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Abstract: A mathematical model of the centrifugal filling process was established. The calculated results show that the centrifugal
field has an important influence on the filling process. Moreover, the process of liquid flow and the location of free surface in sprue
were simulated based on the Solution Algorithm-Volume of Fraction (SOLA-VOF) technique. In order to verify the mathematical
model and computational results, hydraulic simulation experiment was carried out. The results of experiments and numerical
simulation indicate the accuracy of mathematical model. Two kinds of filling methods were investigated and the results show that the

bottom filling is better than the top filling that can achieve stable filling and reduce defects.
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1 Introduction

Titanium alloys possesses a high potential for
production of work pieces with high strength, mechani-
cal properties and high corrosion resistance, which
makes them widely applied in aviation, astronavigation
and civil fields[1-5]. However, it is well known that
titanium alloys are inherently difficult to cast, mainly due
to the high activity in molten state and poor fluidity.
There are many methods[6—8] to produce titanium alloys,
such as gravity casting, pressure casting, centrifugal
casting. Only centrifugal casting in vacuum can be used
widely. Centrifugal casting can improve the flow rate of
alloy melt, save raw material, reduce production cost and
can also increase casting precision, and simultaneously
the fluidity of titanium alloy is enhanced with increasing
the rotational velocity of mold. Now many researchers
have devoted to study the cast process of titanium alloy
in centrifugal casting. LIU et al[9] pointed out that the
superheat of molten metal plays an important role in the
full filling of titanium alloy. SHIMIZU and HABU[10]
discussed that the surface tension, kinematic viscosity
and the temperature difference between the fusion

temperature and the mold temperature affect the filling
process of titanium alloy significantly. GUO et al[11]
have given the analysis of overflow critical value for
TiAl based alloy during the process of centrifugal casting.
WATANABE et al[12] have indicated that the castings
produced by the centrifugal casting machine are
significantly better than that produced by the
pressure-difference casting. WU et al[13—-15] have
investigated the casting process and porosity of titanium
dental castings with numerical simulation method. LI[16]
has pointed out that the path line of liquid in centrifugal
conditions is involute. However, few documents report
the filling state of titanium alloy in centrifugal field,
because the melting and casting of titanium alloy are
often carried out in vacuum condition. So, till now there
is no complete picture of the filling process of titanium
alloys. However, the filling process plays an important
role in the casting of such alloys, which will affect the
solidification and the formation of defects.

The aim of this paper is to investigate the mold
filling process in vertical centrifugal casting. Based on
the forces analysis of mold filling in vertical centrifugal
casting, the
simulation is established and the experiment of hydraulic

mathematical model for numerical
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simulation is investigated. The comparison between the
experimental and the numerical results is carried out.

2 Mathematical model

2.1 Forces analysis of fluid in vertical centrifugal

casting

The flowing of liquid metal can be considered
group movement of mass particles. Three kinds of force
act on the liquid metal in centrifugal field, including
gravity, centrifugal force and Coriolis force. In a rotating
system with an angular velocity @ and the distance r
between the moving particle and rotating center, the
Coriolis acceleration is 2X Xv,, and the centrifugal
acceleration is (rX )X w, the gravity acceleration is g.
It can be seen from Fig.1 that the mold filling process of
centrifugal casting is a composite motion process of fluid
under three forces. According to the force analysis and

the principle of force composition, the composite force
of liquid particle is F,.

(a) (b)
Fig.1 Schematic diagram for forces analysis of liquid

F,., F,, G and F, terms express the forces acting on
it and the following relation should be satisfied:

Fce+Fco+G+Fn:0 (1)

where F,, is the coriolis force, F,, is the centrifugal
force;, G is the gravity; and F, is the resultant force of
above three forces acting on m,.

Therefore, the expression of F;, is obtained:

F=M(oX (@0 Xr)—20Xv,—g) 2)

2.2 Mathematical model for mold filling of vertical
centrifugal casting

A self-developed casting simulation software was
used to simulate the mold filling and solidification by
solving the Navier-Stokes (fluid flow) and Fourier (heat
transfer) equations numerically. Because it was about the
hydraulic simulation and the experiment was carried out
at room temperature, it doesn’t need to consider the heat

transfer during the mold filling process.

Consider the stationary volume element within a
fluid moves with a velocity having the components v,, v,,
v. and the density of fluid in the engineering is often
constant, then the continuity equation[17] reduces to
% + % + av— =0 3)

ox Oy Oz

Eqn.(4) is often referred to the Navier-Stokes’s
equation. In the form of Eqn.(4), we can recognize it as a
statement of Newtonian law in the form of mass (p)
x acceleration (dv/df) equal to the sum of forces, namely,
the pressure force (—Vp ), the viscous force (77V2v ), and
the gravity or body force pg:

pj—v=—Vp+77VZV+pg )
t

In the rectangular coordinate system, Eqn.(4) can be
written as

®)

In the process of vertical centrifugal casting, g, is x-
component accelerated velocity, g, is y-component
accelerated velocity and g. is z-component of gravity
acceleration.

The mold filling process in vertical centrifugal
casting is a transient flow process of fluid with free
surface. VOF method is used to calculate the free surface
in this paper. The equation of volume of fluid-function is
OF OF OF N orF

— v, —+Vv, —+Vv, —
ot ox Yoy ‘oz

0 ©)
where F' is the volume function. The value is unity for
cells fully occupied by fluid, zero for empty cells, and
between 0 and 1 for surface cells.
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3 Results and discussion

3.1 Experimental results

The rotational speed range of centrifugal machine
used in the experiment is 0—1 200 r/min, so different
rotational speeds can be selected in the experiment to
find which one is the best for filling. The high-speed
camera used in the study can take 1000 pictures (320X
320) per second, which can meet the requirement of the
experiment. In order to study the mechanism of mold
filling during vertical centrifugal casting, some factors
should be considered such as filling methods, rotary
speeds. Two kinds of gating systems (top gating and
bottom gating) were adopted in the experiment and each
pouring procedure ran three rotational velocities (163,
245 and 375 r/min). The liquid used in the experiment
was water. The rotational direction was anti-clockwise.
The photographs of bottom filling and top filling taken in
the experiment are shown in Fig.2 and Fig.3.

.
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3.2 Simulation results

The mold applied in simulation is the same as the
experimental one that can be used to verify the accuracy
of the software. Firstly, use Pore or AutoCAD to build
mold and output STL file, then use self-developed
software to split the mesh and output SGN file. The mesh
spacing is 2 mm, the total number of mesh is 180X 47 X
32=270 720 and the computational grid is shown in
Fig.4.

The
rotational speeds are shown in Fig.5 and Fig6. It is

simulation results in sprue at different
shown that the free surface and the velocity field are
changeable with rotary velocity. The free surface is
parabola-like, and with increasing the rotary velocity, the
free surface radian and the velocity of liquid in sprue
increase too.

The velocity field simulations of bottom filling and
top filling at 163 r/min are shown in Fig.7 and Fig.8.

Owing to the low rotational velocity, thin wall cavity and

ol

Fig.3 Photographs of top gating at different times with rotational

speed of 163 r/min: () 0.5s;(b) 1.25;(c)2.0s

Fig.4 Computational grid



1038 WU Shi-ping, et al/Trans. Nonferrous Met. Soc. China 16(2006)

Parabola
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Fig.5 Free surface in sprue at different rotational speeds: (a) 163 r/min; (b) 245 t/min; (¢) 375 t/min

(b)

(a)
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(a) (b) ()
Fig.8 Velocity fields of top filling at x-y planes at different
times with rotational speed of 163 r/min: (a) 0.5 s; (b) 1.2 s;
()20s

big back pressure, it needs more time to fill the cavity. It
can be seen from the simulation results that the whole
filling process includes two processes: forward filling

1 000 m/s

1 000 cm/s
| — |

(c)

and back filling. The filling velocity becomes faster and
faster in forward filling owing to the increasing
centrifugal force. Back filling is a uniform velocity
process in which the flow QO equals the cross-sectional
area S multiplied by the filling velocity v. The flow of
the same time at random position is unchangeable and
the cross-sectional area is a constant, so the filling
velocity is a fixed value in back filling in cavity.

The pressure distribution in centrifugal condition is
different from that in gravity condition. In the sprue, the
pressure is the largest when 7, equals Dy/2 and it becomes
smaller and smaller with the decrease of rotary radius.
When the liquid enters into the runner or cavity, the
pressure decreases with increasing filling length.
However the pressure increases immediately after the
liquid reaches the ingate wall, and the farther from the
rotary center, the bigger the pressure, which can be seen
from Fig.9 and Fig.10.
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Fig.9 Pressure fields in mold at x-z planes at rotational speed of 245 r/min
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Fig.10 Pressure fields in sprue at x-y planes at rorational speed
of 245 r/min

3.3 Discussion

It is hard to study the filling characters of TiAl
alloys in vertical centrifugal casting. However the filling
process plays an important role in the whole casting
process, so hydraulic simulation is explored in this paper
to solve the problem. In addition, back pressure should
be considered in the experiment that does not employ in
the vacuum, which influences the filling state obviously.
Depending on the pressure conservation law, the back
pressure function for hydraulic simulation is

pa=Let ™
Va

where pa is the pressure of air, which exhausts from

coating pore during experiment, pc is the initial pressure

inside cavity, J ¢ is the volume of mold cavity, and ', 1s

the volume of remaining void.

In the numerical simulation the pouring time is
divided into small time steps and it can be considered
that there is a steady state condition within each time
step. Therefore, Darcy’s law can be used to calculate the
pressure inside the void cavity [18]:

0
Ap = % ®)
P

where e is the coating thickness, Q° is the volume of

flux passing through the unit of coating area, K, is the

permeability of the coating, y is the viscosity of the air.

Back pressure will lead to slow the filling rate,
which can be solved by increasing the rotary velocity.
Fig.2 and Fig.3 show that top filling is faster than bottom
filling, and the long runner in bottom filling is the main
reason that causes the phenomena. However the bottom
filling is better than top filling, which can achieve stable
filling. Photos and simulation results (Fig.3 and Fig.8)
show that the filling process in centrifugal casting
includes forward filling and back filling, and forward
filling is an accelerated process, while back filling is a
uniform velocity filling process. The cavity filling in
bottom gating is more stable than that in top gating, in
which the two filling processes both occur in cavity in
top filling, resulting in the melts to crash each other
seriously. However the melts crash in bottom filling
occurs in runner and the cavity filling is a uniform
velocity process which can realize the stable filling.
Titanium alloys often be produced in vacuum condition
and the back pressure has a little effect on the filling
process, so bottom gating can realize stable filling and
reduce the defects.

The data picked in the experiments and the
simulation results are shown in Fig.11 and Fig.12. It can
be found that with the increase of filling time, the filling
length linearly increase. It can also be seen from Fig.11
and Fig.12 that the simulation results match well with the
experiments results.

The simulation results show that the free surface of
melts in sprue during vertical centrifugal casting is
parabolic and the radian increases with the rise of
rotational speed, which matches with the theoretical
analysis of SHENG[19].

The pressure field in centrifugal casting has been
analyzed. With increasing the rotational velocity, the
pressure increase too. And because of the bigger pressure,
the gas in cavity will be driven away and the defects will
be reduced as well as the alloy texture will become
better.

The experiment results and simulation results show
that the filling length will increase with increasing rotary
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Fig.11 Filling length as function of filling time at different
rotational velocities for bottom gating
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Fig.12 Filling length as function of filling time at different

rotational velocities for top gating

speed in a given range, but over this range, some other
cases may occur.

4 Conclusions

1) Based on the forces analysis, the mathematical
model of liquid filling in vertical centrifugal casting for
numerical simulation 1s obtained. In addition, the
comparison between the experimental and the numerical
results shows good agreement.

2) Both the numerical simulation results and the
experimental results show that the filling length and
filling speed increase with the increasing of rotational
speed in a given rotary range, and the back pressure
plays an important role in filling process under anti-
vacuum conditions.

3) Bottom filling is better than top filling, which can
realize stable filling.

4) The theoretical analysis and numerical simulation
results indicate that the free surface of melts in sprue is
parabolic, which is changeable with rotary velocity.

Moreover, the pressure in sprue is the largest at wall and
smaller at center, when liquid enters into runner or cavity,
the pressure decreases gradually, but it increases
immediately after the liquid reaches ingate wall.
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