mold temperatures
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M ROM vs 2D FDM Model
W&,
0 T T T T T
Meniscus |
100
. ,’—g\ 200 =
« Away from meniscus = -
the ROM matches S
. P> 400 § -
well with a 2D FDM < 3
model with same BCs & | ROM
. 600 | = 2D ]
S
. R 700 | o
* This example usesa -]
: ; g 800 | -
Qhot Profile with a g L Cold|Face
sharp peak A 900 i
p p A Hot Face
1000 F | =
1100 - - - . - . - -
Thanks to K. Swartz 0 100 200 300 400 500 600
for 2D calculations Temperature (°C)
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ROM vs 3D FEM Model
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0
« Away from meniscus ’g: 100 |-
and mold exit the 5 200 -
ROM matches well 2 300 |
with @ 3D FEM model 5 "/
with same BCs =
— Bumps are bolt holes E, 500
2 600 -
(/]
« This example uses a g 700 |
“typical” gy, profile g 800 |
900 ——+—1 .

0 100 200 300 400 500

(¢
Thanks to G. Hamilton Hot Face Temperature (°C)

for 3D calculations
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Using the ROM

1. Standalone CON1D is fast and accurate
— Includes 2D correction near meniscus

2. In 2D and 3D models of shell heat transfer
(with deformation, fluid flow, efc.),

a) model the mold as a rectangular plate of

calibrated thickness a,, with h.,y and T,

convection on the back
b) use a “zero-D” model of the mold with
1 1 dplate + dcoat

ater

hmold hcold kmold kcoat
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X ROM Mold as Plate
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* Mold as rectangle or brick of
thickness a4, With Ay apd
T.ater fOr cold-face convection
Peois A Solidifying
« Allows for heat conduction mo shell
in other directions
— Axial near meniscus
— Transverse near slab corners
« Several layers of elements for pjate
tranS|ent behaVIOI’ Mold dplate hwater hcold
mm kW/m?-K  kW/mz-K
WF 2186 264 315
NF 28.43 26.4 33.6
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . L. C. Hibbeler . 17
Q
ROM Mold as BC
. To =Ty
* Mold a single row of elements at hot
face temperature (use constraint
equations) with h__,, on cold side Ti=Ts
. ABAQQS subroutine FILM gives 5= T b solidifying
Tit @s input and wants h, 4 and shell
dh,4/d T @S output T,=T,
T,=T,
hwaer hmold
Mold  \wimek  kwimeK \/
WF 26.4 6.76 Constrain temperatures
NF 26.4 5.64 to be the same for all

pairs of nodes

University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . L. C. Hibbeler . 18




1O\
Q
')l’

\ nUous
\C2sting
C?nﬁsgrtlurn

ROM as BC - Implementation

« Within FI1LM subroutine, solve two equations

dplate + dcoat>

hcold (Tc) kmold kcoat

+ dplate + dcoat - dchannels)
hcold (Tc) kmold

Thot = Twater + Ghot <

I. = Twater + Gnot <

simultaneously for gy, and T (coupled with h,.e(T,)
* Mold HTC is then

Qho‘z 8hmold o hmold
Thot - Twater 8Thot Thot - Twater

hmold —

« Demonstrated in later talk
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» Physics of 1D temperature solution used to
construct a ROM of mold heat transfer

« Heat transfer characteristics consistent with
the physical mold, by construction

« Key temperatures as accurate as a 3D FEM
model, by construction, in fraction of the time
— Hot face
— Channel root and average
— Thermocouple
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