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Abstract

A brief discusson of basic gpproaches to numerica modding of liquid meta flow and heet
trander is given followed by a number of casing smulation examples These examples
demondtrate how numerica modeing can be used and what can be learnt from the Smulation
results. The examples are based on using a commercid, genera purpose, CFD code FLOW-
3D°.

I ntroduction

Numericd modding provides a powerful means of andyzing various physica phenomena
occurring during casting processes. It gives an ingght into the details of fluid flow, heat trandfer
and solidification. Numerica solutions alow researchers to observe and quantify what is not
usudly visble or measurable during red casting processes. The god of such smulations is to
help shorten he design process and optimize casting parameters to reduce scrap, use less
energy and, of course, make better castings.

Simulation produces a tremendous amount of data that characterize the transient flow behavior
(e.g., velocity, temperatures), as well as the find qudity of the cagting (e.g., porosty, grain
dructure). It takes good understanding of the actua casting process, and experience in
numerical modding, for a designer to be able to rdlate one to the other and derive useful
conclusonsfrom the results.

Modeling Approaches

Mogt of the casting modeling codes can be divided into two categories: those using the finite
difference (FD) gpproach for solving fluid flow equations, and those that employ the finite
element (FE) method. The FE method uses body-fitted computationa grids leading to more
accurate representation of meta/mold interfaces than generdly achievable by FD methods (Fig
1). However, generating good quality FE grids is dill a chalenging task and often takes
sgnificantly more time than the smulation itsdf. Solution accuracy degeneraes in highly
distorted grids and changes in geometry, even small ones, often require a completely new grid.
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Fipure 1. Lypical finirc diffcrence (ad and finite clemenr (b)) mesh resolurion ot a cireular objcet.,

The FD method offers ease of mesh generation due to the structured nature of the mesh, uses
less sorage to describe geometry and smplifies the implementation of the numerical agorithms.
However, the conventiond FD methods often require fine grids to describe complicated
geometry to reduce errors associated with the ‘stair-step’ representation of curved boundaries.
The later introduces inaccuracies when computing liquid metd flow dong the walls and hegt
fluxes normd to thewdls.

An advancement of the conventiond FD method is given by the Fractiond Area/VVolume
Obgtacle Representation (FAVOR) method. In this method rectangular grid cells can be
partidly blocked by obstacles [1]. The blockage is described by using fractiona cell volumes
and areas on cell sdes as shown in Fig. 2a. The FAVOR method improves the accuracy of the
numerica solution near mold walls and alows for the use of coarser grids than in standard FD
methods (see example in Fig. 2). Since the geometry representation is less mesh-dependent,
the FAVOR method is dso referred to as a“free gridding' method.
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Figure 2, 'The partial cell (FAVOR) method 10 describe geometry in a LDy grid, Delinition of the
open area and volume ractions (a), with a runner and system example resolution (k).



Moald filling problems involve tracking free surfaces that are the boundaries between liquid meta
and the surrounding air. The most commonly used method to describe free surfaces is the
Volume-of-Huid (VOF) method. The VOF method enables the tracking the transient free
surfaces with arbitrary topology and deformations (e.g., fluid surface breakup and codescence).
The ‘true’ VOF method consists of three main components[2]:

- A fluid fraction function F(t,r) which is equa to 1.0 in fluid regions, and equd to 0.0 in
voids. Since fluid configurations may change with time, F is a function of time, t, aswell as
space, r. Averaged over a computationa control volume, the fluid fraction function has a
fractiond vauein cells containing a free surface as shown in Fg. 3.

- Zero shear stress and constant pressure boundary conditions are applied at free surfaces.

- A specid advection agorithm is used for tracking sharp free surfaces.

A free-surface advection method must preserve the sharpness of the interface and have minima

free surface digortion. Generdly, such advection agorithms are based on geometric
recongtruction of the free surface using the vaues of F at grid nodes [3].
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Figure 3. Voluine-O-Lluid (VO Junelion definition.

Sometimes a free suface is goproximated by a dendty discontinuity between metd and ar and
flow equations are solved for both fluids. In that case it is difficult to enforce correct boundary
conditions a the surface. This is because free surface pressure and velocities in the two-flud
gpproach are not set explicitly, but are computed by solving the flow equations and these flow
equations are solved in terms of mixture variables. Since dendties of liquid metal and air differ
greatly (e.g., by afactor of 7,000 for sted), the mixture velocity may not always be an accurate
messure of the relaive motion of metal and air. An example of such a case is shown in Fg. 4
where liquid metd (duminum) is filling a rectangular box with an open riser a the top. In the
two-fluid amulation the metd is unredigticaly drawn into the riser by the escgping ar before the
cavity isfull, in contragt to the one-fluid smulation where the cavity isfull before the metd enters
theriser.
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LFigure 4, Simple meld filling sinmlation vsing rthe VOI function to describe the metal location:
(2} one-uid mwodel, (b)Y two-[luid model with one mixwre velociy per cell,

Numericd solution of the basic fluid flow and heat trandfer egquations produces spdtid
digtributions of pressure, velocity and temperature a each incrementad time step. Other physica
models can be added using these basic quantities. e.g., phase trandformation, flow losses in
filters, porosty formation, non-Newtonian effects and so on. These modds can then be
combined to modd avariety of casting processes.

The main cong derations when preparing asmulation are:

- What isto be learned from the smulation?
- What physical processes are important and, therefore, should be included in the modd?
- Isthe computationd tool appropriate for the andysis?

Answering these questions before sarting a smulation helps to get the results in the most
efficent way. For example, if the interest is only in fluid flow, then hegt transfer may be turned
off.

Useful things can often be learnt from smple models. For example, two-dimensond smulaions
are easy to visudize and undersand and can be used to quickly test different modeling
assumptions and perform sengtivity studies. Initid 3D runs can be carried out with a coarse
grid to verify the numerical modd. All in dl, these test runs help the user to build up confidence
in the chosen modeling approach.

Simulation Examples

All numericd examples below are obtained using a commercia, generd- purpose CFD package
FLOW-3D® [4]. FLOW-3D is based on a control volumeffinite difference approach. Free



surfaces are tracked usng the VOF agorithm, which together with the FAVOR method, is
incorporated into the Navier- Stokes equations of fluid motion.

1. Simple Gating Examples

Three gating configurations were tested in a series of 2-D smulations: bottom gating, Sde gating
and top gating. In each case there are two gates connecting a straight runner to a 2009300 mm
rectangular box. The runner inlet velocity is 100 mnvsec with the filling time of 25 sec.
Assuming that we are cagting duminum, we will concern oursalves with the god of a smooth
filling process and a minimd air entrapment. Excessively turbulent flow with alot of olashing
may lead to an entrgpment of surface oxides that result in mechanicad wesknesses in the
solidified cagting [5]. We will not consder the effects of heet trandfer during filling.
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Figure 5. Lilling padtern [or (a} lop zating, (b) side sating, () botlom galing design with [xed ow rae,
Lxatple (Y shows boulom-gated low pressure lilling. Colots represent pressure.



Figure 5a shows the liquid metd flow for the ‘top gating’ design. Inertia carries metd past the
firs gate so that the metd enters the cavity mostly through the gete that is father from the inlet.
The incoming metd accelerates during its free fdl in the cavity resulting in Sgnificant splashing.
The splashing and ar entrgoment continues until the box is dmog full. Such gating system
produces perhaps the wort filling scenario.

The ‘dde gating' desgn is shown in Fg. 9. An interesting festure of this filling pattern is the
flow though the top gate. Instead of metd entering the cavity, air is being sucked into the runner
through the gate. Large air bubbles form in the runner, which is then carried down by the flowing
meta to the lower gate, where the meta/air mixture enters the cavity with a splash. The latter
adds to the air entrapment that occurs in the runner. Air entrgpment is reduced towards the end
of the filling, when the gates become submerged in liquid meta, but the damage is dready done
by thet time.

Figure 5c shows the ‘bottom gating’ design. In this case the flow is turbulent primarily during the
initia stage of filling, when metd jets up though the gates into the cavity. At later Sages, when
thereis enough fluid in the cavity to damp the energy of the incoming flow, the filling is smocther.
Asinthe ‘top gaing' case, there is more metad flowing though the gate farthest from the inlet.

The find smulation was carried out for the ‘bottom gating' configuration, but with pressure
rather than fxed veocity controlling the filling rate (low pressure, or counter-gravity, filling).
Lowering the pressure in the cavity to 5% below the atmospheric pressure over the time of 10
sec, produces very smooth filling pattern as shown in Fig. 5d. Of course, with such rdaivey
long filling time there may be problems with cold shuts, but that is a matter of another
invedtigation.

2. High Pressure Die Casting

In this example the geometry has a complicated 3D shgpe of an dternator housing that is
currently produced by Generd Motors [6]. The geometry of the part and the runner/gating
system was defined as a stereolithography (STL) object and imported into the preprocessor
(Fg. 7). Thefilling time is 65 msec, which trandated into a runner inlet velocity of 15.5 m/sec.
We will look & the flow uniformity in the gating system, filling pattern during high pressure
injection of liquid meta (duminum) and the therma solution in the metd and die (H13 sed). In
the latter case the die geometry and cooling channels must be included. The die has two cavities,
but taking advantage of their symmetric location, only haf of the total casting was modded.

Initidly, we andyze the flow in the runner/gating system by alowing the metd run fredy through
the three gates. The flow pattern and velocity histories in each gate are shown in Fig. 6. There
are two interesting points to note. Firg, the flow velocities are not the same in the three gates. In
fect, the velocity in the top gate in Fig. 6 is about 20% smadler than in the other two gates.
Secondly, there is flow separation occurring in the top gate resulting in a part of its cross-section



running ‘dry’. Smoothing the corner upstream from the separation region may help achieve
better flow efficiency in this gate.
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Figure 6. Liquid metal Mow in the conner/sating system [oe high pressure die casting,
Color represents pressures and the diagram on the right shows guie velocilics
s fumetions ol time.

Another useful result is the pressure drop dong the gates, which is necessary to push the meta
through the narrow gates. For a given geometry this pressure drop isafunction of the filling rate.
If pressure needed for a given filling rate istoo high for a die casting machine, then the flow rate
has to be decreased and/or the total gate area must be increased. In this smulation the pressure
drop is about 60 atm, which is not unreasonable.

Figure 7. Flow pattern at an early stage of the high pressure filling process. Color
denotes temperature.



Figure 8. Die temperature distribution after seven thermal cycles

Figure 7 shows a frame from a full 3-D filling smulation with hest transfer. It shows the initid
gage of the filling process, when most of the splashing occurs. Air is entrained mainly in the
thicker sections of the die cavity, where free surface breskup and flow recirculation are more
likely to occur. An examination of the actud part confirmed that assertion. Also confirmed was
the prediction that the last section to be filled is the thick mounting bracket thet is located
opposite to the gates, and where most of the oxide film is accumulated as surface defects.

Figure9. Thelikely locations of shrinkage porosity in the solidified casting (dark shaded
areas).



The filling smulation predicted thet the overdl solid fraction in the meta at the end of filling was
less than 2%, which is acceptable in this case. Other therma aspects of the rocess can be
andyzed by carrying out a thermd die cycling smulation, where the die is filled, then emptied
once the metal had solidified, orayed and rested. Repesting this process a few times dlows
engineers to optimize the location of the cooling channds and cycle times, as well as to obtain
more redigic temperature didribution in the die for a full filling smulation. Figure 8 shows the
temperature distribution in a portion of the die after seven therma cycles. One can see that the
area around the runner, near the symmetry plane, is the hottest.

Findly, predictions were made regarding the location of dhrinkage porosity modeling
solidification as a continuation to the filling run. Feeding was assumed through the runner/gating
system until the neta in the gates froze. This occurred in about 3 sec after the end of filling.
Figure 9 shows the likely locations of shrinkage porosity. As may be expected, porosty is
located mainly in thick, bulky sections.

Figure 10. Globular microstructure of semi-solid alloys (left) resultsin shear thinning
behavior (right).

3. Semi-Solid Metal Processing

Semi-solid metd processing involves handling specidly prepared dloys with globular grain
dructure. Those dloys in a semi-solid state show shear-thinning behavior that smplifies thar
handling (Fig. 10). It can be shown that the thixotropic behavior of semi-solid metals can be
described with a single transport equation for the gpparent viscosty m which is afunction of
solid fraction, shear rate and time [ 7]:

qt + (u-N)m= (m- M/t



Here my(gfy) isthe steady state gpparent viscosity, which is afunction of the shear rate and solid
fraction, u flow velocity, t time, and t is the characterigtic time.

One of the important issues in modeing thixatropic fluids is quantifying the time-dependence of
the apparent viscosity. In the present model, the time dependence is described by characteristic
thinning and thickening times. These quantities can be obtained from smple rheologica
experiments, e.g., hysteress measurements [8].

Another example is a rapid compression test where a semi-solid dug (36 mm radius and 42
mm height) is compressed between two flat plates [9]. In the example shown in Fg. 11, an
A357 semi-solid dug is compressed at the rate of 0.5 m/sec. Comparing the measured and
computed total force acting on one of the plates dlows us to cdibrate the modedl. As a resullt,
the characteridtic thinning time is estimated at about 0.05 sec, in agreement with measurements
obtained in step-change experimentsin cylindrical rheometers.

Figure 11. Rapid compression of a semi-solid slug (left). Color denotes strain rate. The
total force (N) acting on the top plate is shown on the right as a function of time. Shaded
circles show experimental data (from[9]).

This example shows how a smple, but physicaly sound mathematicad modd can be useful in
interpreting experimenta data. The amplicity of te mathematica approach is an advantage
gnce it requires less experimenta data to define the modd, and aso makes it eader to
understand the solution.

4. Lost Foam Process

The logt foam casting process offers advantages over the more conventiond gravity pour filling
method in thet the filling in the lost foam process is generdly smoother and less coring is needed
to cast complex shapes. The chdlenge in modeing the lost foam process is to accurady
describe the dynamics of the metd/foam interface nduding the evolution of the liquid and
gaseous foam decompasition products. The escape of these products from the mold cavity isto
a large degree governed by the permeability of the foam coating. Figure 12 shows a schematic
of atypicd metd/foam interface.

10



The FLOW-3D® lost foam model describes foam as a constant temperature obstacle, which
may have spatidly variable therma properties. Lighteners (cavities) can be introduced in the
foam to speed up the filling process. The foam remova is governed by the rate of heat exchange
between the metd and foam, which in turn is defined by a heet transfer coefficient. In fact, the
metal/foam hesat trandfer coefficient is the only parameter that must be defined from experiments
(gven that dl usud materid property data is known). The value of that parameter should
correlate with the properties of the coating: more permeable coating enables faster escape of the
gaseous foam resdue, reducing the gap between metd and foam, thus, increasing the heat
transfer coefficient.
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Figure 12. Schematic of the metal/foam interface.

It is very difficult to measure the meta/foam heet transfer coefficient directly. However, its vaue
can be easly estimated by measuring the speed of the metd/foam frort or the totd filling time.
As with the semi-solid metd modd, the lost foam mode definition is reduced to setting asingle
‘free parameter. Despite its mathematica simplicity, the lost foam modd dlows engineers to
andyze many important features of this complex process [10].

Important things to invedtigate in a lost foam process are cold shuts and foam residue
entrapment. Cold shuts are an issue because of large heat losses exhibited by the metd while
decomposing the foam, while the resdue entrapment results in mechanica wesknesses in the
solidified casting. Figure 13 shows a smple 2-D flow of duminum into arectangular cavity with
four cores, initidly filled with foam. The average veocity is 0.05 m/sec, much smaler tha
usualy encountered in gravity pour castings where velocities up to 3 nv/sec are common.
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Figure 13. Lost Foam filling process. Liquid metal is entering through the ingate on the
left and is colored according to the foam residue content (red denotes high
concentration). The intact foam on theright is also colored red.

A resdue that forms at the meta/foam interface is tracked by solving a residue trangport
equation. The smulation shows that the resdue is likely to get trapped where two metd fronts
meset in wakes of interna obgtructions, forming ‘folds. The smulation aso reved s that the meta
front temperature drops to the liquidus vaue very quickly after coming into contact with foam.
The large latent heet of duminum alows the meta to keep flowing, but over 10% of the meta at
the end of filling is mushy.

5. Inclusion Tracking

Smadl solid and liquid inclusons in mets can be represented with mass particles. The dynamics
of these particles can be computed by solving a particle trangport equation in which inertia
forces are combined with pressure forces, fluid/particle drag, gravity and diffuson [11]. A
number of particles with varying sze and mass may be introduced into the flow to describe a
gpectrum of inclusion.

The particle model is applied below to the continuous casting flow in atitanium hearth (Fig. 14).
The liquid metd enters a rectangular bath from the left, from where it flows further into a
cylindrica continuous casting mold and leaves it at the bottom at the speed of 10 mnvVsec. The
diameter of the mold is 600 mm. The metd is heated from the top by two plasma torches: one
above the bath and the other above the mold. At the same time the metd is cooled a the
interface with the water-cooled copper hearth. Large temperature gradients develop in the liquid
metd that generate a thermal convection and Marangoni type flows. The latter occurs due to
temperature variation dong the meta free surface that result in surface tenson forces tangentia
to the surface. Those thermaly induced flows are much gronger than the overdl net flow of
metd from the inlet into the mold.
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Figure 14. Tracking inclusions in a titanium hearth using the mass particle dynamics
model. Blue particles are 10% lighter than metal, green particles have the same density as
the metal, and red particles are 10% heavier.

There are three types of inclusons that are present in the incoming flow: light, neutral and heavy.
The dengty of the light and heavy indusons is assumed to differ by 10% from the density of the
fluid. Figure 14 shows the distribution of the particles after about 3 minutes from the sart of the
smulaion. Heavier particles (red) accumulate at the bottom of the bath collected in the middle
by the Marangoni flow. The neutral particles are scattered around the bath and the light ones
accumulate near the free surface. The amulation shows that these light particles are more likely
than other to enter to mold since the mold inlet islocated close to free surface. During the actud
casting process the light inclusons have to periodicaly be removed from the free surface by a
ladle.
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Figure 15. Total amount of oxide produced during top-gated and bottomgated mold
fillings.
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Figure 16. Distribution of surface inclusions (oxides) at the end of filling: top gating (I eft)
and bottom gating (right). Red color denotes higher concentration.

Surface oxides can dso be trgpped in the liquid metal bulk during filling, as was discussed in the
Smple Gating Section. These incdlusons represent a more continuous entity that cannot be
accurately represented with particles. A surface tracking agorithm, smilar to the one described
in the Lost Foam Section, can be employed ingtead, in which the surface defects represent
oxide film rather than foam residue.

Let uslook again at two of the filling examples presented in the Smple Gating Section (cases a
and c) and see how much oxide film is produced in each case and where it ends up at the end of
the filling. Figure 15 shows a comparison of the total amount of oxide (in arbitrary units) for
eech of the four cases. Clearly, the more splashing occurs during filling the more oxide film is
produced. Moreover, solashing promotes oxide film entrapment as shown in Fig. 16. Idedly,
the oxide film should be pushed towards the mold wals where it is less likdy to cause
mechanical defects.

Condlusions

Modern numericd smulation tools dlow casting designers and engineers to gain ingght into
many aspects of the casting process. With the growing complexity of these processes, it is
important that the researcher has some understanding of the numerical modes that he istrying to
use and the physica phenomena that he is atempting to smulate. Such understanding helps to
select the right tools and to interpret the results.

Simplifying modeling assumptions, a reduction of the number of parameters needed to define the

modd aso result in more efficient Smulations, as was shown in the examples in this paper.
These examples were produced using a general-purpose code FL OW-3D®. FLOW-3D hasa
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library of physicd modds and numerica goproximations, which can be combined to efficiently
mode avariety of casting processes.
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