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Abstract

The model of titanium liquid melt heating in the intermediate container of electron-beam
furnace is developed considering its flow. On the basis of the developed mathematical
model, a series of numerical experiments was conducted using finite-element
method and finite-difference method. The analysis of model parameters effect on the melt
temperature field formation was carried out. These researches results may be useful for the
further development of electron-beam guns control algorithms.
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Introduction

Modern  engineering  technologies
require the use of high quality materials with
high specific strength, chemical resistance to
aggressive media, heat resistance in a wide
temperature range and also with other specific
properties. Such materials include alloys based
on titanium, tantalum, niobium, molybdenum
and others [1]. At present, there are various
methods of titanium alloys melting. These

include vacuum-arc, plasma, electroslag and
electron-beam melting [1, 2].

Comparing to other technologies,
melting of titanium alloys using electron beam
technology has some advantages such as high
quality of alloy purification from harmful
impurities, the absence of strict requirements
for chemical composition and physical
condition of charge material [2, 3]. However,
the electron-beam melting technology requires
2-3 times more costs of electricity for the
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titanium mass unit smelting comparing with
the vacuum-arc melting [3]. When melting, it
is difficult to provide the uniform heating of
the molten metal surface in the electron-beam
furnace (EBF) intermediate container by
electron-beam guns (EBG). Also, there is no
EBG automatic control system  with
intermediate  container melt temperature
feedback in EBF.

Figure 1. Irregularly heated liquid melt in EBG
intermediate container:

- overheated area of melt; 2 — underheated area of
melt

The above mentioned disadvantages
cause the reduction of EBF efficiency
coefficient, the intermediate container central
area overheating and its peripheral area
underheating (Fig. 1) [4] followed by
undesirable changes of the alloy chemical
composition [2]. Disadvantages of electron-
beam melting can be eliminated through the
introduction of EBG control system based on
the analysis of the melt thermal condition in
the intermediate container.

There are a number of works devoted
to the determination of the melt temperature
under electron-beam melting. In paper [2], the
steady-state heat exchange is considered and
the average temperature of the melt volume is
calculated. However, this statement does not
take into account the temperature change in
time as well as non-uniformity of liquid melt
temperature fields.

In paper [5], two-dimensional
steady-state model of melt heating is
suggested. The thermal conductivity is
described in cylindrical coordinate system. The
temperature fields obtained using the model
show melt-ingot transition area. However,

using such model for calculation of heat
exchange in the intermediate container, the
geometry of the area under investigation and
thermal process unsteadiness are not
considered.

In papers [6, 7], the three-dimensional
unsteady heat exchange models when electron-
beam melting are presented. They are used
limitedly because they describe unsteady-state
heat exchange of liquid melt in the area of
beam influence and not in the entire
intermediate container, and also they do not
consider the process hydrodynamics.

The paper [8] is devoted to
determining of the optimal operating
conditions of EBG. This model of
temperatures calculation is two-dimensional
and steady-state considering the melt flow. It
describes a heat exchange on the surface of the
intermediate container without regard to
influence of melt lower layers to the heat
exchange and the temperature change in time.

On the basis of analysis, the objective
of the research is the development of unsteady-
state heat exchange three-dimensional model
in the EBF intermediate container considering
the melt flow and the analysis of its parameters
impact.

Unsteady-state heat exchange model
development in the intermediate container
Let us consider thermal and hydrodynamic
processes in the intermediate container. The
velocity field in the intermediate container
initial area is shown in Figure 2. In paper [4], it
was found that the melt flow velocity field in
EBF FIKO-15M intermediate container is
practically homogeneous in the initial area. It
is suggested to model the heat exchange
process and melt flow under constant flow
velocity and straight flow (Fig. 2, marked area)
in order to simplify the hydrodynamic problem
associated with liquid melt value and flow
direction change in the intermediate container.
Hereafter, the term "area under investigation
will be understood as the area mentioned
above.
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Figure 2. The melt flow velocity distribution in the
intermediate container marking the modeling area
under investigation [4]

Heat exchange in the area under
investigation (Fig. 3) may be described by heat
conductivity equation considering the melt
flow.
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where V — intermediate container area under
investigation; X, Y,Z - point position, m; t —
modeling duration time t=80s; T - melt
temperature at the point, K; u — melt flow rate,
u=0.003m/s; A - heat conductivity
coefficient, A =20W/(mK); C_- specific

heat capacity at constant pressure, C, = 640
J/(kg'K); o - melt density, p =4120kg/m°.
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Figure 3. Diagram of thermal processes in the area
under investigation

It should be noted that the hydrodynamics
problem is solved in a simplified form; the
flow velocity field is steady and homogeneous.
At the initial instant t=0, the melt temperature
in the area under investigation is distributed
evenly and is equal to liquid melt melting

temperature T, =1950 K:

T|, =T, @)
The boundary conditions in heat

exchange: in a predetermined area D on the

surface A (D < A) of the area under

investigation, the heating is performed by
scanning electron beam; the radiation to the

environment occurs from the surface A\ D ;
the power density extraction gy = 0.235-10°
W/m? and ¢, =0.15-10°w/m? is carried

out at the bottom through the side faces B and
C respectively, there is no heat exchange

through the input surface F and E of melt
extraction. These boundary conditions are
given below:

ﬂﬂ — qo . e—krz,

az (x,y,z)eD

oT . .
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iﬂﬂ = qcm;
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where (|, - power density in the center of the

focal spot of the beam; (0, =1.5-10°w/m?

[91; K - concentration coefficient of the
electron beam, K =1500 m?% r - focal
beam radius, I =0.005m; &- emissivity
factor of titanium melt& = 0,3; o - Stefan-

Boltzmann constant, o =5,67-10° W-m’

2K™* Tew — environment temperature, Ten =
293 K.

Numerical solution of the task

The formulated thermal problem (1) -
(3) will be solved with the help of software
package Matlab [10] using the method of finite
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differences. The implicit splitting scheme on
directions [11] is used for heat exchange
modeling in the area under investigation. This
scheme is that at each time step the three
dimensional problems are solved successively

along the axis X, Y and Z .The choice of this

scheme is caused by its stability, solving speed
and the ability to reduce significantly the
computational difficulty of the task.

The program of titanium melt heat
exchange calculation in the area under
investigation considering its flow was made on
the basis of the model and implicit splitting
scheme on directions in the software package
MatLAB. ANSYS Fluent is widely used for
thermal and  hydrodynamic  processes
modeling, and the adequacy of the results has
been repeatedly confirmed experimentally
[12]. The heat exchange process in the area
under investigation considering melt flow at
various flow velocities and different heat-
transfer coefficients has been modeled in order
to test the adequacy of the proposed program
in the software package ANSYS Fluent. We
have analyzed the character of temperature
distribution and their values on the melt
surface and also at a depth of 15 mm. It has
been noted that the temperature fields obtained
using designed program have a similar shape
to the temperature fields obtained using the
software package ANSYS Fluent, and
modeling results error is about 1%.

As an example, the temperature fields
obtained using the software package ANSYS
Fluent and MatLAB are shown in Fig. 4, 5.
The area under investigation dimensions are

| xbxh=150x400x30mm. One
electron beam gun performs heating in a
predetermined zig-zag path.

As an  example,  temperature
distribution on the melt surface is shown in the
Fig. 4 a, b. The range of temperature fields,
which is obtained in melt heat exchange
calculating program in the area under
investigation, corresponds to the range of the
modeling results of package ANSYS Fluent.
The temperature fields obtained using two
methods are compared at a depth of 15 mm in
Fig. 5.

In future, we plan to develop an
algorithm of EBG beam path control
depending on the melt temperature distribution
on the intermediate container surface. The
heating source coordinates change in the

package ANSYS Fluent modeling process is
complex operation and requires writing of
additional subprograms which makes it
difficult to calculate. Therefore in the future, it
was decided to perform modeling in software
package MatLAB for EBG control algorithm
development because this package provides the
ability of control algorithm describing in one
program with a description of thermal
processes in the area under investigation.
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Figure 4. Temperature distribution on the melt

surface when t =80s: a) ANSYS Fluent; b)
MatLAB

Also, we performed a modeling of heat
exchange in the area under investigation at
different parameters values: melt flow rate u;
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electron beam power density, power density Qs
and (],, which are extracted through the walls

and bottom of the investigated area; the degree
of irregularity in the distribution of electron
beam capacity on the surface of the
investigated area, n.
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Figure 4. Temperature distribution on the melt

surface when t =80s: a) ANSYS Fluent; b)
MatLAB

Also, we performed a modeling of heat
exchange in the area under investigation at
different parameters values: melt flow rate u;
electron beam power density, power density Qs

and Q,, which are extracted through the walls

and bottom of the investigated area; the degree
of irregularity in the distribution of electron
beam capacity on the surface of the
investigated area, n.
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Figure 5. Temperature distribution at the melt

depth of 15 mm when t=80s: a) ANSYS
Fluent; b) MatLAB

Analysis of the results

Melt flow rate impact. The melt
temperature distributions on the investigated
area surface when various values of u are
shown in Fig. 6. According to the obtained
results with an increase of rate, the melt
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temperature in the central area is reduced. This
comes from the fact that the melt needs more
time to be heated be electron beam when
flowing. The small values of flow rateU
increase cause the temperature reduction in the
peripheral area (Fig. 6 a, b). With further
increase of u, the temperature rises as a result
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¢) u=0.003 m/s; d) u=0.006 m/s

The electron beam power density
impact. The melt temperature distribution on
the surface of the investigated area is obtained
for different values of g and is shown in Figure
7. From this
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of reduction of the contact time of the molten
metal with cooled walls (Fig. 6 b, ¢, d).

It should be noted that in the peripheral area,
the melt temperature is below the melting point
which actually causes crystallization of the
liquid metal.

b) 0) d)

Figure 6. Temperature distribution on the melt surface when flow rates if t =80s: a)u=0; b) u=0.001 m/s;

distribution, it follows that increase in electron
beam power density raises the temperature in
central area of the investigated area, and the
melt temperature change at the peripheral area
is not significant.

d)
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Figure 7. Temperature distribution on the melt surface when different heating power densities if t =80s:

a) =0.5 MW/m?; b) g=1 MW/m?; ¢) g=1.5 MW/m?; d) g=2 MW/m?

The investigated area bottom and
walls cooling rate impact. The modeling
results of the temperature distribution on the
surface of the area under investigation when
various power densities, which are extracted
through the walls and bottom of investigated
area, are shown in Fig. 8. The increase of g

and (, causes the melt temperature in
peripheral area and the temperature in central

area reduction. Let us note that the melt
temperature on the bottom of investigated area
is also reduced. It should be noted that the
reduction in melt temperature is insignificant
compared to the change in the flow rate and
heating power density. The values of gy and

g, correspond to the data presented in the
paper [2].
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Figure 8. Temperature distribution on the melt surface when different power densities, which are extracted through the
walls and bottom if t = 80 4 a) g4=0,=0; 6) q,=0.18 MW/m?,q,=0.06 MW/m?; B) qs=0.235 MW/m’,q,=0.15 MW/m®;

r) 0=0.5 MW/m?, q,=0.38 MW/m’

The impact of density distribution
irregularity of electron bean on the
investigated area surface. The surface of
investigated area was divided into two equal
parts perpendicularly to the flow. We

performed the modeling for various electron
beam path, wherein the left part is fed with N
% of the total brake power and the right one is

fed with 100% — N % respectively.
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Figure 9. Temperature distribution on the melt surface when t=80s a) n=30%; b) n=43%; ¢) n=50; d)

n=57%;¢e) n=70%
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Figure 10. Temperature distribution in the melt investigated area at the depth of 15 mm when t =80s: a)
N=30 %;b) N=43%;c) n=50;d) N=57%;e) N=70%

The temperature fields analysis shows
that the melt is heated not enough at the depth
of 15 mm when low-grade heating of the left
part. Its temperature is close to the phase
transition temperature which is undesirable
(Fig. 9 a, b, 10 a, b). Also if N =30%, the
right part is overheated on the surface (Fig. 9
a). When heating power uniform distribution
(Fig. 9 c, 10 c), the melt is heated to the
required temperature, but the melt surface on

the right side may be overheated. The
temperature distribution is not uniform at the
depth of 15 mm whenn =50%. When
moderate overheating of the left part (Fig. 9 d,
10 d), the melt is heated uniformly at the depth
and is of permissible temperature on the
surface. When significant overheating of the
left part, the melt is overheated on the surface
and the temperature distribution at the depth is
not uniform (Fig. 9 e, 10 e).
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Thus, there is a range of optimum
ratios of the EBG power distribution on the
melt surface, wherein the uniform heating
occurs throughout the volume and is in the

range N =55—-60%

Conclusions

The model of titanium liquid melt
unsteady-state heating in EBF investigated
area is shown considering its flow. The model
is implemented using the finite-difference
method. The modeling is performed on the
basis of selected numerical method.

We performed the modeling of
titanium liquid melt unsteady-state heating in
the area under investigation at different flow
velocities, heating power densities, cooling
power densities of the walls and bottom, and
also at various heating power distributions on
the surface of investigated area.

According to the modeling results, we
have found:

The melt flow rate increasing causes
the temperature reduction n the central area of
investigated area and insignificant increase in
the melt temperature in the area of its contact
with the walls and the bottom of investigated
area;

Increase in heating power density
raises the temperature of the central area to
impermissible values, and the melt temperature
in the peripheral area is hardly changed;

Changing of cooling intensity of the
walls and bottom of investigated area reduces
the melt temperature in a peripheral area while
the temperature change is insignificant in the
central area;

For melt uniform heating throughout
the volume of intermediate container to
temperatures above the melting point, it is
desirable to heat its surface at the flow initial
part by 5-10% more than the part of the further
flow.
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