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Abstract—Continuous ingot casting is an important processing technology for many materials. Under
most practical circumstances, turbulence plays a critical role which, along with transport mechanisms such
as buoyancy, surface tension, and phase change, is responsible for the quality of the end products. A
modified turbulence model based on the standard k-¢ two-equation closure is proposed and applied to
predict the phase change and convection—diffusion characteristics during titanium alloy ingot casting in
an electron beam melting process. In conjunction with an adaptive grid computational technique, solutions
of the coupled mass continuity, momentum, energy, and turbulence transport have been obtained in the
context of the enthalpy formulation. Effects of casting speed and gravity on solidification and convection
characteristics have been investigated and compared to ones obtained previously with a simple zero-
equation turbulence model. The present turbulence model predicts that the mushy zone is generally of
substantial thickness as a result of the convection effect, that the solidus line has a high curvature, and
that the temperature gradient close to the solidus line is higher than elsewhere. Under all conditions, the
turbulence structure largely reflects the combined influence of convection and energy input by the electron
beam and the superheated feeding material from the top surface. The numerical results have been compared
with an experimentally determined pool profile from a casting ingot.

1. INTRODUCTION

SIGNIFICANT effort has recently been devoted to the
development of processing techniques to produce
premium quality crystals and metal alloys for high
performance aerospace applications [1, 2]. However,
commercial realization of new materials and processes
never occurs without first accumulating extensive
understanding and insight. Since many materials
under development are fundamentally new, existing
knowledge and design experience derived from the
presently available conventional technologies cannot
satisfactorily serve the need. Accordingly, intensive
activities have been generated in the research and
development community to develop advanced model-
ing tools for enhancing both qualitative and quanti-
tative understanding of process physics. It is hoped
that by combining the new insight and accumulated
knowledge from conventional approaches, more
advanced processing technologies can be developed
and new, high performance materials produced [3].
One of the major melt-related defects in as-cast
ingots of high performance metal alloys, such as those
based on titanium and nickel, is macrosegregation.
Macrosegregation defects, such as ‘tree-ring’ in nickel-
base superalloys, are often formed by abrupt changes
to the solidification parameters in the final melt pro-
cessing step, namely ingot casting [2]. Others, such as

‘type Il hard alpha’ and ‘beta flecks’ in titanium
alloys, form under specific solidification conditions
[4]. Type II hard alpha is normally attributed to the
segregation of alpha stabilizing alloy elements such as
Al and has been associated with ingot pipe formation.
Beta flecks are regions of lower beta phase trans-
formation temperature that usually exhibit alpha
denuded, larger beta grains in the alpha—beta matrix.
They contain higher concentrations of beta-stabilizing
elements such as Cr and Fe, and lower concentrations
of alpha-stabilizing elements such as Al and O. Such
beta fleck segregation patterns have been associated
with equiaxed microstructures. Macrosegregation can
degrade the properties of jet engine rotating com-
ponents such as disks, spools and shafts resulting in
premature component retirement or failure. There-
fore, adequate control of process parameters must
be established to eliminate unacceptable segregation
patterns.

One of the most influential process variables in
controlling the cast microstructure and segregation is
the movement of the solidification interface and its
associated thermal gradient during the phase change
process. Furthermore, the normal operating con-
ditions of these processes are such that many transport
mechanisms are present in the solidification process,
including buoyancy-induced convection, surface ten-
sion-induced (Marangoni) convection, turbulence,
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combined conduction-radiation heat transfer, and,
most critically, their interactions with the movement
of the solidification front. Numerous attempts to
understand the general characteristics of these mech-
anisms have becen made during the past several
decades, both theoretically and experimentally, as
reviewed in refs. [5-8].

Fruitful research has progressed for single crystal
growth [7,9]and welding [10], along with more generic
studies conducted by both the finite difference/finite
volume [11-15] and the finite element [16, 1 7] methods
to investigate the solidification problems involving
convection. A literature survey, however, indicates
that very little detailed information is available on
simultaneously accounting for phase change along
with fluid flow and heat transfer in ingot casting.
Earlier studies on ingot casting processes such as
Vacuum Arc Remelting (VAR), Electroslag Remelting
(ESR), and Electron Beam Melting (EBM) have strictly
relied on a classical phase change conduction formu-
lation to determine the location of the mushy region
and temperature distribution under various external
cooling arrangements [4, 18]. The effect of convection
was not explicitly accounted for ; it was approximated
by boosting the values of molecular thermal con-
ductivity by two to threc orders of magnitude.

In an carlier effort [19]. physical models and numeri-
cal techniques have been assembled to perform com-
putational simulation to delineate the effects of heat
diffusion, surface tension, and buoyancy on the trans-
port phenomena and solidification during a Ti-6Al-
4V alloy ingot casting process. Although the tur-
bulence effect is included, the treatment is extremely
simple, using a linear variation between eddy and
molecular values of both viscosity and thermal con-
ductivity. The ratio correlates directly with the local
mean fluid temperature, varying from 1 at the solidus
temperature to 100 at the liquidus temperature. This
approach is a result of a compromise made between
attempting first to develop appropriate numerical
capabilities to predict qualitative featurcs under the
modeling conditions, or to develop a detailed model
of mushy zone convection. It must be realized that
information regarding the turbulence characteristics
even in a pure isothermal melt is sparse [20], not to
mention in systems containing the interactions among
surface tension, buoyancy, and phase change with the
existence of a mushy zone.

In the present work, further effort has been made
to develop a more comprchensive turbulence model.
The model is based on the k¢ two-equation closure
[21] along with the concept of low Reynolds number
modification [22] to account for the presence of den-
drite branches and phase change in the mushy zone.
With this new development, detailed investigation can
be made to study the structure of turbulent transport
during the ingot casting process, and its impact on
the phase change characteristics under both normal
gravity and microgravity conditions. As is presented
herein, this turbulencc model can handle the phasc
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change and the mushy zone formation. It also yields
a nonuniform temperature distribution between the
solid and liquid phases. Consequently, although the
mushy zone is thicker due to convection, the tem-
perature gradient near the solidus line remains high.
This latter feature seems to be observed in direc-
tionally solidified superalloys [23}. Computationally,
a curvilinear coordinate system with an adaptive grid
mcthod is utilized in order to help optimize the spatial
resolution of the various length scales present in the
system.

2. PROBLEM FORMULATION AND NUMERICAL
PROCEDURE

An EBM casting process has been chosen to illus-
trate the numerical procedure. A schematic illus-
tration of the overall system is given in Fig. 1(a),
where the raw materials are initially melted with an
external heat source in a water-cooled melting hearth
before the molten metal is cast into ingots. The
modeled geometry as well as conditions of the ingot
casting are sketched in Fig. 1(b). For the case con-
sidered, the material used is Ti-6Al-4V, with an ingot
diameter of 0.432 m, and a height of the copper mold
of 0.457 m.

The axisymmetric computational domain includes
the liquid, solid and mushy regions of the ingot, with
a length-to-diameter aspect ratio of 4. The charac-
teristics of the combined convection-conduction
radiation-solidification process are complicated.
Some aspects of the process are either not well under-
stood or too complicated to be handled at a rigorous
and fundamental level with current technology. How-
ever, efforts have been made to minimize the degrees
of ad hoc treatments so that essential features of
the problem under investigation can be captured
adequately.

In practice, the molten material is pourcd con-
tinuously into the copper mold at one circumferential
position while the ingot is periodically withdrawn in
the vertically downward direction. As we discuss in
detail below. the fluid flow appears to be intrinsically
turbulent under the present operating conditions,
hence a quasi-stationary formulation with eddy vis-
cosity and thermal conductivity accounting for tur-
bulence effect is made. Becausc of the restrictions of
axisymmetry, the feeding mass flow is modeled as
entering the mold in an annular ring at a constant
rate. The ingot withdrawal is modeled as a stecady and
continuous movement al a constant casting speed,
Uiy The value of u., is calculated based on the
dimensions and density of the solidified material and
the feeding mass flow rate from the top.

As to the convection mechanisms, the buoyancy
cffect within the melt and thermocapillary effect on
the pool surface have been included in the present
model. In estimating the strength of buoyancy-
induced convection, one can use the Rayleigh number,
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where Gr and Pr are, respectively, the Grashof and  where / is a characteristic length scale, v and « are.
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respectively, the kinematic viscosity and thermal
diffusivity of the molten alloy, p and Ap are, respec-
tively, the reference density of the molten alloy and
its variation, and g is gravitational acceleration. Here,
we choose the characteristic length / to be the ingot
radius, R = 0.216 m, and the representative kinematic
viscosity to be the value at the liquidus temperature,
Ty, (1898 K), which is about 107 ° m* s '. Hence,
under the normal gravity level observed on earth

Ap
P

Gr~ 10"

The Prandtl number at Ty, is 0.165, resulting in a
Rayleigh number of

Ra~ 1012
P

It is emphasized here that although the casting
material temperatures generally increase from bottom
to top, their nonuniform distributions along the radial
direction can still cause an imbalanced density field to
produce buoyancy-induced convection. Our calcu-
lations indicated that the density imbalance Ap/p
could be around 10%. yielding a Rayleigh number
of the order of 10°. Regarding the thermocapillary
aspect. based on the same length scale and the material
properties given in Table I, it is estimated that the
Marangoni number is of the order of 10°. Hence, the
flows are well within the turbulent regime.

The Favre-averaged Navier—Stokes equations of
mass continuity, momentum, and energy (ransport,
along with a modified k—¢ two-cquation turbulence
closure, arc the basis of our computations. We have
adopted the enthalpy formulation to represent both
liquid and solid phases within a unified set of equa-
tions. In terms of the momentum equations, a Darcy’s
law type of porous medium treatment is utilized to
account for the effect of phasc change on convection.
The cquations are written in cylindrical coordinates
in order to handle the axisymmetric problems; they
are given in the following:

Table 1. Values of important material and process parameters
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(1) Continuity
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P+ ug))+ + (rpr) =0
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(
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where u,, s the casting speed. which is incorporated
as a constant advection speed.

(i) u-Momentum (along the axial x-direction)
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where p is pressure and g, is the eddy viscosity. The
coefficient 4 = —C(1—4)%/7*, with 4 being the frac-
tion of liquid which is equal to | in liquid, 0 in solid,
and varies lincarly with temperature in thc mushy
zone. The formula adopted here is the same as the
Carman-Kozeny form and the value of the Darcy
coefficient C needs to be determined according to the
material structures.
(iil) e-Momentum (along the radial r-direction)
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(iv) Energy equation (based on sensible enthalpy ¢
and latent heat content AH)

r
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Surface tension coefficient
Emissivity of solid

Emissivity of liquid

Ambient background temperature
Mold temperature

Effective heat transfer coefficient
Latent heat

Liquidus temperature

Solidus temperature

Darcy coefficient

Gravitational acceleration

Heat flux from electron beam

Temperature of material poured into mold

T = —27x107*Nm~ 'K "'
£ = 0.4

gig = 0.2

Tums = 373 K

T = 373K
hy=837.2Wm K
AH = 3.183x10° T kg !

Ty, = 1898 K
T = 1868 K
C=10%s"

go= —98ms™?

Grem = 6.22x10°Wm
T = 1998 K
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where T is temperature, k, is eddy thermal conduc-
tivity, AH = 1AH;and AH,is the latent heat of 100%
liquid.

(v) Turbulence closure. A major objective in the
present work is to develop and apply a low Reynolds
number version of k—¢ two-equation closure capable
of handling the turbulence effect both within the bulk
melt and across the mushy zone. Because of the modi-
fication of the Navier-Stokes equations made by
Darcy’s terms, the velocity field in the mushy zone
does not yield information to distinguish dendrites
from the melt precisely. Any modifications made to
the single-phase turbulence closures must satisfy two
limiting conditions on the phase boundaries. The
model should reduce the eddy viscosity and thermal
conductivity to their respective molecular values along
the solidus line ; the formula should also merge with
the single-phase turbulence model within the pure melt
in a smooth manner. Based on these requirements, a
modified eddy viscosity formula is proposed for the
present phase change problem. Firstly, the standard
forms of the transport equations for the turbulent
kinetic energy, k, and the rate of dissipation of tur-
bulent kinetic energy, ¢, as given by Launder and
Spalding [21], are adopted.

The eddy viscosity, u,, is determined according to
the following formula:

The original value of the coefficient C, proposed by
Launder and Spalding is 0.09. Later, in order to
accommodate the region of relatively low turbulent
Reynolds number, various works suggest that C, be
modified as

C, =0.09/,.

The function f, represents the generalized damping
mechanism of turbulent transport in both the pure
melt and the mushy zone. A number of low Reynolds
number k—¢ models for single-phase flows have been
proposed and tested [24-27]. Here, in order to satisfy
the previously stated requirements arising from phase
change, it is proposed that a correlation between f,
and liquid fraction A be used, namely

=% fr
where
—34
fa=exp|
R p . RY
50
kz
g =K
Ue

where u is the molecular viscosity. The function f5
represents the damping mechanism of the single-phase
flow, which depends on the local turbulent Reynolds
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number, R,. The formula of f, was originally pro-
posed by Launder and Sharma [26,27], and has
yielded more satisfactory performance for various
problems [24]. A turbulent Prandtl number of 0.8 is
used for all cases studied. Similar to other low
Reynolds number models, there is no firm theoretical
basis to ‘prove’ the correctness of the above form of

[ The test invariably comes from theory and data

assessment. As will be discussed later, this modi-
fication does seem to yield solutions consistent with
available experimental information.

The above set of equations is solved using a
pressure-correction type of semi-implicit finite volume
formulation in arbitrary curvilinear coordinates
[28.29]. The convection terms in the momentum equa-
tions are approximated by the second-order upwind
scheme. The pressure as well as all the second-order
derivative terms are discretized by the second-order
central difference schemes. An adaptive grid method
previously developed [30] is extended and applied
here. The method is based on the multiple one-dimen-
sional procedure of equidistribution. The weighting
function is comprised of the contributions from the
smoothness constraint, and combined velocity and
temperature gradients. The original method treats the
flow variable variations along each family of coor-
dinates independently. In the present work, the
Laplace equation is used as the postprocessor to
improve the mesh skewness. The Laplace equation
is solved by a point-SOR procedure [28)]. It is well
established that the point-SOR method can first elim-
inate the high wave number parts of error during
the course of iteration. It is relatively slow in overall
convergence. Hence, by utilizing the procedure for,
say, five to ten iterations, the resulting grid system
can exhibit improved control of grid skewness while
largely retaining the same clustering characteristics,
both desirable for our purpose. A nonuniform grid
system with 81 x 81 nodes covering the whole com-
putational domain is used.

Next we discuss the boundary conditions adopted
here. Due to the fact that there is a volume shrinkage
as the material solidifies, the solid portion of the ingot
does not contact the copper mold even though the
melt and mushy zone do. Hence, in a vacuum environ-
ment such as for EBM operation, the only energy
transfer mode out of the solid material is radiation.
For the liquid phase and mushy zone, a combined
convection—conduction heat transfer process takes
place to release heat toward the copper mold. On the
top surface, the melt, on the one hand, received energy
through electron beam bombardment from above
and, on the other hand, released energy through radi-
ation to the surroundings. As a simplification, vapor-
ization has not been included in this formulation. A
gray body radiation heat transfer model is adopted
for both the solid boundary (on the cylindrical sur-
face) and the liquid boundary (on the top surface).
The boundary conditions of velocity and enthalpy are
given below.
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2.1. For the heat transfer along the side boundaries
(a) If T < T, then the temperature and velocity
boundary conditions are, respectively.

(1) Temperature

7/"1 or = U‘ZS(T - Tmold)lrfkﬁ R (L—'Lmold)
e R
or
T s
—k o =T = Tk X< (L= Ly)
r=R

where o is the Stefan-Boltzmann constant,
5.667x10 *W m 2 K * and &, is the emissivity of
the solid surface; T4 and T,,, represent, respec-
tively, the surface temperature of the copper mold and
ambient temperature. The ingot length is L and the
copper mold length is L.

(1) Velocity

u(x.R) =0, v(x,R)=0.
(b)if T = T,,, then
(i) Temperature
¢T
—k, A = ho{T— Toora)l- &
CF e r

where h, is the effective contact heat transfer
coeflicient between mold and ingot.
(i1) Velocity

u(x,R) = —tyq. v{x,R)=0.
2.2. For the bottom surface, i.e. x =0
(a) Temperature

(b) Velocity

u(0,r) =0, ¢(0,r)y=0.
2.3. For the top boundary, x = L

The free surface was considered to be flat, which
was a reasonable approximation according to the
visualization made in the laboratory, and there were
different temperature boundary conditions caused
by the presence of an eclectron beam, namely the
following.

(a) Temperature

(i) If r, < r < r,, then the material received energy
from the electron beam and lost energy through radi-
ation to the ambient

eT
L _ ) 4 4
—k, oy = Gream — & (T — [N ]
N x=1

where ¢y is the heat flux into the melt from the
electron beam, and ¢, is the emissivity of liquid.
(i) If r <r, or r» <r <r, where r; is the inner
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radius of the annular ring for pouring, then the

material loses energy through radiation
T
fox s

(T
=oe(T —T:mh)|\: I

(i) If r,<r< R, then the boundary received
energy {rom material poured into the mold, and the
temperature there is prescribed, i.c.

T(L.rr<r< R =T,.

(b) The shear stress is balanced by the surface
tension, y. on the top boundary. i.e.

cv oy 0T D<r<R
| = . r
Poxlo, Ter o °S'S
u(L,r) =0.

Table 1 summarizes the important parameters used
in the present study.

3. RESULTS AND DISCUSSION

Calculations have been conducted for cases that
contain full contributions of both buoyancy and sur-
face tension, and that contain only the surface tension
effect. With such a systematic scrutiny, both the col-
lective and individual effects of the two convection
mechanisms can be investigated, and their interaction
with solidification studied. The results presented in
the following correspond to two casting speeds:
—2x107*ms '(455kgh "Yand ~4x10 *ms '
(910 kg h '), and under the influence of two gravity
levels, one the standard value (g,) measured on earth
(termed the earth-bound condition), and the other
10 % g, (termed the microgravity condition). Figure
2 shows the adaptive grid distribution generated for
cach case. To gencrate the grid, explicit phase bound-
ary tracking method may not be well suited here for
the reason that, in the context of isothermal phasc
change, the phase boundaries only correspond to the
temperature contours, and are not related directly
to the convection ficld. The domain decomposition
practice adopted for pure material single crystal
growth [31,32] that divides the overall domain into
separate zones according to the phase boundaries is
not used here. Instead, the whole domain is considered
as a single zone, and the grid is generated based on the
aforementioned adaptive technique. As demonstrated
in Fig. 2, for cases under the normal gravity level.
adequate spatial resolution is nceded for both
cnthalpy and stream function in the melt and mushy
zonc since the convection is strong. Consequently, the
grid lines do not directly correlate with the phase
boundaries. Under microgravity, on the other hand.
the convection field is much reduced. and hence the
grid lines can more directly correspond to the charac-
teristics of the thermal field, as is discussed later. As
one can clearly observe from Fig. 2, the higher the
casting speed, the more downward the solidus line.
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Fi1G. 2. Adaptive grid distributions corresponding to modeling condition {only upper portion of domain

is shown). (a) Normal gravity, u,, = —2x10"*
{c} Microgravity, i, =

The meshes around the solidification interface tend to
be less orthogonal, most noticeably for the case of
Upay = —4x 107*m s~ " and under microgravity. This
mesh distribution is formed because convection under
the given condition is relatively weak, and hence the
grid clustering is needed primarily for tracking the
phase boundaries where the latent heat release is
significant. As demonstrated in a previous study [33],
under such a circumstance, it is good practice to
emphasize length scale resolution above mesh
orthogonality.

Figures 3-5 present various aspects of solutions

m s~ ', (b) Normal gravity, ., =
—2x107*ms™". (d) Microgravity, e, = —4x 107 ms~

—~4x107*ms.

i

obtained under the normal gravity level, including
isotherms, liquid fraction distribution across the
mushy zone, convection field, and turbulence struc-
tures. Two different casting speeds have been used
for computations to investigate their impact on the
resulting solidification characteristics. Compared to
the solutions obtained previously with a simple zero-
equation turbulence model [19], the present results
show both similarity and differences. Selected plots
depicting the liquid fraction contours under different
conditions as predicted by the zero-equation tur-
bulence model are collected from ref. [19] and shown
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FiG. 3. Effect of casting speed on temperature and liquid fraction contours as predicted by modifted k- ¢
turbulence model and under normal gravity. (a) uey = —2x 107" ms™ " (byugy = —4x10"*ms .

in Fig. 6 for comparison. Qualitatively, both models
predict a thick mushy zone as a result of the con-
vection effect, and the zone thickness varies with the
change of casting speed. Within the half domain of the
cross-section, both models predict that contrarotating
cddies appear, albeit with different strengths and
number of eddies, due to the combined effects of sur-
face tension and buoyancy. The liquidus line in both
solutions is approximately flat, and its depth appears
to be insensitive to the variation of the casting speed.
Quantitatively, on the other hand, distinctive differ-
ences are readily observable between the solutions
yielded by the present modified k—¢ and previous zero-
equation turbulence models. Not only do the present
solutions exhibit solidus lines of higher curvature, but
also the temperature gradients vary more non-
uniformly from solidus to liquidus lines. Previously,
the solidus line was of a more rounded shape, and the
temperature profile changed very smoothly across the
mushy zone.

The modified k—¢ model has produced solutions
more consistent with our expectation in one important
aspect, namely, the thermal characteristics between
50% liquidus and solidus tines. Under a given set of
thermal energy conditions, the mushy zone yielded by
the pure conduction transport, shown in Fig. 6(i), is
generally thin in order to maintain required heat flow
rates by the microscopic molecular mechanism, i.e.
conduction, alone. With the inclusion of convection,
the heat transfer rates in both the bulk melt and upper

mushy zone are now enhanced by macroscopic flow
motion; the degree of heat transfer enhancement
depends, of course, on the local convection strength.
In the bulk melt as well as the upper mushy zone
where convection is vigorous, turbulence plays a
dominant role in overall heat transfer, and accord-
ingly, in these regions the temperature distribution is
smeared and the overall thermal gradients are much
reduced. Toward the solidus lines, however, the
increasing presence of the solidified dendrites within
the mushy zone dampens convection, and the thermal
conduction again becomes the controlling mechan-
ism. This change of dominant transport mechanism
from liquidus to solidus line explains why in regions
close to the solidus line the temperature gradients
are high, resulting in small mushy zone thicknesses
encompassing large variations of the liquid fraction;
while, on the other hand, close to the liquidus line
the temperature gradients are low, resulting in much
increased mushy zone thicknesses therc. These
features were not realized previously by the zero-
equation turbulence model since the interactions
between convection and dendrite damping in the
mushy zone were not directly accounted for.

Figure 4 shows the distribution of stream function
and eddy viscosity under thc two casting speeds.
Although the patterns of the distributions appear
qualitatively the same for both speeds, it is clear that
the higher the casting speed, the deeper the convection
penetration into the mushy zone. With regard to the
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FIG. 4. Effect of casting speed on stream function and eddy viscosity contours as predicted by modified
k-¢ turbulence model and under normal gravity (only upper portion of domain is shown). (a) Uy, =
—2x107'ms™  (b)ayy = —4x 107 *ms".

eddy viscosity, its distribution in the mushy zone
reflects the greater convection effect there. Energy
input from the electron beam and superheated
incoming melt, as indicated in Fig. 1(b), on the dis-
tribution of p; can also be clearly observed. In fact,
the rings of electron beam bombardment and
incoming melt are the regions where both the pro-

duction and the dissipation of the turbulent kinetic
energy reach the highest levels, as demonstrated in
Fig. 5. This feature may be intuitive, but it could
not, of course, be predicted using the previous zero-
equation turbulence model.

The solutions obtained with the identical modeling
condition and physical models, but under a micro-
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FiG. 5. Effect of casting speed on turbulent kinetic energy and dissipation rate of turbulent kinetic energy
contours as predicted by modified k& turbulence model and under normal gravity (only upper portion of
domain is shown). (@) 4, = —2x 10" ms L (byu,, = —4x 107 ms™ ',

gravity condition with 10~ * times the gravity level on
earth, are presented next. Although the gross qualita-
tive features between the solutions shown in Fig. 7 and
those in ref. [19], summarized in Fig. 6(iii), are again
similar, the differences for cases under microgravity
are larger than those under earth-bound conditions.
Figure 7 shows that, under microgravity, the mushy

zones are generally of much reduced thickness than
those under the normal gravity level. Under micro-
gravity, the convection strength, all produced virtually
by the surface tension alone, is much weaker. Con-
sequently, the liquidus line tends to have a stronger
curvature, and the solidus line corresponding to the
same casting speed is deeper than under normal gravity.
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FiG. 6. Liquid fraction contours (AA = 0.5) as predicted by conduction model (i) and zero-equation
turbulence model under normal (ii) and microgravity (iii) conditions, and two casting speeds: (a) u,
—2x107*ms™"'; (b) Upe = —4x10"*m s~ . (From AIAA-91-0506, ref. [19].)

cast
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liquid

V
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(a) (b) (a) (b)
(i) isotherm (AT =50° K) (ii) liquid fraction contours

FiG. 7. Effect of casting speed on temperature and liquid fraction contours as predicted by modified k-
turbulence model and under microgravity. (a) #,y = —2x 107 ms™ ' (b) 4y, = —4x 10" *m s~ .
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FiG. 8. Effect of casting speed on stream function and eddy viscosity contours as predicted by modified
k& turbulence model and under microgravity (only upper portion of domain is shown). (a) #q = —2x 107*

ms~' (b)) uye = —4x107*ms

Stream function and eddy viscosity distributions
are shown in Fig. 8 Within the mushy zone, some
very weak convection cells can be observed. Similar
to the earth-bound conditions, contrarotating eddies
can be observed within the melt for the present micro-
gravity condition, albeit of much reduced strength.
This convection pattern is different from that ob-
served with the zero-equation turbulence model [19],
where only a single primary convection cell, instead

—1

of a pair, can be found in the melt. The pattern of
eddy viscosity distribution is again controlied largely
by the combined effects of convection and incoming
heat sources from the feeding melt and electron beam.
It is interesting to note that the energy input from the
electron beam and superheated feeding melt plays
such a dominant effect that despite very different
characteristics of mushy zone and thermal and con-
vection fields exhibited between solutions under
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F16. 9. Effect of casting speed on turbulent kinetic energy and dissipation rate of turbulent kinetic energy
contours as predicted by modified k— turbulence model and under microgravity (only upper portion of
domain is shown). (8) uyy = —2x107*ms™ " (B u,, = —4x 10" ms~ ",

normal and reduced gravity levels, the distributions
of k and ¢ (Figs. 5 and 9) of the two conditions are
concentrated similarly in regions of the electron beam
impingement and melt pouring. These distributions
are also concentrated similarly on the top surface at
the mold wall due to surface tension driven flows,
although the concentration is higher for the earth-
bound condition due to increased buoyancy strength.

4. COMPARISON WITH EXPERIMENTAL
OBSERVATION

Besides studying the general characteristics of the
solidification process, an important goal of this pro-
gram is to develop a predictive capability for the
resulting ingot structure given various process par-
ameters. Attempts to achieve this capability using a
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classical phase change conduction formulation have
been instructive, but have not been fully satisfactory.
The numerical techniques described herein arc an
ongoing part of a development cffort to improve the
predictive capability. A necessary part of this devclop-
ment is to compare the numerical results to available
experimental evidence.

A Ti-6Al4V ingot was cast in an EBM process
with the process parameters that were simplified as
shown in Fig. 1(b). The casting rate, ., , was approxi-
mately — 1.8 x 10" *ms '. A small amount of copper
was added to the ingot mold pool near the end of the
casting process to mark the pool profile for sub-
sequent ingot macroctch evaluation. The ingot top
was sliced axially, and the slices were macroetched by
standard nitric-hydrofluoric and ammonium bifluor-
ide etchants. The result, shown in Fig. 10, includes an
outline trace of the pool profile for added clarity.

Given experimental uncertainties, the maximum
depth of the pool profile is assessed as 53 cm. Becausc
it reduces the melting temperature, the copper prob-
ably caused some of the solid, particularly in the
mushy zone, to remelt. Since there was insufficient
heat available to remelt much of the solid. the profile
indicated by macroetching is probably close to the
solidus line. The orientation of the columnar dendritic
structure that does not contain copper suggests that
the macroetch profile at least approximates the solidus
line.

The modified k—¢ turbulence model prediction for
the solidus line profile has features which correlate to
features observed on the macroctch profile. The
‘bulge’ outward in the upper portion of the pool
appears qualitatively in both profiles. This feature
does not appear in the conduction only and zcro-
equation turbulence model predictions. The high cur-
vature at the bottom of the macroetch pool profile
also corresponds more closely to the modified k—e
turbulence model than the zero-equation model. As
predicted with both turbulence models, the pool depth
is roughly proportional to the casting rate. Thercefore,
the pool depth predicted by the modified A—¢ tur-
bulence model of 61 cm in Fig. 3(ii) is adjusted to 55
cm to correspond with the — 1.8 x 10 *ms 'casting
rate. The 55 cm prediction closely approximates the
macroetch profile depth of 53 cm.

The modified turbulence convection model resuits
show that progress is being made toward a predictive
capability. Comparison between the numerical and
experimental results indicates that morc work still
remains. All of the numerical predictions have a much
thinner solid layer near the top pool surface and a
lower curvature at the pool bottom than observed in
the macroetch profile. It is not known if this is because
the 4, estimate is too low or the models fail to include
some critical mechanisms. More efforts arc required,
both experimentally and theoretically, to determine
the detailed thermal characteristics associated with
the phase change process and to investigate their
relationships with the columnar dendritic structure

W. SHYY et al.

observed below the macroetch profile as shown in
Fig. 10. Issues such as the estimates of mushy zonc
characteristics, turbulence behavior, material prop-
erties, and process parameters need to be addressed
with more quantitative information. Furthermore. the
axisymmetric models cannot predict the asymmetric
features observed in the macroctch profile. which
probably relate to the pour entry location.

5. SUMMARY AND CONCLUSION

A modified £ & turbulence model is developed and
applied to compute the interaction between con-
vection and phase change characteristics during con-
tinuous ingot casting. The model is developed in con-
junction with the modification made to the Navier-
Stokes equations by Darcy’s terms and the enthalpy
formulation. Computations aided by the adaptive grid
technique have been conducted for cases cor-
responding to two different casting speeds, under both
earth-bound and microgravity conditions. Assess-
ments arc made between the present solutions and
the previous solutions obtained using a simple zero-
equation turbulence model [19]. Based on the results
obtained and discussed, it is found that some quali-
tative features predicted by both turbulence models
are similar, including a generally thick mushy zonc
and the strong effect of the casting speed on the mushy
zone thickness. However, the shape as well as the
curvaturc of both liquidus and solidus hines predicted
by thc two models arc different. The modified k-«
modcl viclds a solidus linc generally of sharper
curvature. This feature appears to be more consistent
with the experimental observation. The modified
model also produces much higher temperature gradi-
cnts close to the solid boundary., which is consistent
with reduced convection in the mushy zone.

Across the mushy zone and within the melt,
although the thermal characteristics affect the tur-
bulent transport, the modified & ¢ model shows that,
as expected, no direct correspondence cxists between
. and temperature contours. which is the basis of the
zero-equation model used in ref. [19]. The energy input
from the superhcated feeding melt and the electron
beam is very influecntial not only on maintaining the
melt size, but also on the gencration and dissipation
of the turbulent kinetic energy. Consequently. con-
vection and the electron beam collectively appear to
exhibit the most influcnce on the distribution of eddy
viscosity for all cases considered.

Under microgravity, the modificd A— model results
in a melt pool of much stronger curvature and hence
a larger melt volume, due to the reduced convection
strength. The dominant effect of the feeding melt and
electron beam on the distribution of k and ¢, however,
remains the same for both gravity levels.

Compared to previous ingot casting models, it
appears that the present modified k—¢ model is more
comprehensive, capable of incorporating the effects of
both convection and temperature fields, and exhibits a
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F1G. 10. Macroetched axial pool profile from the ingot mold (pour entry on left).

high degree of responsiveness with respect to the high
energy input of the electron beam and the variation
of the casting speed. Based on the present model,
more insights on the interactions among convection,
thermal transport, and phase changc have been
gained, and a more definite assessment of both the
casting speed and the gravity level has been made.
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MODELISATION DU TRANSPORT TURBULENT ET DE LA SOLIDIFICATION
PENDANT LA COULEE CONTINUE DES LINGOTS

Résumé—La coulée continue est un procédé important pour plusieurs matériaux dans lequel la turbulence
joue un réle critique avec les mécanismes de transport tels que le flottement, la tension interfaciale, le
changement de phase, ce qui influe sur la qualité des produits finis. On propose un modéle de turbulence
k—¢ avec fermeture a deux équations et on I'applique a la prédiction du changement de phase et des
caractéristiques de convection—diffusion pendant la coulée d’un lingot d’alliage de titane. En rapport avec
une technique adaptative de maillage, les solutions des équations des bilans sont obtenues a partir de la
formulation enthalpique. On peut prédire que la zone de bouillie a généralement une épaisseur importante
du fait de la convection, que la courbe de solidus a une courbure élevée et que le gradient de température
prés de la courbe de solidus est plus élevée qu’ailleurs. La structure de la turbulence refléte fortement
I'influence combinée de la convection et de 'apport d’énergie par le faisceau électronique. Les résultats
numériques sont comparés a un profil du bain expérimental par une coulée de lingot.

MODELLIERUNG DER TURBULENTEN TRANSPORT- UND
ERSTARRUNGSVORGANGE BEIM KONTINUIERLICHEN BLOCKGIESSEN

Zusammenfassung—Das kontinuierliche BlockgieBen ist eine wichtige Verarbeitungstechnik fiir viele
Materialien. Unter den Bedingungen der praktischen Anwendung spielt die Turbulenz in Verbindung
mit den Transportmechanismen (beispielsweise Auftrieb, Oberflichenspannung und Phasenwechsel) eine
kritische Rolle, welche fiir die Qualitdt des Endprodukts bestimmend ist. Auf der Grundlage des Standard
k—& Zweigleichungsverfahrens wird ein modifiziertes Turbulenzmodell vorgestellt. Mit seiner Hilfe wird
der Phasenwechsel und das Konvektions-Diffusionsverhalten beim BlockgieBen einer Titanlegierung mittels
Elektronenstrahlschmelzung berechnet. In Verbindung mit einer adaptiven Gitterberechnungsmethode
werden Losungen fiir die gekoppelten Bilanzgleichungen flir Masse, Impuls, Energie und Turbulenz
ermittelt. Dazu wird eine Enthalpieformulierung verwendet. Der Einflul der GieBgeschwindigkeit und der
Schwerkraft auf die Erstarrungs- und die Konvektionsvorginge werden ermittelt und mit denjenigen
verglichen, die sich mit einem sehr einfachen Turbulenzmodell ergeben. Das vorgeschlagene Tur-
bulenzmodell sagt voraus, daB die Verfestigungszone aufgrund des Konvektionseffekts eine nennenswerte
Dicke aufweist, daB die Soliduslinie eine starke Kriimmung zeigt, und daB der Temperaturgradient nahe
der Soliduslinie groBer ist als an anderen Stellen. Unter allen Bedingungen spiegelt die Turbulenzstruktur
deutlich die folgenden Einfliisse weder : Konvektion, Energiezufuhr durch den Elektronenstrahl und Zufuhr
iberhitzten Materials von der oberen Deckfliche. Die numerischen Ergebnisse werden mit experimentell
an einer BlockgieBanlage ermittelten Profilen verglichen.

MOJENTHWPOBAHHME TYPBYJIEHTHOI'O INEPEHOCA U 3ATBEPAEBAHHUS IIPU
HEIPEPBIBHOW OTJIUBKE CJIUTKOB

Amnorauus—HenpepriBHas OTJIHBKA CJIMTKOB SBJISETCA BAXXHBLIM TEXHOJIOTHYECKMM MPOLECCOM NpH
ob6paboTke MHOTMX MaTepHaynoB. B GONBUIMHCTBE NMPAKTHYECKHX CIY4aeB TYpOYNEHTHOCTh HApsAy C
TakMMH (JaKTOpAMH NEPeHOca KaK MOXBEMHAS CHJIA, TIOBEPXHOCTHOE HATXKEHME M (a30BLIH MEpexon
ONpene/IAET KAaYyeCTBO KOHEYHHIX mpoAykTos. IIpemnoxeHa MomnduuumpoBaHHas Monmenb TypOyJieHT-
HOCTH Ha OCHOBE 3aMKHYTOW CTaHAApTHOM k—& MOAE/IH, KOTOpas NPHMEHAETCA A4 OlMCaHHusA $a3oBoro
Hepexona, a TAKXKE ONpeIeiCHHA XapakKTCPHCTHK KOHBEKIMA U AMbdy3uH NPH OTIHUBKE CIHUTKOB THTAHO-
BOrO CjiaBa B MPOLECCE IKJIEKTPOHHOIY4YeBOro miasjieHus. C MCNOJNb30BAHHEM AIANTHBHOTO CETOY-
HOTO METOAA HOJYYCHBI PEIUCHHS B3aHMOCBS3aHHBIX YPaBHCHHH HEpa3pbIBHOCTH, HMYJIbCA, JHEPTHH H
TYpOYNEHTHOrO NEpeHoca B TEPMHHAX SHTAJILIMH. YCTaHOB/EHO BIMSHME CKOPOCTH OTJMBKH H CHJIBI
TSXKECTH HAa XapaxTEPHUCTHKH 3aTBEpACBAHHA M KOHBEKIHMH H MPOBENCHO CPABHEHHE C pPe3y/IbTATaMH,
MOJIY4EHHBIMH paHee ¢ MOMOLUBIO MPOCTOH Mozenu TypbyneHTHocTH. M3 mpensioxkeHHo# Monenn Typ-
GyNeHTHOCTH ClIEAyeT, YTO phixJiad 30HA OObLIasA 30H2 OOBIYHO HMEET CYLIECTBEHHYIO TOJIIMHY HM3-33
KOHBEKHHM, JIMHHS COJIAYCa XapaKTEpH3yeTcs GOMbILON, a TeMIepaTYpHbIA rpagueHT Hanboee BRICOK
BOIM3M 1MHEHE cotuayca. Bo Beex ycoBHAX CTPyKTYpa TYpOY/IEHTHOCTH OTPaXXaeT COBMECTHOE BJIMSHHE
KOHBEKHIHH H IT0/1BO/Ia MOLIHOCTH 3a CYET IJEKTPOHHOTO Jlyya, a TAKXKE NMOAa%H NEperpeToro MaTepuana
M3 BEPXHUX CJ10eB. UHCIEHHbIE Pe3y IbTaThl CPABHHBAIOTCA C IKCHEPUMEHTAJILHO OTPENECHHBIM Mpodn-
J1eM obbeMa pacrulaBa NP OTJIMBKE CIHTKOB.
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