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Abstract: Fluid flow in the solidifying pool plays an important role for the casting quality in electron beam cold hearth

re-melting (EBCHR or EB Re-melting) process. A three-dimensional unsteady state model was built to describe the fluid flow

and the sump evolution during the EBCHR process of titanium slab casting. The Mixed Lagrange and Euler (MiLE) approach

was employed to investigate the unsteady state casting process. A set of asymmetrical EB power input was tested in the model

to demonstrate the characteristic of the fluid flow, temperature distribution and sump profile. The results show that the

asymmetrical sump is induced by the coupling of fluid flow and heat transfer within the asymmetrical mold. Part of the inlet

fluid infiltrates the solidifying shell, and part of the inlet fluid rebounds to the melt surface. The infiltration of downward inlet

flow reduces the solidifying shell, while the rebound of upward inlet flow enforces the heat absorption along the melt surface.

The sump asymmetry can be adjusted with optimization of the EB power density.
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The titanium and titanium alloys have been widely used
in aero and space industries. Various processes for consoli-
dation titanium sponge and scrap, for instance, the Electron
beam cold hearth re-melting (EBCHR), are adopted in in-
dustrial production. Because of the comprehensive respect
to prevent low density inclusions (LDI) and high density
inclusions (HDI)!"!, the EBCHR process has been developed
to produce high quality titanium ingots”?!, especially tita-
nium slab ingot. The schematic of the EBCHR process is
shown in Fig.1. The titanium sponge or compressed tita-
nium blocks with alloying elements are transported into the
melting hearth where high density power of electron beam
is applied to melt raw materials. After melting, molten tita-
nium flows into the refining hearth, where the purification
process functions. The pour notch is asymmetrically located
in one narrow face of the mold near the refining hearth. The
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purified melt is solidified in the copper mold; therefore the
melting process and solidification process are separated,
and this facilitates the purification process. Compared with
the vacuum arc re-melting (VAR)[G] process which only
produces round ingot, another advantage of the EBCHR
process is that it allows producing billet ingot and slab in-
got.

TA10 alloy (Ti-0.3Mo0-0.8Ni) is a a-type titanium alloy
with outstanding corrosion resistance in high temperature
and high chloride content conditions. TA10 slab ingots are
widely used as raw materials for hot rolling and cold rolling
to produce sheet and ribbon, which can reduce production
cost significantly. However, defects often occur in such al-
loy ingot during the EBCHR process.

Top surface power input is an important parameter in
EBCHR, and it substantially affects the fluid flow and the
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temperature distribution in the ingot which determine the
shape of sump during casting process. In order to improve

the ingot quality, researchers!’ "

addressed this issue by
investigating various casting process parameters. Because
of the asymmetry in geometry of mold, the thermal stress
and strain generated in asymmetrical solid shell over the
cross section of the ingot are non-equilibrium, and the ingot
distortion may occur. McClelland""! developed a finite
element model to describe the pool shape of titanium alloy
without considering the overflow region and the simulation

results could not show the asymmetry of the sump which

was proved by the observation of the etched section of ingot.

When the ingot is withdrawn out of the mold, the friction in
the vicinity of shell surface contacting to the mold influ-
ences ingot surface quality. To explore these phenomena,
numerical simulation and experiments were carried out.
Zhuk!"?! proposed that the distribution of EB power input
affects the round ingot surface quality directly. Experimen-
tal data show that a shallow pool improves the surface

81 reported a phe-

quality of titanium alloy ingot. Shuster
nomenon that thermal-driven buoyancy caused by EB
power influences the direction of surface fluid flow near the
inlet of melt to the mold. Zhao!""! developed a three-dimensional
steady state thermal fluid model of billet ingot and numeri-
cal simulation results show that energy loss from the top
surface is dominant which accounts for 31%. Gao'*! found
that the electron beam pattern maintained the temperature
on the molten surface with a gentle temperature gradient
when beam-frequency was 5 Hz. The width and depth of
molten pool increase gradually with the increase of EB
power when melting vanadium!'®". The non-contact method
is often used to measure the temperature of molten metal in
vacuum furnace''”"”\. All of these works focused on thermal
fluid in round ingots and billet ingots. So far only a few works
have been done on modeling of the asymmetrical fluid flow

and solidification in the slab ingots during the EBCHR process.

It is known that the fluid flow in the slab ingot is more spe-
cial compared with that in the round or billet ingots

EB gun 1
Feed stock g

EB gun2 EBgun3 EB gun 4

J 0O J

Melting hearth ~ Refining hearth S o

PIOIN

Ingot

Fig.1 Schematic of electron beam cold hearth re-melting process

because of the geometrical factors. Study of the coupling of
fluid flow and heat transfer in slab ingot is still worthy to
reveal the relationship between the EB power input and the
sump profile, especially at the transient start-up stage, and
the work will contribute to optimizing EB power input for
improving ingot quality.

In this work, the Mixed Lagrange and Euler (MiLE) ap-
proach was employed to simulate the unsteady solidifica-
tion process and sump evolution at the initial period of
EBCHR casting. A set of power input strategies were de-
signed to investigate the fluid flow, temperature distribution
and sump profile within the mold.

1 Mathematical Model

1.1 Governing equations

The continuity equation, momentum equation and energy
equation were applied in the modeling of fluid flow and so-
lidification during the EBCHR process. The mass conserva-
tion equation is:

9w . y. -
1+ Y (pu) =0 (1)

where p is the density of alloy, ¢ is time, u is the vector of
fluid velocity. The density depends on the temperature and is
described as following linear approximation:

p=poll=B(T =T,)] )
where p, is the density at reference temperature, fr is the
thermal expansion coefficient, 7 is temperature, T, is the
reference temperature. The momentum equation is:

p 2—”+£V (uxu)=V - -(uVu)
t g 3)
—gVp+gpg - g
K
where g is the liquid fraction, x is the dynamic viscosity, p
is the static pressure, g is the gravity vector, and K denotes

permeability. The energy equation is:
H
paa—t+pcpu~VT=V'(/1VT) @)

where 1 is the thermal conductivity, cp is the specific heat, H

is the enthalpy and is depicted as:
T

H(T)= [e,dT + L(1- £) )
0

where L is the latent heat, f5 if the fraction of solid.

Enthalpy method was used to deal with latent heat of so-
lidification.
1.2 Modeling and materials properties

The mold has an internal cross-section of 1050 mmx210
mm with a pour notch located in one narrow face. The length
of the ingot is 1050 mm, while half thickness is 105 mm, and
the maximum height is 1400 mm. During the modeling of
transient start-up process, the calculation domain was
enlarged. Euler mesh of 20 mm height was set as “up do-
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main” and Lagrange mesh of 20 mm height was set as “down
domain” for unsteady state analysis. 0~100 accordion layers
with each layer height of 10 mm were set between the up
domain and the down domain as the ingot was pulled. To
simulate the withdrawal process of ingot, the accordion lay-
ers were unfolded one by one till the end of simulation. A pe-
riodic boundary condition was applied in the interface be-
tween the up domain and the down domain. Considering the
size of the pour notch and casting speed of slab, the inlet was
set to be a rectangle of 20 mmx20 mm. The thermal proper-
ties of TA10 alloy for simulation were calculated in
ProCAST database by Lever model of local solute
redistribution equation during solidification. All these
properties were temperature dependent, with the solidus of
1579 °C and the liquidus of 1657 °C.
1.3 Power input on melt top surface

The scanning frequency of electron beam is high enough
and the EB power can be treated as stable, so heat flux was
used to represent EB gun power on the melt surface. For
applying a distinct power input, the top surface was sec-
tioned to 2 equivalent zones along the length of the mold.
The zone near the inlet was named as Zone 1 and the one
opposite to the inlet was named as Zone 2. Considering the
losses of electron beam power by scattering”” *', absorp-
tion factor was set to be 0.7. The emissivity of liquid metal
was set to be 0.4 in the vacuum environment of the furnace.
Table 1 lists the power density in the two zones and the to-
tal EB power input on top surface. These power inputs were
arranged as 8 cases, in which Case 1 to Case 3 were set to
analyze the industrial production while Case 4 to Case 8
were set for studying the pool sump evolution under dif-
ferent total EB powers.
1.4 Boundary and initial conditions

The pouring temperature of the liquid metal in the mold
was set at 1900 °C with a superheat of 243 °C. The casting
speed was set to be 0.2 mm/s. The vertical inlet metal ve-
locity was assumed to be 71.9 mm/s, which was calculated
according to the ratio between the inlet surface area and
the slab cross section. The heat transfer coefficient be-
tween the mold and the ingot was determined according to
the practice and the references data!’>'***2* which was
determined by a function of the air gap thickness, varying
from 500 W/(m*-K) at the melt top to 30 W/(m*K) at the
mold bottom. Low heat transfer coefficient was applied
between the ingot and the mold because the internal face
of the mold was rough and covered with titanium film by
the deposition of titanium vapor. Air gap between the in-
got and the mold formed rapidly due to the shrinkage of
solidified ingot.

Heat transfer coefficient in the region below the mold
was equal to constant 10 W/(m>K). Heat transfer coeffi-
cient between the ingot and the bottom block was set to be

Table 1 Power density in two zones and total EB power input

on top surface of ingot

Power density/kW-m™
Case Total EB power/kW
Zone 1 Zone 2
1 790 790 250
2 630 950 250
3 950 630 250
4 500 500 159
5 600 600 190
6 700 700 222
7 800 800 255
8 1000 1000 316

500 W/(m*K) because of the firm contact and water cool-
ing of the bottom block. Mold was assumed to be at room
temperature of 25 °C.

2 Results and Discussion

2.1 Stability and asymmetry of the pool sump

Fig.2 shows the variation of the sump depths at three po-
sitions along the slab length x with time in Case 1 of Table
1. It can be found that the sump becomes deeper with the
time going, and finally the depths turn to be steady after
2500 s with symmetrical power density of 790 kW/m®.

It should be noted that the position x=525 mm in Fig.2 is
at the middle length of ingot, while x=100 mm and x=950
mm are at symmetrical positions along the length. From
Fig.2, it can be found that the sump depth near the inlet at
x=100 mm is deeper than that opposite to the inlet at x=950
mm from 500 s to 1500 s. The deviation of the sump depth
at two symmetrical points is about 15 mm in this period. It
is estimated that the flow infiltration is attributed to illus-
trate this phenomenon. When the fluid flows into the mold
from inlet near the narrow face, the shell of ingot is
remelted and infiltrated by the high temperature fluid. More
details are analyzed in the following.

2.2 Fluid flow and temperature distribution

Fig.3 shows the instantaneous streamline and the velocity
magnitude of fluid flow along the vertical section of the
ingot paralleled to the large face at 3000 s of three cases, in
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which Fig.3a is Case 1 in Table 1 with uniform power input
on the melt top surface, while Fig.3b is Case 2 with low
energy density near the inlet and Fig.3c is Case 3 with low
energy density away from the inlet. The total EB power in-
put on the melt surface of Case 1 to Case 3 is the same as
250 kW. Each case similarly reveals that the fluid from the

inlet rebounds quickly after pouring into the mold in Zone 1.

When the EB power density on Zone 1 is 790 kW/m® in
Case 1 or 630 kW/m’ in Case 2, the pouring fluid infiltrates
into the liquid metal and rebounds with the impinging depth
of 90 mm as shown in Fig.3a and Fig.3b. When the EB
power density is 950 kW/m” on Zone 1 in Case 3, the im-
pinging depth of the rebounded flow is about 50 mm as
shown in Fig.3¢c which is shallower than that in Case 1 and
Case 2. The streamline in Fig.3a shows that the main fluid
in Case 1 moves horizontally along the melt top surface in
Zone 1 and goes down at the position x of 600 mm in Zone
2. Fig.3b shows that the main fluid in Case 2 moves hori-
zontally under the melt surface and goes up at the position
A where x is about 700 mm. The rebound of inlet fluid can
be explained with the density difference of the entering hot
melt relative to the surrounding cold melt. With higher in-
put energy, the melt surrounding the inlet fluid should be
hotter and it will be early rebounded. Comparing the fluid
flow in Case 1 and Case 2, it can be found that the main
fluid with higher input power and low density is likely to
keep moving on surface while the fluid with lower input
power and high density is likely to go down. The density of
main fluid in Zone 1 in Case 3 is the lowest because the EB
power density is the highest of 950 kW/m® so the main
fluid keeps moving on the melt top surface at Zone 1 and
Zone 2. With the high EB power density at the zone near
inlet, the solidifying shell is slightly infiltrated by the inlet
flow. When the EB power density is uniform (Case 1), the
sump is approximately symmetrical after casting for 3000 s.
When the EB power density is 630 kW/m” in Zone 1 and
950 kW/m® in Zone 2 (Case 2), the sump in Zone 2 is
slightly deeper than that in Zone 1. When the EB power
density is 950 kW/m” in Zone 1 and 630 kW/m® in Zone 2
(Case 3), the sump in Zone 1 is obviously deeper than that
in Zone 2.

The distinctive fluid flow on the melt top surface of ingot
in Case 1 to Case 3 is illustrated in Fig.4. The backward
fluid flow (with the direction pointed to the inlet) meets the
forward flow (with the direction opposite to the inlet) and
then leads that the forward flow is forced to go down in
Case 1 (Fig.3a and Fig.4a), while the forward flow is forced
to go up in Case 2 (Fig.3b and Fig.4b). This phenomenon
often happens in slab casting for the sake that the forced
flow is likely to concentrate in a rectangular mold rather
than in the round or square mold. Fig.4c shows that the
flow enforced by the high density power near the inlet is

much stronger and keeps forward along the melt top surface.
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The mean surface velocity is 50 mm/s when EB power den-
sity in Zone 1 is 950 kW/m” (Case 3).

Temperature distribution on the melt top surface with
different power input is presented in Fig.5. Fig.5a shows
that the surface temperature increases from Zone 1 to Zone
2 with homogeneous EB power density in Case 1. Com-
pared to the surface temperature on Zone 2 up to 1900 °C,
the surface temperature on Zone 1 is about 1880 °C, with a
difference of 20 °C, as shown in Fig.5a. This phenomenon
can be certificated by the observation of brighter top sur-
face on Zone 2 during the practical operation, and it can be
explained by the surface power input and the heat transpor-
tation. In Zone 1, the fluid flow on the melt top surface is
strong enough to transfer heat efficiently and therefore heat
concentration rarely emerges in Zone 1. Another reason for
the surface temperature on Zone 1 which is lower than that
on Zone 2 is that the fluid with low temperature rises in Zone
1 (Fig.3 and Fig.4). When the EB power density is lower on
Zone 1, the surface temperature is much lower in Case 2 as
shown in Fig.5b. In Fig.5b, a regular boundary line forms at
the middle length of slab (x=525 mm). This illustrates that the
weak fluid flow exists at the middle length where the heat is
hardly transported by fluid flow. The tendency of
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temperature variation in Case 2 means that the descent of
mean fluid velocity on the top surface leads to heat concen-
tration because of attenuated flow with poor capacity to
transfer heat. Fig.5c shows the surface temperature distri-
bution with higher EB power density on Zone 1 in Case 3.
In Case 3, due to the raised flow, surface temperature on
Zone 1 is near to that of the inlet and then gradually in-
creases to 1950 °C at middle length, which is the highest in
three cases. The tendency of temperature variation in Case
3 means that the flow concentrates on the melt top surface
and also leads to heat concentration because the EB power
is just transferred on melt top surface and the surface tem-
perature increases along with the mold length. During the
EBCHR process, higher surface temperature leads to more
melt evaporation. Considering the three strategic distribu-
tions, Case 2, i.e., lower power density near the inlet, is not
recommended for casting titanium alloys due to the weak
fluid flow and the high surface temperature in Zone 2.

In order to verify the reliability of temperature simulated,
a laser thermometer was used to measure the surface tem-
perature of melt in the mold. The precision of thermometer
was firstly tested by measuring the interface temperature
between the liquid titanium and solid titanium. Surface
temperature on the melt was then checked in four regions
with each size of 5 x 5 mm as shown in Fig.6. The result
show that the surface temperature near inlet is lower than
that away from the inlet. The measured temperature from
region 1 to region 4 is 1870, 1879, 1920 and 1987 °C, re-
spectively, which is in accordance with the simulation re-
sults of 1875, 1885, 1935 and 1950 °C in Fig.5a.
2.3 Influence of the power input

Fig.7 presents the sumps at steady state with different EB
power densities (Case 4 to Case 8 in Table 1). With the in-
crease of power density, both the size and the depth of sump
increase. When the power input density is low (e.g. 500
kW/m® in Case 4), the top surface melt solidifies before it
reaches the narrow face opposite to the inlet. In Case 4, the
sump is very shallow because of low EB power input. Be-
sides, the sump in Case 4 is most asymmetrical due to the
interaction of fluid flow and heat transfer caused by the in-
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inlet position. The forward flow on the melt top surface
transfers heat to the zone opposite to the inlet, and this
makes the sump in Zone 2 deeper.

Fig.8 shows that the depth of the sump at the middle
width of slab varies with EB power input at 3000 s when
the sump depth is stable. The sump depth does not increase
proportionally but asymptotically with the power input be-
cause of nonlinear increasing of the radiation on melt top
surface and the heat transfer through the side wall of ingot.
Fig.9 shows the sumps in the central vertical section of slab
at steady state. When the EB power density is 700 kW/m?,
the sump depth near the inlet is deeper than that opposite to
the inlet (Case 6). When the EB power density is equal to
800 kW/m?, the sump is near to be symmetrical (Case 7).
When the EB power density is equal to 1000 kW/m®, the
sump depth near the inlet is shallower than that opposite to
the inlet (Case 8).

Therefore, it can be understood that the sump is affected by
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the fluid flow and heat transfer within the asymmetrical mold.
The EB power density, pouring temperature and flow infiltra-
tion codetermine the symmetry of sump. The inlet fluid may
infiltrate in the solidifying shell because of the inertia, and it
can also rebound to the melt surface because of the buoyance.
Both the infiltration and rebounding affect heat transfer and
finally determine the sump profile. EB power distribution lim-
its the overflow submersing in the mold by heating up the melt
upon surface. High temperature flow heated by high density
EB power rises rapidly when encountering the low tempera-
ture melt underneath the melt top surface. When the EB power
density is low, flow infiltration and heat from pouring melt
reduce the shell thickness near inlet and generate a deeper
sump than another side. When the EB power density is high,
heat from surface absorption is significantly lower than that
from pouring melt. So the sump depth opposite to the inlet is
deeper than that near the inlet because of the surface heat ab-
sorption, and heat concentration forms on the melt top surface
at the zone opposite to the inlet due to the weak fluid flow.
2.4 Optimization of the EB power distribution

In order to attain a symmetrical sump in whole period of
the EBCHR process, a power input distribution was sug-
gested in Table 2. EB power was applied on the melt sur-
face in four zones as shown in Table 2, and the total EB
power was calculated with 250 kW for the slab cross sec-
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tion of 1050 mmx210 mm. Fig.10 shows the sump depth
with the optimized power input. The maximum deviation of
the sump depth at x=100 mm and x=950 mm is about 5 mm
after casting for 500 s, which is significantly lower than
that in Case 1 with uniform EB power distribution at the
melt top surface. Increasing the power input density near
the two mold narrow faces leads to two different effects.
The first is that the high EB power density near inlet en-
forces the input flow to keep moving on the melt surface
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time after the optimization of the power input in Table 2

Table 2 Optimization of the power input distribution in

EBCHR of slab

Zone length/mm 0~262.5 262.5~525.0 525.0~787.5 787.5~1050.0
Power

density/kW-m™

880 720 720 880

and this consequently decreases the fluid infiltration in the
solidifying shell. The second is that the high EB power den-
sity away from inlet provides more heat and leads to a
deeper sump. These effects balance the sump depth and
make the pool more symmetrical. The practice in produc-
tion indicates the effectiveness of the optimization.

3 Conclusions
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1) The sump depends on the casting time and turns to be
steady at 2500 s for a typical industrial production of TA 10
slab with cross section of 1050 mmx210 mm and casting
speed of 0.2 mm/s.

2) The sump is asymmetrical before 2000 s with identical
EB power density of 790 kW/m®. The deviation of the sump
depth is 15 mm at two symmetrical points of 100 mm apart
from the mold edges. The depth of sump at the steady state
increases with the increase of total power input.

3) The asymmetrical sump is induced by the coupling of
fluid flow and heat transfer within the asymmetrical mold
during the EBCHR. The temperature distribution on the
melt top surface is asymmetrical even with homogeneous
EB power density. The inlet flow infiltrates or rebounds
according to the inertia and buoyance of fluid. The infiltra-
tion of downward inlet flow reduces the solidifying shell
especially at the startup of casting, while the rebound of
upward inlet flow enforces the heat absorption along the
melt surface.

4) The sump asymmetry can be adjusted with optimiza-
tion of the EB power density by decreasing the flow infil-
tration near the inlet and balancing the heat away from the
mold inlet. The deviation of sump depth is less than 5 mm
at two symmetrical points during the startup of casting with
optimization of the EB power density. Applying high den-
sity power near the inlet leads to strong flow on the melt
top surface with the direction opposite to the inlet, while
applying low density power near the inlet keeps the poured
melt moving underneath the melt top surface.
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