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Abstract:

In  continuous cading of ded, plat
obsarvations have found that many serious
quaity problems are directly associated with
the flow petteen in the mold. Previous
dudies have generated undersganding mainly
through numericd Smulaions usng time-
averaged turbulence models.  However,
many problems ae intermittent and the
essentid trangent nature of the flow may be
important to their formation. To obtain
further underdanding of these important
trangent turbulence processes, this project
ams to directly compute the evolution and
dynamics of the lage scde turbulence
dructures. Accurate numerical schemes and
pardld computers are being applied to solve
the govening fluid flow eguations usng a
Lage-Eddy Smulation (LES) approach.
Computations ae dso peformed using
traditiond k-e models in order to evauae
their accuracy and to examine more cases.
The ultimate god is to generate deeper
understanding of how codly defects form
ad to find improvements in desgn and
operating conditions that can avoid them.

Introduction:

Continuous cagting is the predominant way
by which ged is produced in the world.
Continued vighility of the high-volume-low-
profit-margin - sted indusry depends upon
improved efficdency and consgent quality
of the sted production. Sted scrapped due
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to defects is both cosly and wasteful of
energy.!  Plant observations have found that
many serious qudity problems are directly
associated with the flow pettern in the mold
11 Defects caused by non-optimd fluid
flow are even more important to the nearer-
net-shepe thin-dab casting processes, which
ae dating to transform the industry .
Some undergtanding of this flow region can
be obtaned through numericd sSmulaions
which use time-averaged turbulence models.
The next sep to obtan deegper indght into
the trandent turbulent aspects of this process
is to directly compute the evolution and
dynamics of the lage-scde turbulence
structures. The current research is concerned
with  such computations, using accurae
numerical schemes and pardld computers
to solve the governing fluid flow equations.

A <schematic of pat of the continuous
cading process is depicted in Figure 1.
Sted flows through the “tundish,” and then
it exits down through a ceramic Submerged
Entry Nozzle (SEN) and into the mold.
Here, the dted freezes agang the water-

! Today, US produces around 80 million
tons of sted per year. The net cost per ton of
scrapping is about  $100 per ton. Even if a
fraction of one percent of scrgp is avoided
due to improving the process, the savings is
dill sgnificant.



Schematic of continuous casting tundish, SEN, and mold
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Fgure 1. Schematic of tundish and mold region of continuous casting process.



cooled copper wdls to form a solid shdl,
which is continuoudy withdravn from the
bottom of the mold at a “casting speed” that
matches the flow of the incoming metd.
The primary reason for submerging the
nozzle is to protect the molten sted fom re-
oxidation as the ded is ddivered from the
tundish to the mold. Argon geas is injected
into the nozzle to help prevent clogging with
dumina incduson depodts. The submerged
nozzle dso has an important influence on
ged qudity through its effect on the flow
patern in the mold. The nozzle should
deiver ged uniformly into the mold while
preventing problems such as surface waves,
meniscus  freezing, and crack  formation.
Mold powder is added to the top of the
ligud ged, which mdts to fom an
insulating liquid dag layer that encourages
uniform solidification & the meniscus.

Ungeady flow features play an important
role in the continuous casing of Sted, yet
have receved rddively little atention. In
recent years, with the development of fast
computers, it has become possble to
sgnificantly improve  turbulent flow
predictions by resolving the large scdes of
transient and turbulent flows!3 4,

The present paper presents recent results of

flow and heat trandfer for five different parts

of this project:

1) Two-phaseflow in tundish nozzles

2) Effect of argon gas bubble digtribution
on flow inthemold

3) How and trandfer in liquid dag layers

4) Trandent flow in a 04 sde water
model

5 Trandent flow in a ful scde water
model

6) Paticle transport in a full scde water
model

Technical Approach:
Three different computationd modds of
fluid flow are used in thiswork.

Frdaly, the Reynolds-averaged approach
was used to smulate the three-dimensond
time-averaged two-phase flow and heat
trander fidds in both the nozzle and mold
regions.  These modes were developed
usng the k-e turbulence modd in the
commercia package CFX for turbulent
flows.

Secondly, Large-Eddy Smulaion modds of
trangent flow in the nozzle and mold have
been developed. Large-Eddy Smulations
(LES) lie in-between the approaches of
Direct Numericd Smulaions (DNS) and
the Reynolds-averaged approach. In LES,
the dominant, energy containing scdes of
motion are accurately resolved and the smdl
scaes are modded. The premise of LES is
that the smdl scdes of turbulent motion are
nearly isotropic and universd  across
different flows. Therefore, the effects of the
gmal scdes can be modeled reatively more
accurately compared to modding dl the
scaes by a sngle modd. In recent years,
LES has been successfully applied to severd
flows.

The computer program, LES3D, integrates
the three-dimensond ungeady incom:
pressble Navier-Stokes eguations using an
explicit fractiond step dgorithm. Further, in
oder to take full advantage of pardld
computers, the dgorithm has  been
implemented with a gened doman
decompogition drategy. Each sub-doman
of the flow can be caculated separately on
an individuad processor with data interfacing
a the sub-doman boundaries. Advantage is
taken of the Message Passng Interface
(MPI) standards to ensure portability across
a vaiey of padld computers including
shared and distributed memory machines.



Thirdly, the coupled laminar Navier-Stokes
and heat trangport equations are solved in
the viscous liquid dag layers udng the
commercid finite dement code, FIDAP.

In conjunction with the modding work,
experiments are being performed to measure
the flow fidds in water models, as well as in
an operating sted caster. In addition to
providing additiond indght into the flow
phenomena, these experiments are even
more important to vaidate the mathematical
modeds, so that subsequent parametric
dudies can be caculated with confidence.
Measurements on both physca water
modds and in operding continuous casting
in the plant have been obtained a severa of
the  co-sponsoring Sted companies,
including AK Stedl, and LTV Stedl.

Results:

The rest of this paper presents a brief
overview of gx pats of the proect,
focussng on recent results with the LES
flow modd to gmulae three different
trangent flow phenomenain water moddls.

Two-Phase Flow in Tundish Nozzles:

The tundish nozzle has an important
influence on sed qudity through its effect
on the flow peattern in the mold. Argon is
commonly injected into the tundish nozze
to avoid nozzle clogging. It dso affects
cading operation and product qudity by
changing the flow pattern in the nozzle and
mold. In this part of the project, a three-
dimensond finite diffeorence modd has
been gpplied to modd the multi-phase,
steady-date turbulent flow in continuous
cading tundish nozzles under a wide range
of geometries and conditions.

The modd has been vdidaed through
comparison with PIV experiments in water
modds and flow rae measurements in
operating casters [> €. Extensive parametric
dudies udng the vdidated modd have been

performed to invesigeate the effects of many
different variables on the flow patern. This

E/;/osr]k is reported in two pending publications

Findly, the nozzZle modd was used to
predict the occurance of negetive pressure in
the nozzle, which may lead to ar aspiration
and reoxiddion, which causes nozzle
clogging and derimentd large indusons in
the find product. Clogging can be detected
by comparing the measured flow rate in the
plant with the flow rate predicted by the
modd. The minimum argon levels required
to avoid this problem are summarized and
operating conditions to minimize the

negative pressure phenomenon are presented
[6,9, 10]

Effect of argon gas bubble distribution on
flow in the mold:

Argon gas, which is commonly injected into the
tundish nozzle, has a great effect on flow in the
mold and associated defects. To invedtigate the
effect of argon gas flow on flow in the mold, a
parametric sudy was first conducted with ar in
a water modd to messure the initid dze of the
bubbles that form when gas is injected through
the nozzle wdls ® . A smple mahematica
model was developed to predict the measured
results and was then agpplied to ﬁ)redict the sze
of argon gas bubbles in sted °.  The bubble
gze didributions ae dso0 measured. Using the
results of this study, argon gas bubbles with
multiple szes are injected mahematicdly into a
multiphase 3-D modd of flow in the mold,
usng the multiphase, multifluid modd in CFX.
The results are compared with measurements

both in water models and in operating casters
[12]

Flow and heat transfer in liquid dag
layers:

The thickness of the molten dag layer which
floats on top of the liquid poal is very influentid
on gded qudity. As a fird sep towards



predicting this important  quantity — under
trandent flow conditions which cause defects, a
steady-state model was developed of flow and
heet transfer within the dag layer. The flow is
driven by transverse flow of molten sted across
the bottom of the long, thin doman and by
natura convection. After vdidating the modd,
it is gpplied in a parametric study to present the
heat transfer across the byer (which governs the
layer thickness) as a function of sed surface
velocity and dag properties (231, These results
will be extended and incorporated into future
gpplications of the other models.

Transient Flow in a 0.4 Scale Modd!:

Trangent fluctuations in the flow in the
mold can cause defects in severd ways. As
a firda gep to the prediction of these
complex phenomena for this project,
computations of the unsteady flow in a 04
scale water model were conducted 24, and
the results were compared with the PIV data
teken a LTV Sted 31 Two smulations
with  different  inlet  conditions  were
performed in this Sudy. In the firg
computation, the inlet flow was steady and
uniform over the nozzle cross-section. In
the other, the inlet velocities were prescribed
from an unsteady computetion of flow in a
turbulent square duct. The second inlet
condition was more redidic of the two, but
when compared with the actud PIV flow
exiing the nozze in the water modd,
svead feaures were missing.  Fird, the
digribution a the exit of the nozzle was
nornruniform  because of the severd
upstream effects darting a the gate vave in
the pipe feeding the submerged nozzle
Second, the exit flow had a swirl, again due
to the upstream effects. Neglect of both of
these features in the two computations
mentioned  aove led to  severd
discrepancies in the flow fidd in the mold
region.  Specificdly, the point  of
impingement of the jet was different in PIV
and the LES computations. This led to

sved dfferences in the messured and
computed velocities at various locations.

Consequently, a new computation was
peformed with a more redigic inlet flow
fied. In this computation, the inlet
velocities were generated in three different
deps. Fire, a turbulent pipe flow caculation
with a partiadly blocked inlet was performed
for a length of 0.437 meters, to incorporate
the effect of the dide gate. This was then
truncated a 0.312 meters, and the exit flow
was fed to a rectangular duct of 0.031m x
0.027m  cross-section, representing  the
bottom of the nozze The velocities
developed in this duct were aso truncated a
a location 0011m from the inlet
(corresponding to the thickness of the
nozzle) and rotated to provide a mean
inclination of 30 degrees with the horizontd.
The ungeady veocity fidd so constructed
was then supplied as inlet to the mold
region. Figures 2 - 5 show a comparison of
the PIV vdocity fidd exiting the nozzle, and
the presently prescribed flow  fidd.
Computations were then peformed for a
grid exactly as in ¥, and the results were
compared with the PIV measurements in [
Figure 6 firsg shows an ingantaneous vector
plot of the flow fidd at the center plane, and
compares it with the PIV data. Compared
with the results obtained with a turbulent
duct flow, the comparisons are better, with
the jet deflected more as in the PIV
experiments. Fgure 7 dows a time-
averaged flow fidd, and compares it with
the PV time-averaged flow field. Compared
with previous computations, the present
results ae in better agreement with
experiments. Figure 8 provides a
comparison of veocities dong the top
surface. The agreement is better than
before, illudrating the importance of the
inlet conditions to both the deady and
trangent flow phenomena and the related
formation of defects.



Transient Flow in a Full Scale M odél:

The next computation peformed in the
current year is of the flow in a full-scde
water modd for which experiments were
performed a AK Sted in 1992 1281, |n this
experiment, solid spheres lighter than water
were used to study transport of particles in
the mold region. The sphericd particles
were szed and sdected to mimic the motion
of dumina indusons that exit the nozze in
a red cader. Deails of the geometry, and
the paticle szes are given in Fgure 9 and
Table 1. The outlets to the domain were
represented as rectangular ports, as shown in
Figure 9. The inlet conditions to this flow
were dill prescribed from a fully developed
pipe flow and the more sophidticated
condruction of inlet conditions described
above has not yet been attempted.

The present amulations have been performed
with a consderably fine grid conssing of 128 x
169 x 64 nodes in the x, y and z directions
shown in the Figure 9. These resolutions were

dictated by what could be achieved in a
reasonable overdl computation time. Finer
reolutions ae necessay in the thermd

boundary layer for heat transfer caculations.
The Smagorinsky model is used to represent the
effects of the unreolved scdes.  The time-
dependent equations are integrated for 62,500
time steps (47.5 seconds of red time). After a
dationary state of turbulence is achieved, mean
and fluctuation satistics have been collected for
comparison with experimental data.

Figure 10(@Q) shows one representative
indantaneous plot of the veocty fidd. The
flow fidd is gmilar to tha observed in the 04
scde modd, dthough some minor differences
exis because of the different flow rates and the
geometricd  dimensons.  Comparisons  of
sdected time-averaged veocity profiles  with
experimenta data are given in Figure 11. The
agreement is satisfactory.

Particle Transport:

The indusons exiting the submerged nozzle
may ether floa to the top surface and get
entrained into the dag layer, or may be trapped
in the solidifying front, leading to defects such
as internd cracks and divers in the find rolled
product. Determining where these inclusons
will findly end up is therefore quite important.
AK Sted Company previoudy conducted
experiments of paticle transport in a water
modd. The paticle dendty and Sze were
sected to scde with dumina indusons in an
actual ded cater. The dendty of the particles
was 988 kg/nT, with the water density being
1000 kg/m?. Ther size was 3.8mm diameter,
which has the same drag as a 300-micron
ghericd dumina incdluson in sed. A totd of
fifteen thousand particles were injected and the
percentage of particles reaching the top surface
was determined by capturing them with a screen
placed close to the surfface. Measurements after
10, 100 and 300 seconds were made.

In the LES cdculations, paticles were injected
a the inlet after the turbulent flow reached a
dationay date. The fifteen thousand particles
were injected over a time intevd of 1.6
seconds.  Currently, the smulations are done
only for 30 seconds. Hence comparisons of
particle digtributions could be made only for the
fird ten seconds. Figure 10 (b) shows the
paticle didribution after 10 seconds.  The
experiments indicate that 223 percent of
particles are trapped by a screen which is placed
close to the upper surface. Similar estimates
from the smulaions give a vaue of 26.96
percent. Consdering the gpproximate nature of
the experimentss and uncertanties in the
computations, this agreement appears to be
quite good.

Futurework:

There are ill many unresolved issues to be
dudied in this project. It is observed in the
water mode thet the flow in the mold region is



not symmetric about the center plane  To
gdmulate such an asymmetry, it is necessary to
amulate the nozzle wals. Our current computer
program, which uses a fast direct solver for he
pressure  equation, cannot handle  such
obdructions. To implement the nozzle wal, it
IS necessary to use a different, dower, approach
to solve the pressure equation. We will in future
condder this festure. Also, we are in a postion
to smulate the actua sed plant conditions and
sudy the flow sructures that may be a better
representative of the dsructures in the actud
manufacturing process.  Findly, it is necessary
to include the geomelry upstream of the nozzle
S0 that we can get more redligtic inlet conditions
as an integrd pat of the smulaions. This will
require further extensons to the computer
program currently used.

Summary:
The present paper focuses on recent results
usng 3-D trandent fluid flow modds and

ther  vdidation  with  water  mode
experiments.  This work is just pat of this
NSF proect to gan insght and solve
problems of redevance to improving the
continuous casting process. Other work on
this project in the past year has sudied
multiphase flow through the nozze, ® fluid
flow and heat trandfer across the molten flux
layer ¥ and the effect of redlistic argon
bubble sze digributions on the flow pattern
and the associated defects 3. When
combined with other related ongoing
Projects to investigate interface heat transfer,
1217 gl lidification [*® and strength for
breskout prediction, [  micro-segregation
modding for crack prediction,*?  and
bulging anayss for strand width control,?"!
this work is making a dgnificant impact on
improving continuous casting technology.

Table 1. Conditionsfor the full-scae water modd smulation.

Symbol Parameter Value
L Domain Length 2.152m
wW Domain Width 0.965m
N Domain Thickness 0.238m
Ln SEN Submerged Depth 0.15m
a Averaged Jet Angle 25° down

Vinlet Averaged Inlet Velocity 1.69nv/s

Vcasting Simulated Casting Speed 0.0152m/s
n Laminar Kinematic Viscosity 1.0" 10° /s
r Liquid Density 1000kg/nT
r, Particle Materia Density 988kg/nT
d, Particle's Diameter 3.8mm




L}

[

Al

A

.
Z

2,

A

o

i

‘nxx\\"xkl,fj;",-'///
Vo

/

S B A B

I J A A
/,_,“-‘k

BN -’jf;’/;‘///;,//
e

/S

R
—

.rf;’/,-"/

7

H_,.-f"

, Pz
P S

L]

]

L
]

A
L}

A
L]
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PIV measurements

LES simulation
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