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Abstract

The formation of macrosegregations during solidification is caused by the relative motion be-
tween melt and growing solid. Recently, Eulerian multiphase approaches came up to describe
this relative motion. Because conservation equations must be solved for each considered phase,
the Eulerian approaches have high computation costs. In order to reduce these costs, a mixture
model is suggested in this paper. For the mixture phase only one single momentum and enthalpy
equation has to be solved. A so-called drift flux model handles the relative motion between the
liquid and the solid. In addition, mass and species conservation are solved for each phase. Grain
nucleation and transport is considered with a suitable number density conservation equation. It
turned out, that the major features of an Eulerian approach remains, but the calculation costs are
reduced and the solution procedure is more stable. The model is applied for the solidification of a
cylindrical steel ingot casting. The results indicate that the mixture model can be practically used
to simulate large ingot casting at industry scale by making full use of the advantages of the CFD
technology in terms of sophisticated solidification modeling details.

Introduction

With the advances in numerical simulation technology and in computer power, it is nowadays
possible to perform multiphase flow calculations for solidification processes. The consideration
of flow in a casting process provides the possibility of predicting macrosegregations. At the be-
ginning, only a single phase was considered. Hills et al. [1], Prantil and Dawson [2], and Bennon
and Incopera [3] employed the concept of mixture to derive macroscopic transfer equations with-
out any microscopic consideration. Based on the averaging procedure for multiphase systems [4-
8], Ni and Beckermann developed a volume-averaging two-phase model to describe transport
phenomena during solidification [9]. In this volume-averaging two-phase model the number den-
sity of crystal is introduced and the solid fraction is mathematically derived from the solid conti-
nuity equation. Meanwhile, the concept of mixture is still used in many solidification simulations
for computational convenience. Ni and Incropera[10] developed a so called “extension of the
continuum model” by keeping the features of volume-averaging two-phase model and enabling
its ability to treat solutal undercooling, nucleation, stereological characteristics of the solid/liquid
interface, solid movement in the form of floating or settling crystals, and shrinkage. Gu [11] has
done some calculations of convection and formation of macrosegregations for large steel ingots
based on Schneider’s[12] work. His mathematical model was also based on the concept of mix-
ture and no extra solid movement in the liquid zone was considered. Thus, sedimentation of
equiaxed grains was not considered. Recently, Ludwig and Wu [13, 19] presented numerical

simulations of globular equiaxed solidifications with a volume-averaging two-phase approach. In
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this simulation, both liquid and solid (globular equiaxed grains) are taken as separated but highly
coupled interpenetrating continua. The conservation equations for mass, momentum, species
mass fraction and enthalpy are solved for both phases. Oldfield’s approach [14] for heterogene-
ous nucleation was used. This solidification model can describe the grain movement and forma-
tion of negative macrosegregation caused by grain sedimentation. However, in the application of
this model to large size ingot casting, the computation costs are still too high although the com-
puter power has increased significantly in recent years. One reason for the high calculation costs
is that the momentum conservation equation for each individual phase has to be solved. The mix-
ture model introduced in this paper employed all the important features like nucleation, species
transfer due to solute redistribution, mass transfer from liquid to solid etc. as used in the previous
Wu and Ludwig model[13,19], except that the concept of mixture is applied for enthalpy and
momentum. The derivation of this mixture model is based on the work of Manninen et al. [15].
The solution procedure for this model turned out to be quite stable and the necessary computa-
tional costs are reduced.

Mathematical Model
Model assumptions
The following assumptions were made:
(1) Two phases are considered, liquid (primary phase) and solid (secondary phase). They are
treated as interpenetrating continua and so their volume fractions sum up to one,
f; + f, =1. The solid phase is considered to represent globular equiaxed grains with an

ideal spherical shape. The mixture phase is defined as an artificial phase consisting both
liquid and solid. Its properties depend on the phase fraction.

(2) The volume-averaging method is applied to all variables used in the conservation equa-
tions.

(3) After the solid grains are generated in the melt, local mechanical equilibrium between the
moving grains is achieved over short spatial length scales. The local equilibrium ap-
proximation requires that a grain is rapidly accelerated to the terminal velocity.

(4) Thermodynamic equilibrium is assumed to exist at the solid/liquid interface.

(5) In a control volume, only one single temperature for the mixture is referred.

Conservation equations

Continuity equation for the mixture: by summing up the continuity equations of the liquid and
the solid as given in the full Eulerian approach, the continuity equation of a solid/liquid mixture
1s obtained as

op
—+V. u, )=0, 1
o (p,t,) (D
where a mixture density, p, , and a mixture velocity, u,,, is defined by
P =110+ 1Py 5 )
L_tm = ﬁplul - fspsus = wliil + M}sﬁs . (3)
P

In Eq. 3), w, = f,p,/ p,, stands for the mass fraction of phase i =/ or s.
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Momentum equation for the mixture: the momentum conservation equation for the mixture is
derived again by summing up the individual momentum conservation equations as given in the
full Eulerian approach. This gives

o _ o _
Epmu’" +V-(pu,u,)=-Vp+V-(r, +7,)+V-7, +p, 2, 4)

where it is assumed that the liquid and the solid share the some pressure field. The three stress
tensors are defined by

z-m :]}T/+fvrs’ (5)
Trw = (1 Pty + [ PRl g,) 5 (6)
Tom = (100l + [P0 ) - (7

7, represents the average viscous stress, 7, the viscous stress of phase i, 7,,, the turbulent stress
and 7, the diffusion stress due to the phase slip. u,, =i, —u, and u,, =u , —u, are the drift
velocities of / and s. u, is the fluctuating component of the velocity for phase i e.q.
up =u,—u,, with i, denoting the local instant velocity of phase i. The over bars in Eq. (6) in-
dicate an average inside same averaging volume. The term V-7, in Eq. (4) represents the mo-

mentum diffusion due to the relative motion.

Similar to the approach used in the Eulerian model for equiaxed solidification proposed ear-
lier be two of the present author[13,19], it is assumed that an artificial viscosity of the solid
phase can be introduced which accounts for the increase of the effective viscosity of a
solid/liquid mixture with solid fraction. This solid viscosity is expressed by [17]

b, =;_:'((1 S5 R (B )]- ®)

Here, f assumed to be the packing limit, /. =0.637 . For f, > f°, u, is infinitely large.

In practice, the drift velocity is determined by the relative velocity between the two phases
which is also known as slip velocity, i, . =i —iu,. Note that the drift and slip velocities are re-

lated to each other by
ﬁMs = (1 - Ws) ’ ﬁl—s . (9)

Due to the assumption of local mechanical equilibrium, the relative velocity between liquid and
solid can be expressed according to Manninen et al.[15] by

ﬁl TS (ps_pm)é—i

- f drag Ps

(10)

Here, 7,is a relaxation time, f, . the drag function and a, the acceleration of the grains. As we

assume that Re, <1 (Stokes regime), the relaxation time is given by 7, = p.d’ /(18y,) [15], with
d, being the (volume averaged) diameter of the solid phase. As in ref. [13], we assume that the

drag between the grains and the melt can be described by Kozeny-Karman below the packing
limit (submerged object approach) and by Blake-Kozeny above the packing limit (porous me-
dium approach). Thus, we applied
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10- £,

2 L=
Siraz = d{ff (11)
ERIR

To obtain a continuous transition we chose the empirical permeability parameter K, to be
K,=d?/180 at f, = £ which was then kept constant for f, > 7.

The acceleration of the grains, a_, used in Eq. (10) is of the form

oil,,
ot

QY

c=8&—(, Vi, - (12)

In this simulation, the acceleration of the globular equiaxed grain is given by gravity. Here,
the grains slip velocity is first solved by the above algebraic method, then the relation between
drift velocity and slip velocity determines the drift term 7, in Eq. (4). There are also closure
relations for the terms 7,,,7,,, . Detailed deduction can be found in Manninen et al’s work[15]. As

the momentum equation, Eq. (4), is closed, the mixture velocity can be estimated. From the mix-
ture and slip velocities, the individual velocity of the liquid and the solid is obtained.

Volume fraction equation for the secondary phase: from the continuity equation of solid phase in
the full Eulerian approach, the volume fraction of solid can be estimated as

%(fgpwwmﬁm) — M~V (fpiii)- (13)

Here, the definition of drift velocity is used to eliminate the phase velocity. In order to define the
net mass transfer rate, diffusion controlled grain growth kinetics is assumed. Thus, the growth
velocity in the radius direction, v, , can be solved analytically to give

vR_d—R:&'c[*_ci __b [1—0—1) (14)

“dt R c-c RI-k) | ¢

c, and c, are the equilibrium liquid and solid concentrations adjacent to the solid/liquid inter-
face, for which ¢, = kc, (with a constant redistribution coefficient k) and ¢, =(T —T )/ m

yields. D, is the diffusion coefficient in the liquid. The volume-averaged radius of equiaxed

grains, R=d/2, is calculated according to f, =n- 4T’”(a’ / 2)3 . With Eq. (14) we can define the

volume-averaged net mass transfer rate for the globular equiaxed solidification by considering
the total surface area of spherical grains and taking the impingement by an Avrami-factor f, into

account. So we get

M, =vg-(n-md?)-p, - f (15)
and,
D, a2 s
M= i (1 (T_Tf)/m] (n-7d*)- p, - 1. (16)
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Enthalpy conservation equation for the mixture: the enthalpy conservation equation for the mix-
ture takes the following form

0 _ _
a(ﬁplhl +fspvhv)+v '(f‘lplulhl +f€psuxhs) = V (Keﬁ‘"VT)—i—Q’ (17)

where K, = f,K, + f,K is the effective conductivity and O the heat source (sink) caused by

the releasing of the latent heat during the solidification or solid re-melting if the same heat capac-
ity for the liquid and solid phase are assumed .

Species conservation for each phase: the species conservation equation for each phase is given as

0 ~
a(ﬁplcl)+v’(ﬁplulcl) =V-(fipD\Ve)+Cy, (18)

0 _
E(fgpscs)JrV'(fspsusc‘\,) =V-(f,p,D,Vc )+C,, (19)

Where, C,(=-C,) denotes the species exchange rate between both phases defined elsewhere
[13].

Grain number density conservation equation: the conservation of the grain number density, 7, is
expressed in the following scalar conservation equation

én+V-(L7Yn):N. (20)
ot '

The nucleation rate, N, was deducted from Oldfield’s approach [14] which assumes that the het-
erogeneous nucleation takes place at different classes of sites.

The equations to model globular equiaxed solidification solved in the mixture model are
show in figure 1.

Mixture -
= T S

Continuity Equation

Momentum equation Energy Equation

Volume Fraction Equation

Drift Velocity ﬂ
Primary Phase — — Secondary Phase 3 Grain number
i i
ﬂ Algebraic slip mixture model ﬁ density equation
Species Transfer Equation Species Transfer Equation

Figurel. Considered conservation equations in the mixture model.
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Simulation and Results

Introduction of the simulation case

A benchmark cylindrical ingot with simple geometry was simulated with the proposed mix-
ture model. As casting alloy binary carbon steel with 0.34 wt % carbon is considered. The initial

casting temperature was assumed to be 7, = 1800 K and the initial composition of the melt ¢ =

0.34 wt. %. The velocities of liquid and solid are initially set to zero. A 2D axis-symmetrical
computation domain was chosen to simulate the cylindrical ingot. Boundary conditions, initial
casting parameters, grids and geometry sizes of this benchmark ingot are shown in Figure.2. The
size of a volume element within the square grid was chosen to be 1.25 mm®. The simulation was
implemented into the commercial CFD code FLUENT 6.2.16. Time steps for the calculation
were between 0.001s and 0.05 s. About ten hours of computing time was needed on one single
PC cluster node with 3.2GHz.

H=100 W/m*K

Carbon steel: Fe-0.34 wt %.C
T, = 1800K,COC =0.034

w00

H=700 W/m?K ~ —HHri ~ - H=700 WimK

13

ﬂ ::'_l__
$0.06m

Figure 2. Scheme of computing domain and boundary conditions

Results and Discussion

As the purpose of this paper is to evaluate the consistence of the proposed mixture model, we do
not intend to reproduce reality. In a real steel ingot casting, we would expect columnar dendrites
and equiaxed grains. However, in our model only globular equiaxed grains with an ideal spheri-
cal shape are considered at present.

Figure 3. shows the temperature fields during the solidification of the ingot. A logical evalua-
tion sequence of the temperature fields is obtained, although the mixture model solves the energy
conservation equation only on the mixture level. These results indicate that the mixture model is
more efficient regarding to the calculation cost than the Eulerian approach which solves energy
conservation equations for all phases considered.

&. =27s A A t=57s ‘ =728 I::':j
| ! 8500002

Figure 3. Evolution of temperature fields during solidification (850~1800 K).
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The solidification process is shown in Figure.4. For the mixture model, the most important
thing is to derive the velocity of the secondary phase since no separate momentum conservation
equation is solved for the velocity field of secondary phase. According to the rules for proper
application of the mixture model suggested by FLUENT, the mixture model is applicable in the
multiphase system if the Stokes number S; of the secondary phase is less than one. For the steel,
the density of secondary phase ps= 7200 kg/m’, the viscosity of liquid melt z.= 0.006 kg/ms, the
characteristic length of most steel castings L; = 0.1~1 m, and the characteristic velocity V; =
0.001~0.1 m/s, thus by assuming spherical morphology of the secondary phase the Stokes num-
ber can be approximated as

dZ
se=L1% Ve _ 6000067 ~0.67<1. @1)

184, L,

It means that the mixture model applies for the steel castings, and it does not lose its availability
in the velocity field.

Figure.4 shows the different velocity fields of liquid and solid phases during solidification. At
the beginning (¢ = 6 s), most of the solid crystals have the similar velocity field to the liquid
phase except for the area near the top of the ingot where solid grains fall downwards. As the so-
lidification proceeds (¢ = 27s, ¢ = 57s), most of the solidified grains will sedimentate and settle in
the bottom of the ingot because of the higher density of the solid grains. These predictions agree
quite well with the experimental observation of solidification. One interesting thing here is that
at the final stage of solidification (# = 72s), the liquid phase in casting centre flows downwards
rather than upwards as seen in the previous pictures. The explanation is that such kind of liquid
flow is induced by the wide density change of solid and liquid phases at the end of the solidifica-
tion.

t=57s

t=72s

Figure 4. Evolution of solid fraction together with the velocity of liquid steel (above) and the velocity of

grains (low) (#_.. =0.01 m/s)

max

The mix carbon concentration (.c _ o pitire pf ) in the ingot during the solidification

" P S+ p T,
process is shown in Figure 5. Positive macrosegregation is observed near the top and centre bot-
tom areas of the ingot. Because of the solute partition during solidification (partition coefficient
of carbon in the steel is lees than one), the carbon concentration in the melt arises with solidifica-
tion. Finally, when the liquid steel with higher carbon content solidifies, the solid phase at the
end of solidification will have very high concentration as shown in this figure. The negative seg-
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regations, as illustrated with blue color in Figure 5, are caused by grain sedimentation. In this
mixture model the density of liquid phase changes with the temperature and concentration, and
the densities of the liquid and solid are different. The density change can cause some kinds of
feeding phenomena. If the ingot is not 100% perfectly solidified, the flow with high carbon con-
centration can penetrate into partly solidified (or not 100% perfectly solidified) area and cause
the mix concentration changing during the solidification. This can explain the mix concentration
change in the partly solidified areas during the solidification in Figure 5.

t=72s
negative macrosegregation
) during the solidification. The values are in the range from

=65 ' =275 | =575

Figure5. Carbon concentration change (¢
0.14 to 1.3 wt. % during the solidification.

mix

Conclusions

A mixture model for globular equiaxed solidification considering nucleation, grain growth
and motion, sedimentation, thermo-solutal melt convection and the formation of micro- and mac-
rosegregations was presented. A binary steel ingot casting was simulated as benchmark. The
predicted solidification sequence and the formation of macrosegregations are encouraging. Com-
pared to the full Eulerian approach the mixture model saves computing time. With further im-
provement such as including columnar dendrites, the formation of shrinkage cavities and predic-
tions on porosity, the mixture model might be suitable for describing industrial scale ingot cast-
ings.
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