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*  Non-optimal mold flow causes level fluctuations, excessive surface velocity, and inclusion
particle transport, leading to defects in the cast product.

» Physical water model offers excellent visualization to study mold flow, and has similar
kinematic viscosity to molten steel.

+  What is the best way to construct and operate a water model and how accurately can it
match flow-related behavior in the real caster?

+ A validated computational model has been used to evaluate water modeling of both thick-
slab steel caster and thin-slab funnel mold. Model formulation:

= 3-D, steady, incompressible Navier-Stokes equations with mass conservation
= Single phase with standard k-e model (RANS approach)

= Mass and momentum sink to model shell solidification

= using FLUENT

* The following differences between water models and steel casters are studied for effect on
flow pattern, impingement point, surface velocity, and surface level fluctuations:

= Effect of scaling (full and 1/3),

= Top-surface layer treatment, (air, oil, or hollow beads)
= Shell solidification (with sink terms)

= Relative slab thickness (thick and thin caster).

+  The results from different cases are compared to determine the accuracy of different types
of water models, and to suggest guidelines for water model construction and operation.
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Differences between water
model and steel caster

University of Illinois at Urbana-Champaign

To capture flow features of a caster using water model, it is important to
overcome the major differences between them:

Water and steel have greatly different properties, such as density, dynamic viscosity,
surface tension, and multiphase contact angle.

Water models often are constructed at reduced scale, to lower cost.

Top surface is usually open to atmosphere while in steel casters it is covered with
high viscosity slag (highly sensitive to temperature).

Water models lack shell solidification even though sometimes tapered walls on wide
and narrow faces are manufactured to match solidification front.

Real casters have continuous solidification of steel with significant temperature
variations, so buoyancy effects can be significant and are usually not modeled in
water models.

Water model at the bottom usually delivers water to a tank to be pumped back into the
tundish for recirculation. In casters, liquid steel domain tapers to end completely.

Of these main differences, shell solidification and top free surface effects are
most important especially in the upper region of the mold. Bottom effects can
be addressed by making long-enough water model.

Metals Processing Simulation Lab R Chaudhary
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Water Model Construction and Operation
Criteria: Single-phase

To address these differences, scaling criteria have been developed:

Kinematic viscosity matches at ~27°C and is around 15% higher in water at
~20°C. Thus, for single-phase flow, water and steel behave very similarly.
Their surface tensions and contact angles greatly differ.

To balance inertial and viscous forces, theoretically requires Reynolds
similarity, meaning that the water model should have the same Reynolds
number as the caster.

Because the free surface-flow is also important, the Froude number, which
balances inertia and gravity, should be matched as well.

To match both Reynolds and Froude similarity simultaneously needs a full-
scale water model, (assuming equal kinematic viscosities).

Once the flow is fully turbulent, the effect of Reynolds number is small, so
the requirement of satisfying Reynolds similarity is often relaxed, and a
small-scale model can often be used with only Froude satisfied.

In this case, the flow rate must be decreased in the water model by: A2,
This means dropping casting speed by a factor of A%%, or 0.6 for a 1/3 scale
model (A=1/3, geometric scaling factor), and scaling all velocities with A%-5
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ol Water Model Construction and Operation
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N Criteria: Multi-phase flow
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» To balance inertia and surface tension also requires
satisfying Weber similarity.

» To satisfy Weber and Froude similarities together
requires a 0.6-scale model.

* However, the phenomena involving surface tension
are very complex, and usually involve slag-steel
interaction, multiphase flow, and other important
phenomena such as bubble size, slag/steel
viscosities, slag and steel density, droplet
emulsification which cannot properly incorporated
with a simple water model.

» Thus, it is likely not helpful to match Weber number
without matching many other phenomena as well,
which is extremely difficult to achieve.

- (Weber #)Wesz;stingdb /O'. o
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Solidifying shell for thick slab caster and thin slab
funnel mold (using CON1D)
Ref: Y. Meng and B.G. Thomas: Metall. Mater. Trans. B,
2003, vol. 34B, pp. 685-705.

Water model (no-shell) & caster (shell)

>>For 1/3 water model, all linear dimensions are scaled down by 3, keeping port angles same
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B Dimensional details on thin-slab funnel mold
S, model and its full scale water model

Snsortium
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Solidifying shell profile for thin-slab funnel mold is given on previous slide.
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Parameter/property Thick slab Thin-slab funnel mold
Caster Full-scale water 1/3 water model Funnel mold Full-scale water model

model (@20°C) (@20°C)
(@27°C)

Casting speed (m/min) 1.764 1.764, 5.44 1.0186,3.145 3.6 3.6

Mold width (mm) 1500 1500 500 1450 1450

Mold thickness (mm) 225 225 75 90/170 90/170

Mold length (mm) 3600 3600 1200 1200 1200

SEN depth (mm) 180 180 60 265 265

Nozzle port (mm) (H,W.T) 80.1, 69.9 80.1,69.9 26.7,23.3 141,127, 28 141, 127,28

Nozzle port angle (deg) 25 25 25 9.8 (vertical) 9.8 (vertical)

Nozzle bore ID/OD (mm) 75/129 75/129 25/43 80 80

Density (kg/m?) 7020 1.0 998.2 7020 998.2

Dynamic viscosity (Ns/m?) 0.006 0.00085 0.001 0.006 0.001

Kinematic viscosity (m?%/s) 0.85x10-06 0.85x10%@27c 1.0x10°% @20°c 0.85x10706 1.0x10-%@20°c

Fluid above top surface (density, kg/m?)) Slag(p=3000) Beads(p=426), oil Air(p=1.18),beads(p=42 | Slag (p=3000) Beads (p=426)
(p=890) 6),0il(p=890)

Mass/momentum sink with shell Yes No No Yes No

solidification

Domain modeled (nozzle & mold) Va Va Ya Y Y2

Top surface condition No-slip No-slip Free- and no-slip No-slip No-slip

Vertical downward motion of wide and Yes No No Yes Yes

narrow faces with casting speed
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ol Various cases studied to evaluate water
s modeling
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Thick-slab mold

Caseno | Type of model Top surface condition | Froude no (Fr) | Reynolds no (Re) Casting speed (m/min)
Case:l Steel caster No-slip (slag) 0.0050 -- 1.764
Case:2 Full-scale water model at 27 °C No-slip (beads & oil) 0.0050 13462 1.764
Case:3 Full-scale water model at 27 °C No-slip (beads & oil) 0.0152 41519 5.440
Case:4 1/3r4 water model at 20 °C No-slip (beads & oil) 0.0152 6817 3.141
Case:5 1/34 water model at 20 °C Free-slip (air) 0.0152 6817 3.141
Case:6 1/34 water model at 20 °C No-slip (beads & oil) 0.0050 2203 1.0186
Case:7 1/34 water model at 20 °C Free-slip (air) 0.0050 2203 1.0186

Thin-slab funnel mold
Case:8 Steel caster No-slip (slag) - -- 3.6
Case:9 Full-scale water model at 20 °C No-slip (beads) - -- 3.6

Two Froude numbers: Fr=0.0050 & Fr=0.0152

Thick-slab mold: 1/3r9 and full scale water model
Thin-slab funnel mold: Full-scale water model
Top surface treatment: Beads & oil (no-slip), air (free-slip)

/ — / Hollow beads to achieve same density ratio
pbeads pwater ps!ag psael as slag in steel
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o Effect of scaling (full vs 1/3): comparison of mold-mid
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Susos plane velocity contours and streamlines
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>>Since only Froude similarity is satisfied and full-scale is 3 times in all linear dimensions, maximum velocity

in full-scale is sqrt(3) times that in 1/3rd water model.

>>Flow patterns do not match in lower region at Fr=0.0050, because of flow becoming laminar in the lower

region of 1/3 scale water model.

>>At Fr=0.0152, flow patterns matches closely in the whole domain (and with the high-velocity Fr=0.0050).

>>Although such high casting speed (5.44 m/min, at Fr=0.0152) is practically difficult to achieve, but

importance of flow regime is clearly shown through this study.
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NG Effect of scaling (full vs 1/3): Comparison of
E""; surface velocity
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______ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1
Narrow| Nozzle|
face .Iyormalized horizontal distance from narrow face up to nozzle outer
(113" water model: distance!Lw, full-scale water model & caster:distance.‘Lc}

>>Scaled surface velocity (5 mm below surface in 1/3" and 15 mm in full scale)
matches well at both Froude numbers.
Compare case-2 &case-6 (Fr=0.0050) and case-3 & case-4 (Fr=0.0152).

>> This study shows a quantitative match in upper recirculation zone between 1/3
and full scale water models at both Froude numbers.

This match is also achieved with other scaling criteria (such as Re number
similarity, or linear scaling)
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N Effect of scaling (full vs 1/3™): comparison of
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S downward velocity
2nsortium
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Compare downward velocity
(1 m below surface in 1/3rd scale and 3 m below surface in full scale)

>>For low-velocity Fr=0.0050, (cases 2 and 6), flow patterns are quite different in 1/3'¢ and full-scale
water models in lower region (below ~0.8m) because slower jet detaches from narrow face in laminar
1/3rd water model. The full-scale jet has enough momentum to stay attached so velocity is different.

>>Root cause of difference is: Reynolds number in 1/3rd water model is in transition regime while full-
scale model is fully turbulent for this Fr=0.0050.

>>For high-velocity Fr=0.0152, scaled downward velocity in both cases (3 &4) match because both are
fully turbulent.
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Q& Effect of scaling (full vs 1/3): comparison of
N free surface profile

Snsortium

FI’:00152 FI’ZOOOSO 10 = Case-1 = Case-2 -+ Case-2 (with oil) = Case-3 = Case-4 - Case-6 -+ Case-7
Beads |Case3 Case 2 T
(full water) R i
§ %g {‘_;‘_ g L =02285m
Beads |Case4 Case 6 g23 e N L ~0.6855m
L A " N
(1/3 water) E g s eeal * R
@ e - 5 =1 s oS
E EE i P i
g §§ o s 4 --
g5 335
Ehe?
=2
= -
= Bl
fll_ o1 0.2 0.3 0.4 5 0.6 0.7 08 (IR .
Narrow d MNormalized distance from narrow face up to nozzle [Noxzlej
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Compare surface level along mid-line between wide-faces

>>Higher surface level close to narrow face.

>>Surface level variation matches in between 1/3 and full-scale water models at both
Froude numbers (case-2 & case-6(Fr=0.005) and case-3 & case-4 (Fr=0.0152)).
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Effect of Slag: Comparison of flow patterns
in 1/34 water models

Beadsnon top ir on top
o= j e

——

Air on top
N OpF

Transition (Re=2105)
17 wenter naodel

(Casting speed=1.0186 m/min
dip at the {Carling speed—1.0156 na/nain)
( =n [lree-slip at e top)

>>Flow patterns at both Froude numbers (=0.005 & 0.0152) matches closely in
between beads and air cases except close to top surface where assuming air on the
top gives much higher surface velocity.

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . R Chaudhary 14




o\ . .
“%% Effect of slag: horizontal velocity

Surface velocity along top

Horizontal velocity down caster
(at 5 and 15 mm from top)

(vertical line at 50 (in1/3) and 150 (full) mm from narrow face)
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topeures Normalized vertical distance from free surface up to mold exit fuse | Wormalized horizontal distance from narrow face up to nozzle outer
(1/3" water model:distancelL , full-scale water model & caster=distancelL ) (173" water model: distancelL , full-scale water model & caster:distance/L )
Fr=0.0152 | Fr=0.0050
Beads (1/3 water) | Case 4 Case 6
Air(1/3 water) Case 5 Case 7

>> Surface velocity magnitude with air on the top (free-slip) is ~2 times higher than with Beads (no-slip) at
both Froude numbers. (case-6 & 7 (Fr=0.0050) and case-4 & 5(Fr=0.0152))

>>Top surface boundary affects velocity in upper zone up to 0.05 units normalized vertical distance
afterwards close to jet and in lower region this effect disappears.

>> Beads imitate high viscosity slag to give proper surface velocity, air on the top of water model gives
unreasonable high velocity.
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S Effect of slag: free surface level profiles
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= Case-1 = Case-2 -+ Case-2 (with oil) = Case-3 5 Case-4 — Case-6 -+ Case-7
Fr=0.0152 | Fr=0.0050 11&_\” T z - - :

Beads (1/3 water) Case 4 Case 6 Surface IeV'el along mld_llne

Air (1/3 water) Case5 Case7 between _Wlde-faces

Slag (Steel) Case 1 t"":::::::

QOil (full water) Case 2 with oil €

Normalized free surface level
(13" water model: 3xlevel,
full-scale water model & caster: level)

0 [N ] 0.2 0.3 4 05 (X 0.7 (%] 0.9 1

farrow Normalized distance from narrow face up to nozzle Nezle
L face _[(1/3" water model:di L, full le water model & caster:distance/l )

>>Higher Fr number gives ~9X higher waves (due to squgre of ~3X higher velocity)

>>Beads on top, chosen to match the slag-steel density ratio, can give reasonable
surface level profiles matching caster, in 1/3-scale water model (case 1 vs. case 6).

>> Air on top gives much higher (~2 times) surface wave (case 7 vs. case 1) at both
Froude Numbers (at Fr=0.0152, case 5 gives wave height 20mm which is off the chart!)

>>Qil on top is heavier than beads or air (density: 890 vs 426 and 1 kg/m3), has even
higher amplitude surface waves than with air (case 2 with oil vs. case 7).
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%& Effect of shell and mold thickness: Flow patterns
"’:_:wauom thick-slab and thin-slab casters and their full-scale water models
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(Castimg speed=1.764 mvmin)
Fr=0.0050
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Effect of shell and mold thickness:
Discussion of flow patterns

* Flow pattern is classic double-roll in both thick-slab mold and thin-slab
funnel mold and their water models.

+ Water model differs from steel caster, in spite of length assumed very
long (so that outlet does not interfere).

e Thick-slab mold:

— Qualitatively, flow pattern in caster matches its full-scale water model in upper
region. The lower roll is extended slightly downward

— Caster gives higher surface velocity than water model
(same port inlet velocity)

* Thin slab funnel mold:

— water model has straighter jet trajectory than steel caster, yielding a lower jet
impingement location and elongated rolls (in the z-direction).

— Both recirculation zones are extended downwards in the water model,
especially the lower roll.

» Thin slab mold shows greater differences than thick-slab mold.
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"p;\ Effect of shell and mold thickness:

s, Downward velocity profiles
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At 0.4 min 1/3rd and 1.2 m in full-scale/caster At 1 min 1/3rd and 3 m in full-scale/caster

-4 Case-1 + Case-2 < Case-3 = Cased

'

< Cuse-1 + Case-2 -+ Case-3 & Case—d = Case-6 "‘dggi-ﬁu-p

= i
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Normalized Downward velocity
Normalized Downward velocity
(113" water model:1.732V,
full-scale water model & caster:V)
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BN M| 0z 03 04 05 e 07 0y 0y 1 face ized di from narrow face up to mold-mid
arrow Alold-mid (113" water model:distancell , full-scale water model & casner:d!stanc&ch}

Fage Normalized horizontal distance from narrow face up to mold-mid
(113" water model:dist L I water model & caster=distancell )

W

Fr=0.0050
Slag (Steel) Case 1

Beads (full water) [ Case2

>> Below jet (at 0.4 & 1.2 m), caster shows higher downward flow from mid-half to shell to
adjust for less mass going through shell compared to no-shell. (case 1 & 2)

>>Effect of shell solidification is small at the mold center compared to near narrow face.
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ol Effect of shell and mold thickness: Free

Ciss surface velocity
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Thick-slab mold Thin-slab funnel mold (10mm
ll.‘J_(_Sm_m in 1/3® & 15 mm in full-scale below free surface) B betow-freesurface)
& Case-1 * Case-2 = Case-3 0 Case-4  Case-5 — Case-6 =+ Case-T El
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|_= =0L6RES m
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Normalized velocity magnitude
(13" water model:1.752 v,
full-scale water model & caster: V)
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fuce_| Mormalized horizontal distance from narrow face up to nozzle outer
(113" water model: dIsranceﬂLw. full-scale water model casner:distancerL::

Fr=0.0050 >>At Fr=0.0050, thick slab caster gives slightly higher surface velocity

3l close to narrow face and lower close to nozzle compared to both 1/3rd
ag (Steel) Case-1 g s . R
and full-scale water models (case 1, 6 & 2). This finding is consistent

Beads (full water) Case-2 with the previous work of Creech.
Beads (1/3' water) case 6 >>In thin-slab funnel mold, while both predict a maximum velocity at
Beads (Full scale water Case-8 | about 0.38 m from the center of the SEN, the fluid speed at this location
model of funnel mold) is greatly underestimated by the water model (approximately 32% lower
Slag (thin-slab funnel mold) Case-9 than the steel case, 0.324 m/s versus 0.478 m/s).

>>Effect of shell solidification is much more prominent at free surface in
thin slab funnel mold because of shell occupying higher fraction of mold
cross-section. (Case 8 &9)
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ol Effect of shell and mold thickness: Thick-
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NG slab vs Thin-slab
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» The tapering of the shell and subsequent
reduction in fluid cross-sectional area
provides resistance for fluid leaving the
domain.

« The higher resistance to downward flow in
the steel case facilitates more fluid being
“pushed” into the upper recirculation zone,
yielding higher velocities at the top surface.

» As per expectations, the effect of shell at free
surface velocity is more pronounced in thin-
slab funnel mold compared to thick-slab

mold.
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O Effect of shell and mold thickness: Downward velocity
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Thin-slab funnel mold and full-scale Thin-slab funnel mold and full-scale
water model:1 m below free surface water model:2 m below free surface
3 T, _ [l [ B 2t
= ‘ { F o2 N I
£y = ! £l . || |
Sofrlf | 1 ;" I Al
Rk e : ks Y !
g r p- N, | £ o !
2 o S o w | ‘
E o i f 5
£ P 3 | ! | ! [
Sk o
1 &
T : o L X m]

Distance from Centarline, X [m]

Beads (Full scale water Case-8
model of funnel mold)

Slag (thin-slab funnel mold) Case-9

>>Downward velocity at distances down the mold with and without shell behaves
the same way as in thick slab caster. (case 8 & 9)
>>At both locations, shell has minor effect at the mold center.
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Oy Effect of shell and mold thickness: Free surface profile
\. é‘é—'stc: ::1 sé

Thin-slab funnel mold and corresponding full-scale water model
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>>|n caster slag and in water model beads were used at the top for surface level
calculations.

>>The steel caster shows ~5 times higher surface wave close to narrow face, level
difference is not significant close to nozzle therefore signifying reducing importance of
shell there.
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Implications for Water Model

<@, Construction and Operation

« Qualitatively flow patterns are always okay in the
top of the mold.

» Be careful to interpret flow in lower recirculation
zones since inaccuracies are caused by the
bottom of water model, shell and perhaps even
from thermal buoyancy.

* Full-scale water model is best, smaller scale is
always ok in the top of the mold, but can deviate
lower in strand if flow becomes laminar.

 \Water models of thinner slabs under-estimate
velocities, owing to the increased importance of
shell solidification
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Matching surface velocity and level

* Must have Froude similarity for a reduced scale water model to
work, since gravitational forces are dominating.

» At the top surface, beads with density of ~400 kg/m3 would be
best (to match density ratio of slag to steel to capture free
surface waves).

Oil over-estimates level profile variations, but is otherwise ok.
» Shell presence increases surface velocity (unavoidable).
— Water model surface velocity is too low.
— Problem gets worse with decreasing slab thickness and decreasing
casting speed).

» Putting the shell into water model makes the surface velocity too
high (plastic does not move at casting speed). This error is even
worse, so should not be done.

* Recognize that actual defect simulation (slag entrainment, etc.)
will never match the steel caster:

— Must infer behavior by studying the surface velocity and level
fluctuations.

— Look for keeping the time-average velocities in good ranges
(windows of acceptable operation) and to avoid occasional bad
transients, jumps, glitching in flow.
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...  Summary & Conclusions

+ Effects of the water model scaling, (1/3' and full-scale), free-surface
condition (beads, air, oil) have been analyzed and compared with the
real steel caster (with slag and shell) for both thick- and thin-slabs.

+ Scaling:

— For single-phase steel flow, Reynolds-Froude similarity requires full
scale water model.

— Downscaled water model with Froude similarity matches flow patterns
and surface waves with caster as long as flow regime is maintained
same in both (i.e. fully turbulent).

+ Surface effects:

— Water models open to air show unreasonable high surface velocity and
level profile variations.

— Beads, oil, and slag on the top all have high-enough viscosity (relative to
liguid) so have a no-slip surface boundary condition.

— Beads with same density ratio to water as slag/steel matches slag-steel
interface behavior.

+ Effect of shell:
— Greatly increases velocity in steel thin-slab molds, including top surface.

— Effect of shell is similar but less important in thick-slab caster, owing to
less cross-section area covered.
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