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[ Abstract] During the solidification process of binary Al Fe alloy under centrifugal casting, the primary phase of Al; Fe

migrates along the radius because of the density difference between the primary phase and the liquid alloy . Therefore the

te mperature and concentration field are affected significantly by both the fluid flow and the solid phase migration. In order

to take this factor into consideration, a t wo-phase flow numerical model has been established in column coordinate to depict

the solidification process of Al Fe alloy under centrifugal casting according to the feature that there exists the solid phase

migration during the process. Thus the solidification process of Al- Fe alloy under centrifugal casting has been described

much more pertinently .
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1 INTRODUCTION

The solidification process of binary Al-Fe alloy
under centrifugal casting is controlled by the mass,
momentum, heat and chemical species transporta-
tion . Therefore, it is an important means to know
the microstructure and the segregation of binary Al
Fe alloy under centrifugal casting by numerical model
that depicts the solidification process of binary Al-Fe
alloy under centrifugal casting. At present, several
models of the solidification of centrifugal cast have al-
ready been established. ZHANG et all' T established a
numerical model which described the heat trans mis-
sion process of centrifugal SHS ceramics liner tube
based on Fourier heat trans mission equation. But this
model only described the process separately and ig-
nored the interaction among the three transmission
processes . JIAO et all 2} put forward a comprehensive
numerical model for the solidification process of elec
tromagnetic centrifugal casting, which depicted the
three trans mission effects under the condition of fluid
flow. However, during the solidification process,
both solid and liquid phases exist simultancously and
heat transmission parameters vary with different
phases , this model didn’ t consider these facts respec-
tively . HAN et all3’ proposed a numerical model with
a source item to describe the solidification process of
electromagnetic centrifugal casting, which took the
variation of the thermophysical property parameters
with te mperature into account . But the features that
solid and liquid phases coexist during the solidification
process have not been embodied yet. Further more,
the species trans mission process was ignored in these
two models, which resulted in the ignorance of the
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effect of species transmission on the process of heat
and momentum trans mission. Morecover, the mass of
molten metal per unit volume should vary with the
phase transfor mation process , while this variation was
neglected in the continuous equations of these models .
From this point of view, the above models were not
definite enough in depicting those solidification sys-
tems .

In addition, there is an important difference be-
tween the solidification process of Al Fe alloy cen-
trifugal casts and that of other centrifugal casts, that
is , because the primary phase in Al Fe alloy migrates
along the radius due to the density difference between
(48] the dis-
tribution of te mperature and composition is affected

the primary phase and the liquid alloy

significantly in the solidification process owing to the
solid phase migration. But the nucleation and growth
of the primary phase and the viscosity of liquid alloy
vary with te mperature and composition, which reacts
on the solid phase migration and alters the migration
velocity . So the effect of solid phase migration on
te mperature and composition field during the solidifi-
cation process should be considered in this numerical
model. At the beginning of 1990s, Fanesan et all®}
and Ni et all'" proposed two phase flow numerical
models successively . But during the solution of the
models, the solid phase velocity was assumed to be
zero or the same as that of the liquid phase due to the
lack of solution premise, so the solid phase velocity
has not been solved practically .

In this paper, the conservation equations con-
trolling the mass, momentum, energy and species
transportation process have been established in col-
umn coordinate system under the conditions of two
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phases flow according to the features of the solidifica-
tion process in binary Al-Fe alloy under centrifugal
casting . Besides those equations , an equation govern-
ing the solid phase migration has also been proposed,
which enables the solution of solid phase velocity .
Thereby , the solidification process in binary Al Fe al-
loy under centrifugal casting has been described quan-
titatively .

2 METHEMATICAL MODEL

The experiment of Al- Fe alloy centrifugal casting
has been performed on a vertical centrifugal casting
machine . A numerical model is established according
to the features of the solidification system. Assump-
tions invoked in the development of the numerical
model include :

1) The liquid metal rotates at the same speed
with the mold soon after it fills in the mold. That is
to say, there is no relative movement among the
mold, solid phase and liquid phase in the direction of
0,i.e. vy = vy = vy. On this basic premise , the
flow of liquid metal is only caused by the heat diffu-
sion, the solid phase contraction and the agitation of
solid phase migration .

2) During the solidification process , the effect of
centrifugal force is more significant than that of gravi-
ty . Thus the vertical velocities of solid phase particles
relative to that of liquid phase can be ignored. Then it
is assumed that the velocities of solid phase particles
and liquid metal in the direction of the axis are the
same .

Since the centrifugal cast is in a cylindrical shape
and is symmetrical about the rotation axis, thus in-
vestigation is focused on the transverse section of the
casting along the rotation axis in a column coordinate
system , which efficiently overcomes the intrinsic de-
merit of the former solidification simulation system in
rectangular coordinate syste m that the result of subdi-
vision is not symmetrical and the simulation results
distorts partially[“]. During the solidification, the
te mperature fields of the mold and the casting are
symmetrical about the rotation axis, therefore , the o
rigin of the coordinate is set on the center of bottom
of the solidification system .

A minute cle ment is taken from the solidification
system . The spatial dimension of the minute ele ment
is Ar, Az, Af. The volume of it is Ar* Az* rA 0.
The volume of minute ele ment is large enough com-
pared with the microinterfacial structure , while it is
much smaller than that of the whole solidification sys-
tem .

2.1 Energy conservation equation
For every minute ele ment the energy conserva-
tion equation can be expressed as

Heat incre ment of Net heat incre ment
a minute ele ment = arising out of liquid +
in At time phase flow

Net heat incre ment Net heat incre ment
arising out of solid + arising out of heat +
phase flow diffusion

The release
of latent
heat

Therefore, the differential equation of heat
trans mission during the solidification can be expressed
as
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The boundaries among casting, sand mold and
permanent mold are regarded as perfect boundaries,
and respectively conform to the boundary condition e-

quations shown below .
1) The boundary between sand mold and casting
0T 0T
A5, = Aag, (2)
where A = fiA+ fid.
2) The boundary between sand and permanent
mold

0T 0T
Aan 5, = e 5, (3)
3) The boundary between permanent mold and
casting
oT oT
Ay, = ey, (4

The heat in mold and casting surface which con-
tacts with air eliminates primarily by convection and
radiation. The heat conduction at these boundaries
conforms to the equations shown below .

1) At the inner surface of casting

cAST = BT T+ Feyo(Th, - T

(5)
2) At the outer surface of permanent mold
- q= h2( Tam - Tm) + FgFe U( Tgm - T?n
(6)
where it is presumed that Tm‘ t—o = To and that

Tliog=T,.

2.2 Species conservation equation
The conservation equation about the species
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tran5port process can be GXpI'GSSGd as

The average composition
incre ment of a minute =
element in At time

Net species incre ment
arising out of +
liquid phase flow

Net species incre ment
arising out of +
solid phase flow

Net species incre ment
arising out of
solute diffusion

Thus the species conservation in the form of dif-
ferential equation can be expressed as
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Species transport during the solidification pro-
ceeds in an isolated system because there is no solute
volatilization and physical che mistry reaction such as
oxidization during the solidification of the alloy. In
this case , the species transport density is zero at every
boundary . The gravity segregation can be ignored be-
cause the liquid alloy is agitated before pouring. The
initial state of species distribution can be regarded as
uniform distribution, that is ¢ ‘ f=0 = Co -

2.3 Solid phase migration equation

There are two forces acting on every solid phase
particles during the solidification process in binary Al
Fe alloy under centrifugal casting . One is the dynamic
force along the radius caused by centrifugal force
field, the other is the viscous resistance coming from
liquid phase during the motion of the particles.
Therefore, according to Newton’ s second law, the
solid phase migration equation can be expressed as fol-

lows!'?!

4
(A~ @ ARG 6TR v,

4 dog, 3
S AR, ()

where the equivalent radius of the particle R, =

/3 Vp/4JT , where V, is the volume of the solid
phase particle .

2.4 Mass conservation equation

The exchange of mass between minute ele ment
and environment is mainly aroused by the fluid flow
and solid phase migration. Thus the mass conserva-
tion equation can be expressed as

The mass incre ment of a minute _
element in At time

Mass difference arising out of
. +
liquid phase flow

Mass difference arising out of
solid phase migration

Thus the mass conservation equation in the mul-
tr phase region can be expressed as

d
o fidt @) =

- 177%[ r(flﬂvlrJr fsﬂvsr) ]'

1 0 0
767(9( flﬂvﬂJr fsﬂvﬂ) - E( flﬂvler fsﬂvsz)
(9)
2.5 Momentum conservation equation
The momentum conservation equation of the so
lidification syste m can be expressed as

The momentum
accumulation of a minute =
element in At time
Momentum incre ment
arising out of +
liquid phase flow

Momentum incre ment
arising out of solid +
phase migration

Impulse arising out of

the body force acting on +
the minute ele ment

Impulse arising out of the
Darcy resistance acting on +
the minute ele ment

Impulse arising out of the
surface force acting on

the minute ele ment

Thus the momentum conservation equation in a
space coordinates system can be expressed as
1) In the direction of r

0

ﬂ( figont fi@avs) *

176%[ MCfianon+ favse)) +
10

Tod vt fpvws)

0
E( flﬁ'UIZU“JF fsﬂvszvsr) =

AW figt foQ) -
10(rT,) 107% 0F,
r Or rofd 0z
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or krﬁz( b sr) (10) the minute ele ment in At time

2) In the direction of ¢
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2.6 Eguation governing variation of solid phase
fraction caused by solid phase migration

The variation of solid phase fraction during the

solidification caused by solid phase migration also fol-

lows the conservation principle . Thus the variation of

solid phase in any minute ele ment can be expressed as

Solid phase fraction incre ment of _
a minute ele ment in At time

Solid phase fraction flowing out of
the minute ele ment in At time

Thus the equation governing the variation of sol-
id phase fraction caused by solid phase migration can
be expressed as
Ofie 1 0(rfiv,)
T ot T or *
1 0(fivp) N O( fs0s2)
r 06 0z

(19)

2.7 Supplementary equations

During the solidification process of a casting , the
incre ment of solid phase fraction in every minute ele-
ment comes from the proceeding of solidification and
the solid phase migration. Therefore

Afo=Afut A fi (20)
where A fi, —Solid phase fraction incre ment caused
by solidification, A f,
ment caused by solid phase migration.

The solute transport during the solidification is
under the control of both diffusion and convection,
therefore

e = a kel - f) X (21)
ko
ko + (1 - ko)exp[ - (RS Dy)] -~
where ~ §—The thickness of diffusion boundary lay
er ,which is about 0 .01 ~1 mm; R—Growth rate .
The solidification processes of Al Fe binary alloys
(AF2 %Fe, AF5 %Fe, AF10 % Fe) under centrifugal
casting have been comprehensively simulated based on
the above mathe matical model. The simulation results
are identical to the experiment results. These results
will be reported in other papers .

—Solid phase fraction incre-

where Kg =

3 CONCLUSIONS

A two phase flow mathematical model, which
depicts the three transportation phenomena, has been
established according to the features of the solidifica-
tion process of Al Fe alloy under centrifugal casting .
The mathe matical model includes mass, momentum,
The solid
phase migration equation and the equation governing

the variation of solid phase fraction caused by solid

species and energy conservation equations .

phase migration have been given, which solves the
problem of the solution of solid phase velocity under
the condition of two phases flow . Through solving all
these equations simultaneously, the physical quanti-
ties during the solidification can be calculated and the

solidification process is described in quantification .

NOMENCLATURE
@ — Density of solid phase , kg/ m’;
A — Density of liquid metal , kg/ m’;
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Rp— Equivalent radius of solid phase particle,
m ;
C,s — Specific heat of solid phase , J/(kg* K) ;
C,i — Specific heat of liquid metal , J/ (kg* K) ;
m— Mass of solid phase patricle , kg ;
@— Mold rotation speed, rad/s ;
n— Viscosity of liquid metal , Pa*s ;
L — Latent heat, J/ kg ;
T — Temperature of casting , K;
Tp — Pouring te mperature , K;
Ty — Mold preheated te mperature , K;
T,, — Ambient te mperature , K;
v, — Axial velocity of solid phase particle ,
m/s;
v, — Radial velocity of solid phase particle ,
m/s;
vy, — Axial velocity of liquid metal, m/s ;
vy, — Radial velocity of liquid metal, m/s ;
vy— Circumferential velocity, m/s ;
fs — Volume fraction of solid phase ;
fi— Volume fraction of liquid phase ;
F — View-factor;
&— E missivity ;
0— Boltzmann constant ;
h — Coefficient of heat convection,
W/ ( m'z'K'4) ;
A — Thermal conductivity of liquid phase,
W/ ( m?e K) ;
A — Thermal conductivity of solid phase,
W/ ( m2e K) ;
A — Thermal conductivity of the casting,
W/ ( m** K) ;
Aun — Thermal conductivity of sand mold,
W/ ( m** K) ;
Aper — Thermal conductivity of permanent
mold, W/( m**K) ;
c; —Concentration in liquid phase ;
c¢; —Concentration in solid phase ;
D, —Diffusion coefficient in solid phase ;
D, —Diffusion coefficient in liquid phase ;
p —Pressure of liquid phase , Pa;
T—Shear stress , Pa;
k —Permeability ;
u—Effective viscosity ;
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g —Specific heat transfer rate, W/ m>.
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