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Abstract

In previous work the influence of the casting speedthe flow field and the shape of the
solidification front in an industrial 0.82 x 0.250x8 m3 bronze caster had been investigated. Both
numerical and experimental model represented Eldal caster geometry. A comparison of the
results of both numerical and experimental modelsthe flow during the casting process
showed a good agreement in the qualitative veldigtgls (flow direction and vortex formation).
This work represents a parameter study of the nigalenodel with variations of the turbulence
conditions at the inlet in order to clarify themfluence on the flow field in the caster. In ortier
find the best boundary condition at the inlet, thenerical calculations for water have been
compared with the measured flow fields in the watedel. The new boundary conditions were
then applied to the numerical model of the brorasting process.

Introduction

In the casting of real metals the opacity of thdtraed the high temperatures involved make it
difficult to measure, or even observe, the flowtgraus resulting from different metal delivery
devices. Consequently, mathematical and physicaletimg have been extensively used to
determine the flows in casters, particularly tho$esteel casters. While mathematical models
have been widely accepted, their performance heguéntly been judged by their ability to
predict flows measured in physical (water) mod&s]. Physical modeling of the flow fields in
the liquid melt is often performed by using watesdels and Particle Image Velocimetry (PIV)
or similar flow field measurement techniques.

For non-ferrous metals with high thermal condutyiguch as Al and Cu alloys the solidification
front is close to the entry nozzle and this hasetoee to be taken into account in both numerical
and experimental modeling of the casting processetXal [6] have shown that in the case of Al
direct chill casting the distance between entrthefliquid metal and the solidification front is in
the order of 0.4 m. Recent calculations and coajperavith industrial partners revealed that in
the case of Cu based alloys this distance is ofdéimee order of magnitude [7-9]. Therefore, if a
physical model of the flow fields appearing in thessting processes is to be realistic, it has to
include the distance and shape of the solidificatimnt. In real casting the shape of the
solidification front depends on the casting matercanstants like thermal conductivity, viscosity,
and density as well as on the casting paramet&ts @8 casting speed, cooling geometry and
cooling efficiency.

In previous publications the authors showed howflihw& in a real industrial bronze caster had
been modeled by a water model [], & PIV setup had been built and the flow fieldséheen

measured along the wide symmetry plane. Those filelds were time averaged by statistics on
up to 500 instantaneous PIV measurements and itslvaw/n that those time averaged PIV



results were comparable to steady state CFD calongafor water [1]. An experimentally
determined solidification front shape had beenveedid by a bronze manufacturing industry
partner for a given casting velocity and this shiapé been modeled by a flexible “solidification
front module” in the water model [1]. Next, numalisimulations of the bronze caster had been
performed with CFD to show the influence of theticasspeed on the shape of the solidification
front. The solidification front module of the wateiodel was adapted according to the computed
shapes and the resulting flow fields of the waterdel were compared with the numerical
predictions for bronze [2].

When comparing the flow in liquid metal and in wasnd based on the simplifications of
isothermal flow, the Reynolds number Re& £ / v has to be constant, whares the mean fluid
velocity, L is the characteristic length andis the kinematic fluid viscosity. For the modeled
casting process, the casting speed determinedaverdteQ, e.g. for 1 mm/s casting speed the
flow rate wasQ = 0.82 m x 0.25 m x 0.001 m/s = 2.05 x*18%/s. The velocity at the inlet of the
water model is then linked to the flow rate by #mea of the inlet. For the 1:1 model, the
characteristic lengths were constant, thus the megiecity (and the flow rate) were scaled by
the ratio of the kinematic viscosities of liquidobze and water to keep the Reynolds numbers
constant. A comparison of the results of both nuraéand experimental models for the flow
during the casting process showed a good agreeméné qualitative velocity fields; i.e. both
models showed the same flow directions and the sdwvelopment and position of vortices in
the flow field. However, discrepancies were obsérie the quantitative comparison of the
velocity profiles along defined vertical lines,.ine measured inlet jet was wider and had a
higher maximum velocity then the measured jet enwlater model. To calculate the flow fields
and the shape of the solidification front, the caaneial CFD package FLUENT [10] had been
used. To calculate the solidification front shapelENTSs integrated solidification module [10]
had been appliedlhe observed discrepancies in the line profilescated that the turbulence
model had to be improved. The presence of the knalivn “round jet anomaly” at the nozzle
requires the use of a proper turbulence modelohtrast to the standakde , the realizabld-&
turbulence model [11] is known to correctly predibe spreading rate of a round jet. The
realizablek-£ is intended to correct the round jet deficiengydefining the variabl€, and by
applying a new equation for the turbulent dissipafil1].In the case of a cylindrical inlet with a
known diameter (in this case 26 mm) the implem@mabf the realizablek-¢ model in
FLUENT allows the user to define the turbulenceemsity with a single variable as inlet
boundary condition [10]Thus the aims of the work presented here were to
a) estimate the influence of the turbulence intenatypoundary condition at the inlet on the
jet velocity and the jet dimension for the waterdaip
b) compare the numerical results for various turbweintensity conditions with the values
measured by PIV in the water model to find the basies,
c) apply the new boundary conditions to the calcutatd the bronze direct chill casting
process and estimate the effect of the jet dimassand velocities on the shape of the
solidification front.

Simulation Model Description
In this section the numerical model for predictggdidification within a turbulent flow field in a

bronze continuous caster is presented. FLUENT 3 used to perform the simulations.
The energy conservation equation of the enthalpywiitation is

p% + p0fin) = 0 fk, OT)- Q. (1)



where,h is the sensitive enthalpy defined as

.
h=h +I c,dT. @)

hret is the reference enthalpy at the reference terhperes andc, is the specific heap is the

density of the melti the velocity andk is the effective conductivity which is defined as

ket =k + k. Here, k defines the thermal conductivity of the materiad &; is the turbulent

thermal conductivity.

The source tern@_ concerning the latent heat in a single phase ifoitlon model can be

written as

Q :pL%wm(a ,)- ®

Two terms have to be considered to treat the ldteat, the explicit latent heat terpmgf, /ot and
the convective termpL0o(irf,). The relationship between liquid fractidnand the temperature

was assumed to be linear. The latent Heas released in the mushy zone. In continuousrgast
the solidifying shell is moving downwards with anstant casting velocity,,,,. The melt which

is being solidified has the speed of the solidifyshell.
The mass and momentum conservation equations\ae gy

Oi=0, 4)

P2+ pfi06)=-0p + ey 0 11)+ S5, )

wherepes = W + | IS the effective viscosity due to turbulence,drich the realizabl&-¢ model

is usedy, is the dynamic viscosity, is the turbulent viscosity, which is defined jlny pC,k?/e
and p is the static pressurdhe realizablek-¢ is intended to correct for the “round jet”
deficiency of the standatds model by defining the variablg, and with the a new equation for
the turbulent dissipatios. The turbulent intensity is defined as the rateiween the typical
turbulent velocity fluctuation over the mean vetganagnitude 2K-3U) [11].

The pressure drop caused by the presence of salierial is considered as a momentum sink,
S, , in the momentum conservation equation. The muasimg is treated as a permeable medium
with a permeability according to the Blake-Kozeawl The momentum sink for bronze, was
taken correspondingly from [10]:

~ _ 2
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Here,Anusndepends on the primary dendrite arm spacing o$dlidified bronze [7] and the melt
viscosity. This corresponds to a value Aafsn= 10°. Corresponding sink terms were also added
to all of the turbulence equations in the mush soilified areas

Simulation Parameters

Preceding studies demonstrated a symmetric antedtaty field in the modeled bronze caster
[2]. Utilizing the double symmetry, the calculatidomain (Figure 1) consisted of a quarter of
the 0.66 m long upper part of the caster includingylindrical submerged entry nozzle (SEN)
with two nozzle ports. The computational domain wiascretized into structured hexahedral
volume elements in the mould and into unstructupedyhedral volume elements in the



submerged entry nozzle. The whole grid consisted @B0,000 cells in the mold and ~8,500
cells in the nozzle. Two different geometries (CA$Evere used for the simulations. In CASE1
the nozzle flow was neglected as was the casedcedmg studies [1, 2]. Here, the inlet was
positioned at the nozzle ports of the SEN. In CASBR2 nozzle flow was included in the
calculation, i.e. the inlet was positioned at thye surface of the nozzle.

. o®m . CASE1: Flow in the nozzle
,7 pressure inlet CASE 1 /| pressure inlet CASE 2 neglected
Q- ¢ . -

melt pool

CASE2: Flow in the nozzle
included

velocity outlet

Figure 1. Geometry of the simulation domains forSEA and CASEZ2.

In both cases the inlet was defined as a presslee The mass flow rate was therefore defined
by the boundary condition at the bottom of the dionvéhere a constant downwards velocity,

related to the bronze casting speed, was applieel tdp surface of the liquid melt pool being in

contact with the casting slag was presumed to ddeafhd a free-slip condition was used. Two
different fluids, water and bronze, were used m phesented simulations. The applied material
properties and process parameters for both fluels@own in Table 1.

Table 1: Material properties and process paramatazd for the presented calculations

Water Simulations Bronze Simulations
Density 998.2 [kg/m?3] Density 781Q [kg/m3]
Viscosity 1.003E-3 [kg/(m s)] | Viscosity 32E-3 [kg/(m s)]
Outlet velocity 1.85E-3 [m/s] Outlet velocity 8.50E-4| [m/s]
(= Casting Speed)
Turbulence 1-50 | [%] Turbulence intensity at the 3-5| [%]
intensity at the inlet
inlet
Specific heat 454 13/(kg K)]
Thermal conductivity 92 [W/(m K)]
Casting temperature 1390K]
Heat transfer coefficient 300qW/(m2K)]
Free stream temperature 50[K]
Both water and bronze calculations
Domain width 0.82 [m] Turbulence length scale 0.026[m]
Domain thickness| 0.25 [m] Reynolds number at the21700 | [-]
Domain length 0.66 [m] inlet




For the computation of the bronze casting a cohsteat transfer coefficient for the narrow and
the wide face of the mould was used. Its valueliessh adjusted until the calculated sump depth
for a given casting speed corresponded to the slepih supplied by the industry partner [7].

Results And Discussion

Water Model

In the following section the predictions of thevildield in the water model as results of the
various calculations will be compared both qualry (flow direction) and quantitatively (flow
velocity). Figure 2 shows the qualitative compamnisd the flow fields predicted for isothermal
flow of water with the inlet conditions of CASE1 d¢ime left, and CASE 2 in the center. In both
cases the turbulence intensity at the inlet wads&®26. The results of the time averaged PIV
measurements in the water model are shown in Figuse the right. The details of the PIV
measurements were given in ref. [1, 2]. The flosidfiof CASE1 with a horizontal inlet shows a
jet that is basically horizontal with a slight upds component. This upwards component is
driven by a vortex that in turn is created by tlo&dwards flow where the incoming jet hits the
wall and the resulting upwards flow in the centére results of CASE2 show a vertical flow in
the nozzle that reflects from the lower horizorgatt of the nozzle and therefore shows a jet
direction that is tilted upwards in the main domdihis upwards tilt of the jet was also observed
in the time averaged PIV measurements of the watatel which indicates that CASE 2 is a
better model to predict the jet position.

CASE 1

0.817
0.613
0.409

0.204

PIV result

0.000

[m/s]

Figure 2: Comparison of the flow field directioheft: calculated for CASE1,; center: calculated
for CASEZ2; right: measured with time averaged Pie corresponding grey scales show the
velocity magnitude [m/s].

For a quantitative comparison of the results of diféerent calculations vertical lines were

defined in the wide symmetry plane at 0.205 m distafrom the nozzle center, i.e. along z at
x = 205 and y = 0. To compensate the fact thatPihveresults represent the velocities in a 10
mm wide illumination plane [1, 2], further lines kgedefined 5 mm in front of the center plane,
i.e. along z at x = 205 mm and y = 5 mm. The positf the center plane “quarter lines” in the
computational domain is sketched in Figure 3. Télecity magnitude was exported and plotted
versus the z-position, i.e. the distance from tpesurface of the liquid domain. A representative
plot of a velocity line profile is shown on the nigside of Figure 3. The shape of the jet velocity
was found to be very close to a slightly asymme@mussian. Therefore, the values for the



maximum velocity in the jet and the full width alhmaximum (FWHM) of the jet were taken
from Gauss fits instead of measuring them “by hand”
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Figure 3: Position of the vertical lines takentioe quantitative comparison of the flow fields
and a sample of a Gaussian fit of the jet velgortfile at this position.

Figure 4 shows the results of the parameter stodythfe turbulence intensity at the inlet at
different positions in the water model and for thedifferent inlet geometries CASE1 and
CASE2. In Figure 4a the maximum velocity in thevjets plotted versus the turbulence intensity,
in Figure 4b the width of the jet was plotted varsioe turbulence intensity. The plots show that
for CASEL1 the value of the turbulence intensityt thad been set at the horizontal inlet strongly
influenced the maximum velocity in the jet as wael the width of the jet. A higher turbulence
intensity at the horizontal inlet resulted in a @riget with a lower maximum velocity. This is in
agreement with the general understanding of tunm@leas with higher turbulence more kinetic
energy (i.e. velocity) is spent on the formatioredtlies which in turn results in a wider jet.
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Figure 4: Results of the parameter study for thieuience intensity at the inlet at different
positions in the water model and for the 2 differietet geometries CASE1 and CASEZ2;
a) maximum velocity in the jet versus the turbukemtensity, b) width of the jet versus the
turbulence intensity.

A comparison of the lines at y = 0 (center plan@ § = 5 mm showed that the maximum
velocity in both CASE1 and CASE2 decreased withrd@asing distance from the center plane.
This can be understood by the fact that the 3 demeal shape of the jet is a cone with the
maximum velocity in the center and gradually desireg velocity with increasing distance from



its center line. In consideration of this fact ahé fact that the time averaged PIV result also
represent a space averaged velocity field due & 1 mm wide illumination plane, a
guantitative comparison has to be done very cdyefalV experiments for the same flow rate as
presented in this study resulted in a jet with aimam velocity of 0.21 + 0.01 m/s and a
FWHM of 0.040 +£0.001 m (results not shown). PIV sw@@ments with various flow rates from
2.5x10° m3/s to 5 x 10 m3/s (4 to 8 GPM) showed that the maximum veloiitthe jet scaled
exactly with the flow rate and that the FWHM of ffe¢ linearly increased from 34 to 37 mm
with increasing flow rate (results not shown). ieowould only consider the parameter study for
CASEL1 this would indicate that a (very unrealistigdbulence value of more than 50% at the
horizontal inlet represents the measured flow bdéswever, this would not clarify the origin of
that high turbulence intensity. The parameter stiodyCASE?2 clearly indicates that the change
of the turbulence intensity of the top of the nezzas only a minor effect on the jet velocity and
the jet shape. Thus the turbulence is generateuinvihe nozzle, presumably where the inlet
flow hits the nozzle bottom. A direct comparisontloé lines for CASE1 and CASE?2 in Figure
4a show intersection of the curves at ~7 and ~9¥%utance intensity, i.e. an average turbulence
intensity of ~ 8% in CASEL resulted in the same imamn velocity as in CASE2. Regarding
the width of the jet in Figure 4b, the intersectmthe center lines for both geometries was at
~18% turbulence intensity. As a consequence ofjfmenetry study it can be concluded that the
discrepancy between the measured and the calcwaledity and shape of the jet could be
partially (but not fully) eliminated by setting tharbulence intensity at the inlet to a higher
value. According to the geometry study the turboéemtensity at the horizontal inlet should be
set to a value between 8% and 18% if the flow thhothe nozzle is not calculated. The actual
value depends on whether the correct predictiorthef velocity or the width of the jet is
considered more important.

Bronze Caster Solidification Model

As a consequence of the geometry study, new caéloogaof the bronze casting process have
been performed to clarify the influence of the petsition and shape on the shape of the
solidification front hat had been calculated anddeled in previously published work [1, 2]. To
compare the results of the calculations for the dvfi@rent geometries, the solidification front in
the center plane was defined as the line wherégbel fractionf; had a value of 99%. Figure 5
shows a plot of the solidification front lines imetcenter plane for CASE1 and CASEZ2. Despite
the fact that the different inlet geometries showetlear influence on the jet, the solidification
front shapes only showed minor differences.

Conclusions

Calculations of the water flow showed that for tiieen nozzle geometry of an inverted T the
flow through the nozzle has to be included in thkewation to correctly predict the jet position

in the caster. The observed discrepancy betweem#ssured and the calculated velocity and
shape of the jet [2] could be partially (but ndtyfueliminated by setting the turbulence intensity
at the inlet to a higher value. According to th@metry study the turbulence intensity at the
horizontal inlet should be set to a value betwe@gmidd 20 if the flow through the nozzle is not
calculated.

Calculations of the bronze casting process showed for a simple prediction of the
solidification front shape in the caster the flow the nozzle itself may play a minor role.
However it is obvious from the results that thebtence settings at the inlet have a strong
influence on the jet. For more sophisticated pitemhs of the casting process such as macro
segregation during the casting process this hbs taken into account.
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Figure 5: Calculated solidification front (definadf; = 0.99) plotted as lines in the center plane
for the two different inlet geometries CASE1 andSER.
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