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Abstract: In order to further understand the vacuum arc remelting (VAR) process, with the help of OpenFOAM and an open source
CFD computing software, a two-dimensional multi-physical finite volume model (FVM) including electromagnetic field, temperature
field and flow field was established to study the macroscopic phenomenon of the unsteady solidification process for GH4698 nickel-
based super alloy ingots. Results show that magnetic induction intensity induced by the current flowing from the crucible to the con-
sumable electrode is mainly concentrated on the upper part of the ingot and rotates along the axis of the ingot. The magnetic induction
intensity first increases and then decreases from the center to the edge of the ingot, and reaches the maximum value at the edge of the
electrode. Thermal buoyancy and Lorentz forces are the main driving forces in the molten pool and their effect on the flow of molten
pool is opposite.
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Vacuum arc remelting (VAR) is a secondary melting pro-
cess that consists of melting a consumable electrode by a di- Ram W L. - DCpower
rect current electric arc under vacuum condition to obtain ho- + Supply
mogeneous ingots for reactive and segregation sensitive alloys
such as nickel-based superalloy which is widely used to pro- ;
duce aeroengine turbine disc. It has been found that an ingot {[
with improved chemical homogeneity and reduced impurity
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content will be conducive to subsequent forging and engineer- J
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A schematic diagram of the VAR process is shown in T ; PP
Fig.1". There is a vacuum environment in the VAR furnace. A 2 | Electrode arc gap
cylindrical consumable electrode is loaded on the top of the f | | Molten pool
water-cooled copper crucible. When the power is switched on, Water jacket | | | Solid ingot
arcs are generated between the electrode and the initial materi- I | | Bottom plate
al at the bottom of the crucible to melt each other. Molten al-

loy drops fall down from the electrode into the crucible, form- o a
ing a molten pool. As cooling water takes away the heat from
the molten pool in the crucible, liquid metal adjacent to the
molten pool wall first solidifies, and then solidification hap-

pens gradually into the interior. Eventually a secondary ingot Fig.1 Schematic of the vacuum arc remelting process "
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forms in the crucible.

Numerical simulations of the VAR process have been de-
veloped progressively over the last 40 years for inferring the
probable connection between the process parameters and the
heat transfer and fluid flow. Compared with the experimental
methods, the numerical simulation method is beneficial to re-
duce the research cost and shorten study time. Meanwhile, the
post-processing software can be used to visually explore the
nature of solidification and provide theoretical knowledge for
ingot production.

In the early, the VAR simulation models only consider
the heat transfer in the process™, and then are developed to in-
clude fluid flow, electro-magnetic influences® and turbu-
lence model®. After that, more transient models were pro-
posed to study the molten pool in the axis direction of the in-
got®. Then, the microstructure of ingot during VAR, has been
simulated by coupling these macroscopic models with meso-
scale or microscale models for making further investigation
on the critical solidification mechanisms'”. Recently, Pericle-
ous et al® studied the growth of microstructure through simu-
lation and explored the formation mechanism of freckle solidi-
fication defects. Patel et al® investigated the effect of different
melting parameters (e.g., voltage) on the depth of molten in-
got pool through the calculation software SOLAR. In addi-
tion, Spitans et al'” studied the evolution of molten pool flow
morphology during the growth of ingots under the action of
magnetic field.

Although the past works have made some studies on elec-
tromagnetic and flow fields, the research on coupling of these
macroscopic physical fields is very scarce. The microstructure
properties of nickel-based superalloy ingots are largely depen-
dent on the flow state in the molten pool. Lorentz force is one
of the main driving forces of fluid movement in the molten
pool. Therefore, it is of great significance to study in detail
and understand the phenomenon of molten alloy flow in the
molten pool.

In this research, a two-dimensional multi-physical field
coupled finite volume model including electromagnetic field,
temperature field and flow field of the VAR process was estab-
lished to simulate the macroscopical heat and momentum
transport during solidification. The solidification process and
flow pattern of liquid alloy metal under multiple physical
fields were discussed.

1 Model Theory

The chemical compositions (wWt% ) of GH4698 alloy are
shown in Table 1", And a 2D geometry of VAR furnace along
a radius of crucible is shown in Fig.2. It consists of a cylindri-
cal copper crucible, a pool of liquid metal, ingot and consum-
able electrode. A two-dimensional macroscopic model was es-
tablished for simulating the above VAR process based on as-
sumptions as follows.

(1) Molten alloy fluid belongs to incompressible Newto-
nian fluid and laminar flow.

(2) Thermophysical properties are approximated as con-
stants in the molten alloy and ingot with the exception of

mush zone, in which thermophysical properties are set as liner
function of liquid fraction.

(3) Surface arc pressure and metal steam pressure are
both neglected.

(4) Chemical reactions in the molten pool and Marangoni
flow are also neglected".

(5) Heat radiation is neglected on the surface of the VAR
molten pool.

(6) Boussinesq approximation works for alloy density.

Because Reynolds number of liquid metal pool happen in
the transition range, laminar flow hypothesized in this re-
search is reasonable to use!". Another reason is that a three-di-
mensional turbulent model takes a lot of computational cost.
Therefore a two-dimensional laminar model is chosen in the
simulation.

Combining other statements given by assumptions (2)~
(6) with assumptions 1, all these assumptions slightly reduce
the accuracy of the prediction of the pool temperature field but
greatly improve the efficiency of the calculation and largely
reduce computational time.
1.1 Electromagnetic field

Since fluid flow is much slower than current flow, the
conservation equation of electric potential in steady state and
the fluctuation equation of magnetic vector potential in static
magnetic field are solved. Electric potential conservation equa-
tion and fluctuation equation of magnetic vector potential are

given by
V-(-0V$)=0 (D
V - (VA) = ouvé @)

By solving the above two equations, the magnetic induc-
tion intensity and current density can be expressed:

B=VxA4 3

J=-0V¢ (€))

Table 1 Chemical composition of GH4698 alloy (wt%) "

Cr C Mo Al Ti Nb Ni
14.55 0.048 3.21 1.77 2.68 2.02 Bal.

Consumable electrode
Vacuum zone
Electric arc

Copper crucible

Ingot

Fig.2 2D geometry of VAR furnace by hexahedral structured meshes
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1.2 Flow and thermal field

By solving the Navier-Stokes equations and energy con-
servation equation in liquid melt pool and mushy zone of the
ingot, the velocity field and temperature field changing with
time are obtained.

These conservation equations can be expressed as fol-

lows.
(1) Continuity equation:
V-(p)=0 5
(2) Momentum equation:
d aP
M+V~(pUu)=V-(qu)-f+SX (6)
ot ox
d oP
ﬂ+V'(va)=V-(17VV)-f+Sy @
ot ay
where S, and S, are given by
(1-7)
SX=-C37u+(J><B)x €)
y b

y

S :-C%v+(J><B)y+pg[l-max(,B(T— 7.))1(9)
y

The first term of S, and S, in Eq.(6) and Eq.(7) represents
the pressure change caused by the fluid flowing through the
mush zone™. The second term is the component of Lorentz
force in their respective direction. The last term of S, is the
thermal buoyancy assumed by Boussinesq approximation. Fur-
thermore, y is expressed as the error function of temperature!':

0.50rf| 2 To) | (10
= 0.5erf | ———— .

’ (T, - T

(3) Energy equation:

a(pcT)

The source term, S, , accounts for the latent heat and
Joule heat produced inside a unit volume per unit time:

2
Iy pupy+ (12)
ot o

where the first term of S, is the latent heat released by the
phase transition in the local region, and the second term de-

S, =-L

fines the latent heat flux caused by the movement of the phase
interface. The final term is the Joule heat generated by the cur-
rent density. For the heat conduction of the crucible, it is ex-
pressed as Eq.(4).

(4) Laplace equation of temperature transfer:

a Ceul

M-V-(AWVT):O (13)
at

All of the mathematical symbols used above are defined

as follows: specific heat capacity of crucible ¢, in J/(kg-K),
velocity U in m/s, electric potential ¢ in V, temperature 7 in K,
ingot thermal conductivity 4 in W/(m-K), liquidus temperature
T, in K, electrical conductivity ¢ in Q'-m™, solidus tempera-
ture 7, in K, magnetic permeability # in H/m, Arithmetic mean

T, between 7, and 7, in K, volumetric thermal expansion coef-

cru

ficient B in K, pressure P in Pa, liquid fraction y, magnetic in-
duction intensity B in T, Darcy dimensionless number b, cur-
rent density J in A/m?, error function erf in Eq.(10), magnetic
vector potential 4 in T-m, latent heat of solidification L in

J/kg, time ¢ in s, density of crucible p, in kg/m’, Darcy con-
stant C in kg/(m’*s), gravitational acceleration g in m/s?, cruci-

ble thermal conductivity 4., in W/(m-K), maximum function

max in Eq.(9), velocity u in x coordinate in m/s, specific heat

capacity of ingot ¢ in J/(kg-K), velocity v in y coordinate in m/

s, density of ingot p in kg/m’, and dynamic viscosity 7 in Pa-s.

1.3 Boundary conditions and thermophysical proper-
ties

For the electromagnetic field, a positive potential is ap-
plied to the upper part of the crucible, and the upper part of
the electrode is zero potential. There is no magnetic flux leak-
age outside the model, so parallel boundary condition of mag-
netic vector potential is applied in the calculation area.

For the solution of momentum conservation equation, no
slip boundary condition is applied to the interface between the
ingot and crucible and the upper part of the ingot.

The initial condition of the energy conservation equation
is temperature value of overheating. Temperature of cooling
water is considered as the boundary condition of the external
wall of the crucible. A mixed boundary condition is used for
coupling the temperature at the interface and both sides of the
interface use a mix of zero gradient and neighbor value. For
pressure and liquid fraction field, boundary condition are both
zero gradient.

These default simulation conditions and thermophysical
properties used are listed in Table 2.

1.4 Numerical simulation procedure

This numerical simulation work takes pimple algorithm
to be a basic framework and the specific algorithm is de-
scribed as follows.

(1) The potential distribution and the magnetic vector po-
tential distribution are predicted by explicitly solving the po-

Table 2 Default simulation conditions and thermophysical prop-

erties
Property Value
Ingot diameter/m 0.508
Crucible outer diameter/m 0.548
Electrode diameter/m 0.44
Volts/V 21
Density of ingot/kg-m™ 7471
Density of crucible/kg-m 8940
Liquidus temperature/K 1637.15
Solidus temperature/K 1488.15
Expansion coefficient/K™! 1.8x10%
Latent heat/J-kg™! 2.72x10°
Specific heat capacity of ingot/J-(kg-K)! 620
Specific heat capacity of crucible/J-(kg-K)-! 383
Thermal conductivity of crucible/ W-(m-K)-! 390
Dynamic viscosity/Pa-s 5.0x103
Electric conductivity of ingot/Q™'-m™! 1.0x10°
Electric conductivity of crucible/Q™"-m™ 5.0x107
Magnetic permeability/H-m’! 1.26x10¢
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tential conservation equation and the magnetic vector poten-
tial wave equation. Then the current density and magnetic in-
duction intensity are obtained. After that the initial value of
Lorentz force is obtained by cross product, and is substituted
into the momentum conservation equation as a volume force.

(2) The momentum equation is solved by the initial con-
ditions and boundary conditions. The pressure gradient term is
calculated by the pressure distribution from the previous itera-
tion or an initial guess. The momentum equation is under-re-
laxed in a semi-implicit manner and is called the momentum
predictor. The solution of the momentum equation gives an ap-
proximation of a new velocity field.

(3) Magnetic flux term on cell faces is evaluated to solve
Poisson equation for electric potential. Then current density
flux is calculated by normal gradient of electric potential on
cell faces and magnetic flux. The value at the center of the
face is considered later by reconstruction employing consis-
tent scheme: a volume weighted interpolation between cell
face center and centroid. The final conservative current densi-
ty distribution is employed to calculate the Lorentz force.

(4) The pressure Poisson equation is formulated and
solved in order to obtain the new pressure distribution. In this
step, a new set of conservative fluxes is calculated. The new
pressure field includes both the pressure error and convection-
diffusion error. In order to predict a better approximation of
the correct pressure field, it will be necessary to solve the pres-
sure Poisson equation many times. In addition, the non-linear
effects are more important than the case of transient calcula-
tions. It is enough to obtain an approximation of the pressure
field and recalculate the velocity matrix coefficients with the
new set of conservative fluxes. The pressure solution is then
under-relaxed in order to take into account the velocity part of
the error. Then the velocity correction is done in an explicit
manner by the new pressure distribution. This is the explicit
velocity correction stage. Finally, continuity equation is
solved to estimate errors and boundary conditions for velocity
are updated.

(5) The conservative velocity flux is substituted into the
energy conservation equation to predict the temperature field.
Then the liquid fraction is updated by error function. Finally
the relevant thermophysical parameters are calculated by lin-
ear calculation of the liquid fraction.

(6) Convergence criterions are monitored for all equa-
tions. If the system is not converged, a new iteration starts
from Step (2). If all the equations converge, the calculation
moves to the next time step.

2 Results and Discussion

2.1 Residual error curves in simulation

According to Fig.3, it is obvious that the residuals errors
of temperature, velocity and pressure decrease with the in-
crease of calculation time, and it is generally considered that
the residual error of this order of magnitude has reached the re-
quirement of convergence (10~ for temperature, 10~ for veloci-
ty, and 10 for pressure).

1.0x10™!
Temperature
~ — Pressure
1.0x102 Velocity
€1.0x10°}
88|
E1.0x10" |
210410} —
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Time/s

Fig.3 Residual error curves of simulation in VAR process

2.2 Distribution of electromagnetic field

In Fig.4, remelting current is mainly concentrated on the
upper part of the crucible wall, the surface of the molten pool
and the electrode. There is a short path among the current
which flows from the crucible to the electrode and almost no
current at the bottom of the ingot and crucible.

Fig.5 shows the current density distribution in all direc-
tions on the surface of the molten pool. When the current
flows from the crucible wall to the electrode, current density
becomes strong gradually, reaches the maximum value at the
intersection of the ingot and the electrode edge and then de-
creases at the center (blue curve). The current density in the X
direction decreases to zero at the center of the ingot (red
curve). It has symmetrical distribution in the Y direction
(green curve).

The distribution of magnetic field induced by remelting
current is shown in Fig.6. Magnetic field is symmetrical about
the axis of the ingot, which is consistent with Ref.[16]. Fur-
thermore, its direction is decided by right hand law. Fig. 7
shows the magnetic flux of the molten pool surface from the
axis to the edge of ingot. The magnetic density increases first-
ly and then decreases from the axis to the edge of ingot and
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Fig.4 Distribution of remelting current in the crucible
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Fig.5 Current density on the surface of the molten pool
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Fig.7 Magnetic flux of the molten pool surface

gets a maximum value at the electrode edge according to Am-

pere's law.

2.3 Evolution of solidification process

According to the calculation results, 100 and 1300 s were

randomly selected to present the temperature field and liquid
phase fraction field.

Fig.8 and Fig.9 show that the heat in the molten pool is
continuously extracted by the outer wall of the crucible, which
forces the liquid metal in the crucible to solidify gradually
along the direction of the vertical crucible. The isoline of the
liquid fraction=0.5 gradually moves to the interior of the mod-
el as the calculation time extends, and the solidification part of
the liquid metal gradually increases in Fig.10.

In order to compare the distribution of the flow field in
the molten pool, the same geometry with and without electro-
magnetic field was calculated, and the results at the same time
are shown in Fig.11 and Fig.12.

When no electromagnetic field is applied to the molten
pool in Fig. 11, thermal buoyancy generated by temperature
gradient in the molten pool drives the liquid metal to sweep
the surface of the molten pool radially outward, and then

emperature/K
. 1645
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900

600

313.15
0.6

Fig.8 Dynamic variation of temperature field in ingot and crucible:
(a) =100 s and (b) =1300 s
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Fig.9 Dynamic variation of liquid fraction field in ingot: (a) =
100 s and (b) =1300 s
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Fig.10 Dynamic variation of liquid fraction (0.5) with time
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Fig.11 Flow field resulting from buoyancy at 300 s
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Fig.12 Flow field resulting from buoyancy and Lorentz force at 300 s

returns to the central axis of the molten pool along the bottom
of the molten pool. Therefore, a clockwise flow forms on the
right side of the axis.

After an electromagnetic field is applied to the molten
pool in Fig.12, Lorentz force will have an effect on the flow of
the fluid contrary to the thermal buoyancy. Therefore, the flow
in counterclockwise direction appears in the upper part of the
right axis of the molten pool. This flow pattern is consistent
with the calculation results obtained by other researchers in
similar VAR simulation!”.

Comparing Fig. 11 with Fig. 12, we can know that the
electromagnetic force has an effect on reducing velocity mag-
nitude velocity of liquid alloy pool.

3 Conclusions

1) Remelting current is mainly concentrated on the upper
part of the crucible wall, the surface of the molten pool and
the electrode, and there is almost no current at the bottom of
the ingot and crucible. Current density reaches the maximum
value at the intersection of the ingot and the electrode edge on
the surface of the molten pool.

2) The magnetic field is symmetrical about the axis of the
ingot. The magnetic density increases firstly and then decreas-
es from the axis to the ingot edge and gets the maximum value
at the electrode edge.

3) The heat in the molten pool is continuously extracted
by the outer wall of the crucible, which forces the liquid metal
in the crucible to solidify gradually inward along the direction
of the vertical crucible.

4) Lorentz force has an effect on the flow of the fluid
contrary to the thermal buoyancy.
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