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Abstract

Simulation of a permanent open mold filling is presented with the aim to analyze the capacities of CEL Abaqus tool. The fluid
behavior is defined by Mie-Griineisen equations, driven only by body forces in order to identify areas with turbulence and relate
them with defects in the solidified part. The filling is achieved using the fluid-solid interaction (FSI). Finally, free surface beha-
vior, droplet formation, velocity vector field, volume distribution within the Eulerian mesh were obtained. It is concluded that the
analysis CEL can be an alternative tool to the CFD analysis, since it was able to model the multiphysical phenomenon of casting
process, being able to relate the regions with turbulence with the defect zones in the solidified ingot.

Resumen

En este trabajo se presenta la simulacion de una colada en una matriz abierta con el objetivo de analizar la capacidad de la he-
rramienta de Abaqus™ CEL para su modelado. El comportamiento del fluido se definié mediante el modelo de Mie-Griineisen,
la tnica carga aplicada fue la gravedad para asi identificar las zonas con turbulencia y relacionarlas con los defectos en la pieza
solidificada. El llenado se consiguié mediante el algoritmo contacto general explicito (GC) para lograr la interaccion fluido-sélido
(FSI). Finalmente se obtuvo el perfil de flujo, comportamiento de superficies libres, formacion de gotas, campo de velocidades,
fuerzas de reaccion, distribucion de volumen en el dominio Euleriano. Se concluye que el analisis CEL puede ser una herramienta
alternativa a los analisis CFD, ya que fue capaz de modelar el fendmeno multifisico del proceso de colada, pudiendo relacionar

las regiones con turbulencia con las zonas con defectos en el lingote solidificado.
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Introduction

In gravity casting processes, any variation from laminar flow
has critical implications to solidification and product quali-
ty [1] resulting in defects in the solidified part [2], such as
pores, inclusions, oxide formations and air and gas trapping
[3]. The behavior of fluid flow in real molds is determined
experimentally by analyzing the solidified pieces and the fi-
lling process observation, which involves costs and material,
it could be optimized using specialized software and with the
appropriate approach, valid simplifications and a correct in-
terpretation, it will show accurate results in comparison with
experimental data [4 - 12]

Since the beginning, simulation of cavities filling has focu-
sed on the analysis of a single variable as: speed, pressure,
heat transfer, convection, and others, this limitation is main-
ly due to the model complexity required to study some va-
riables mentioned as another function and limited computing
capacity. Nowadays with the advance in the computational
modeling, the temperature variation as a function of time and
material flow simultaneously analyzed has been achieved
[13, 14]. However, this requires extensive programming and
it is limited to a specific problem, also demands long time
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of calculation in order to obtain an acceptable numerical
solution. Recently with the multivariate analysis implemen-
tation switching several types of coordinates (Eulerian and
Lagrangian) in a single model is possible [15].

The CEL method avoids the problem of using a Lagrangian
approach for fluids, limited by mesh quality, implementing
a traditional Eulerian mesh, allowing material flow without
mesh deformation [16]. Some advantages of CEL analysis
is to initialize the material as a predefined field in speci-
fic sections of the mesh, that are defined with partitions or
using a reference part with a specific shape for the material.
This requires the use of the Volume Fraction Tool (VFT)
that assigns a volume from 0 to 1 on the Eulerian elements
interfered by the elements from reference part and define the
initialization field for Eulerian material and create an ele-
ment set where it is possible to assign any initial condition
[15]. In order to ensure a correct FSI is necessary a ratio be-
tween Lagrangian and Eulerian elements of one Lagrangian
per minimum 3 and maximum 5 Eulerian elements [17]. In
addition, the pre-programmed model used for the proposed
test is the Newtonian behavior with semi-compressible type
described by Mie-Griineisen equation of state (EOS) with li-
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near approximation in the pressure made by Hugoniot which
is [18]:

2

PoCoT r'm

= oo 2[1— 0 j+FOpOEm (1)
(1-sm) 2

Where p is the magnitude of the system pressure, », initial
density, ¢, is the sound wave speed in the fluid material at
the reference state, 77 nominal volumetric deformation due
to compression, I') Griineisen constant at reference state, £
energy per mass unit and s is the line slope that shows the re-
lation between the particle velocity and the applied velocity
on the fluid.

The product c2 77 of eq. 1 approximates to compressible mo-
dulus, responsible for modeling the material under impact,
valid only when 7 is small; these systems present a critical
strain and compressibility. This point sets the maximal stress
state, exceeding this value appears negative sound speed,
this is interpreted such as the material makes sound or like
a numerical mistake in the solution, this depends entirely on
the phenomenon.

Methods

Geometry description

The Lagrangian part in the simulation approach is a rectan-
gular cast iron mold used to solidify 350 gr Cu alloy ingots

[19] its dimensions are reported in Table 1.

Table 1 Dimensions used to build the cavity.

Dimension Value mm
X 38
Y i 143
z i 7
Radius edges 12
Sprue radius 4

The VFT reference part is a cylinder with 30 mm radius and
17.2 mm height obtained to ensure the volume of the molten
metal. In addition, a funnel is needed for channeling the fluid
to the sprue of the mold which has a total height of 42 mm,
smaller radius of 4.36 mm and two rounds of 10 mm to en-
sure the relation between Eulerian and Lagrangian elements,
the first is located at 13 mm and the second at 38 mm from
the upper edge.

These solid pieces were built as shells, defined with rigid
body constraint. Finally, the domain is a simple box 30 mm
height, 11 mm width and 75 mm depth.

Material Properties

Casting flow modeling is often performed with water in
transparent molds, this is possible since the kinematic visco-
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sity of water is similar to most metals at filling temperature
[3] this implies that water properties are acceptable for the
model and are shown in Table 2. These properties are used
to satisfy the Mie-Griineisen EOS and Hugoniot approach.

[ Funnel ]

Figure 1 a) Funnel, b) Mold, ¢) Simulation assembly.

Table 2 Properties for Eulerian material definition [8].

Parameters Value
£ 998.2 kg/m?
v : 0.001003 N s/m?
¢ § 1500 m/s
s 0
r § 0

Mie Grunéisen equations are used for large deformations
in deformable material as a function of internal energy, dy-
namic viscosity, and speed of sound propagation inside the
fluid. Mass conservation was added for each Eulerian do-
main modeled as the total sum of mass moving through the
element faces, equal to zero. Moment conservation applied
in the node of both domains (Eulerian and Lagrangian) is
considered, by using full sum of liner and angular moment
equal to zero.

The main process considered were momentum transfer and
viscous collision in Eulerian elements, in order to calculate
mass transfer along the Eulerian domain. No heat transfer
between solid and fluid domains was modeled.

The fluid was a Newtonian one because the pouring tempera-
ture highly above of solidus line. In order to individualize this
analysis from other pouring analysis the sound speed propa-
gation c0 through the fluid was used in the Mie-Grunéisen
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model. In addition, viscous damping and dynamic viscosity
values of water were used. Finally, none solidification effects
were considered.

Analysis conditions

The mold filling requires to define dynamic explicit steps on
CEL analysis, in that way the numerical solution starts with
position and velocity values already known from initial con-
ditions and previous increment to evaluate the values of next
increment, this avoids the need to determinate the stiffness
matrix and simultaneously allow to restore the calculation
from a specific step or increment [20].

One of the major setbacks in the CEL approach is that any
material defined by EOS does not accept mass scaling fac-
tor, nor can use the velocity scaling because their behavior is
dependent on it and result in pressure modification then the
computing time could not be accelerated. The only load con-
sider was due to gravity 9.81 m/s? in z direction, under this
condition, views were obtained when the twentieth of the
total set time is reached, therefore 15 identical steps were de-
fined, each one 0.1 s as a result, the resolution obtained was
of one visualization per Se-3 s for a total of 1.5 s simulated
to compare with the ingot obtained [11].

The process is constant over time and the only interaction
present is FSI so only is needed to define one friction contact
interaction as mechanical properties to control viscous fluid
behavior [21], this was achieved applying GC algorithm to
the entire model. The definition of rigid body (RB) for all
solid parts avoids defining specific material or some proper-
ty, only the inertial behavior of the section [22]. The zone
defined as RB becomes into a collection of nodes, or linked
elements to a single behavior defined by the user at referen-
ce node, the entire collection maintains the relative position,
allowing work piece displacement and resultant force cal-
culation [23]. The above definition is applied in all the solid
pieces for establishing the desired behavior during testing.

In order to prevent fluid loss mass was necessary to apply cons-
trains on Eulerian domain, by imposing boundary conditions
with normal zero velocity to the surface of interest [16] and the
Eulerian domain acts as material containment, this was just a
precaution to maintain stable energy and mass in the model and
does not interfere with the FSI calculation. Also, the molten
fluid of the Eulerian domain was considered as isothermal.

The Eulerian material was initialized as a predefined field
generated by the VFT using the reference part located in the
funnel and was applied as material initialization. Mesh de-
finition on all parts was as follow, the domain used 8 nodes
cubic Eulerian element EC3C8R overall size of 3 mm, the
reference part was meshed with a discrete rigid element of 4
nodes for 3D models (R3D4) with overall size of 1 mm. The
funnel used the same element type that reference part but
with a global size of 1.5 mm. The mold used an element type
equal to the other solid pieces with a global size of 2 mm.

The size is the result of looking for an optimized ratio of ele-
ments between three to five of the Eulerian domains for each
of the Lagrangian [17], because if it is followed the relation
at its minimum dimension, it would get an element size of
0.66 mm for the domain. In this case the calculation time is
approximately one day to obtain the first observable result
(10% of the total time of one step), so the size is increased at
1 mm, then it is obtained an advance of 60% of the total time
of a step in a day of computation.

Eulerian surface tracking and the assigned material volume
recognition algorithm can cause "runoftf" at edges. The solu-
tion method is to get a finer mesh so that there are no Eule-
rian elements that interact partially with the Lagrangian, but
the number of elements impacts the computing time, so the
option was to remove edges where there were severe reduc-
tions and elements that converge to a single node.

Results and discussion

The velocity profile shows a free flow and acceleration at the
funnel reduction, Fig. 2, while the distribution of VE shows
the formation of vacuum which is confined at the time the
fluid contacts itself at the end of the funnel (upper figure),
simultaneously the velocity profile is uniform over the solid
surface, this suggests that fluid behavior is acceptable during
FSI simulation, the vacuum generated by the acceleration,
causes no visible effect on the velocity profile, on the other
hand the vacuum movement suggests being calculated as an
independent entity in the model (lower figure).

Figure 2 Left column shows the distribution of VE, Right column shows
the fluid velocity profile.

The cavity formation in the Fig. 2 (left), is filled with void,
which is applied in the software with the purpose of exchan-
ging defined material through the Eulerian mesh.

This cavity confined void material due to fluid flow, then the
"bubble" travels upward and the volume decreases due to the
fluid pressure, when the fluid volume decrease the bubble
expands and as a result a meniscus appears on the free surfa-
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ce, when the surface tension of the fluid defined not support
the thrust of the material void, the fluid is projected, forming
a column with a drop at the top and a cone at the free surface,
and finally the fluid driven by the "bubble" falls by gravity
as two drops on the top, as the cone superficial area increases
and appears sloshing.

Tkttt
i ‘”\5.

Figure 3 Void material behavior in the funnel.

The results validation was done by comparison with hi-
gh-speed videos (5¢3 and 10e3 frames per second (fps)) with
resolution of le-3 and 2e-3 s.

The Fig. 4a, shows the formation of a fluid meniscus, Fig.
4b shows a column of fluid accumulation at the top forming
a droplet and two different regions, one with waves near the
cone under the column of fluid and other quit zone beyond
first one, Fig. 4¢ shows two droplets due to the inertia of
each fluid cluster, each one showing different response to the
gravity, this indicates that the calculation is very close to rea-
lity results.

a) b) c)

Figure 4 Fluid under impact, a) and b) was taken at 5000 fps [13], and ¢)
at 10000 fps [15].

The measurement of the reaction force at the funnel and the
mold show that the value is constant, except for short periods
of time, which are presented at the same moment for both
bodies t,= 0.1 sand t, = 0.2 s, the first one corresponds at the
moment that a bubble gets to de free surface of the fluid and
forms a meniscus and the second one at the moment when
the flux change of direction and started the recirculation at
the bottom of the mold. For the funnel a first peak is pre-
sented at t = 0.055 s, it corresponds when the fluid passed
through the reduction and a bubble precipitates into the fluid
(Fig. 5).

The first simulation step shows the first contact with the
mold, the spread of the fluid on the solid walls and splash
effect by collision with the sprue, and this effect is covering
more area while fluid flow (Figs. 6a and 6b). During the se-
cond step the fluid shows an increase in volume confined
into the mold, the splatter profile remains constant, accumu-
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lation at the bottom and a right to left flow tendency are evi-
dent (Fig. 6¢).

35.

w
=

|

N
d

Reaction force [N]

-
wn

-
o

— Funnel |
— Mold
00 0.05 0.10 0.15 0.20 0.25
Time [s]

ounl

Figure 5 Reaction force of the funnel and mold during filling.

a) b) c)
Figure 6 Mold filling at first step a) t = 0.06 [s], b) t =0.12 [s], ¢) t = 0.24 [s]

Verification of fluid dynamics is driven analyzing velocity
vectors. In the Fig. 7a the sprue displays properly the velo-
city vectors, these profile follows the solid surface at values
between 1 - 5.67 m/s, in Fig. 7b vectors and fluid rise in the
cavity at any time has a profile compatible with the distri-
bution of volume and the direction of gravity, and Fig. 7c,
speed and flow remains constant and it is only affected by
the free surface elevation at values between 0.63 - 1.89 m/s
at the bottom of the mold.

V, Resultant

+3.000e+0C

[ +2.7508+0C
+2.5006-+0C
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+2.0006-+0C
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+1.2508+0C
+1.000e+0C
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+2.5006-01
+0.000e-+0C

s

Figure 7 Initial velocity profile, a) t=0.06s,b)t=0.12s,¢c)t=0.24s

The progress of simulation showed a cyclical pattern, fluid ac-
cumulates on the left side, increasing the height and collapses
toward the center, splash was produced on the right side and res-
tart the cycle, at the bottom on the left appear two directions of
flow facing each other, as a result at the center a vortex was crea-
ted. Fluid follow the surface defined properly by the solid (Fig. 8).
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Figure 8 Velocity profile at t = 0.655 s

In this paper the turbulence was defined as any area with
high velocity vector direction changing randomly, volume
per eulerian element changes and circulations of fluid su-
rrounding a small area (few elements about 3-5 of them).
Using previous idea results of velocity field developed for
the fluid and volume distribution mark elements that accom-
plish two of three criteria.

The velocity profile of the Fig. 8 suggests, that most of the
defects must be in the lower left corner, that result most
match with the less homogeneous volume distribution to
predict de area with defects in the solidified ingot (this can
be performed because the part is thin enough to observe the
flow pattern).

Fig. 9 shows the areas where there was less homogeneity in
the velocity profile and distribution of fluid volume, at the
same time the place with higher probability of turbulence.
In the lower left corner and at the fluid inlet none uniformi-
ty in volume distribution appears but not in velocity profile,
this type of results indicate that the material will show poor
homogeneity during the filling that results in oxide salts ac-
cumulation and not desirable microstructures. When compa-
rison is made in the corresponding ingot areas, porosity and
traces of oxide layers are presented, as a result of turbulence
flow, since the solidification is not considered in the model
only is possible to match instantaneous results with the soli-
dified history on the final part. Finally, the surface turbulence
does not show defects accurately, but it shows a clear ten-
dency to accumulate fluid on the left and lower on the right,
which was the expected profile.

Conclusions

The flow simulation of material from one cavity to another,
driven by gravity is only satisfactory when the calculation
of free surfaces, propagation material inside the domain de-
fined, velocity profile and Eulerian distribution volume are
valid; in this case the previous variables are acceptable and
make evident that the defects in solid as a result of turbulen-

ce flow match with the predicted turbulent zones, as a result
ABAQUSTM was set like alternative tool of CFD software
and capable of multiphysics analysis because all elastic and
fluid equations defined by user are solve simultaneously.

b)

Figure 9 Comparison of a) EVF obtained (empty blue, red = full) b)
solidified ingot (Photograph by Author).

GC algorithm with frictionless properties allow to control the
surfaces interaction by the viscous properties defined on the
fluid thus avoid "runoff" or bad geometric restriction by solid
defined in the model. The material void may cause effects on
the Eulerian material if they are under confinement, like at
reduction of the funnel is needed to verify this behavior in
other confined systems and other boundary conditions.

The combination of velocity profile and volume distribution
allows to predict areas of high probability of turbulence that
could be used to approximate zones with probability of de-
fects, these predicted areas must be analyzed increment per
increment because solidification effects are not considered,
at the end of the simulation al areas are going to look homo-
geneous and many defects would pass unnoticed.
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