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a b s t r a c t

During the electroslag remelting (ESR) process, the effect of dynamic formation of slag skin

on magneto-hydrodynamic multiphase flow and temperature field is studied using a 2-D

axisymmetric model. The electromagnetic field is described by user-defined functions.

The dynamic formation and distribution of multiphase slag skin, as well as the interface

between slag and metal, are investigated by using the volume of fluid (VOF) model and the

dynamic meshing method. Especially, the effect of slag skin/air gap on heat transfer

characteristics is considered and developed by user-defined functions. The results show

that the thickness of slag skin at the interface between slag and metal increases as the

axial distance from free surface of slag rises, reaching a maximum of about 25 mm. With

the height of ingot increasing, the thickness of slag skin drops to 17 mm. When the current

changes from 2.0 kA to 3.0 KA in the ESR process, the current density, Joule heat, velocity

and temperature increases. In the meanwhile, the slag skin becomes thinner and the melt

pool becomes deeper. The vibration of electrode has a weak effect on the formation

behavior of slag skin, and only has effects on formation of metal droplet and velocity field.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the rapid development of modern aviation industry, the

main hot end drive devices of engines, such as the high tem-

perature alloy turbine discs and high pressure compressor

discs, are required to improve the mechanical properties. The

GH4065A alloy is used as the key high temperature turbine
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disc material [1e4]. To meet the growing demand for high-

quality alloy, the electroslag remelting (ESR) technology of-

fers a substantial improvement in serviceability and working

life. As seen in Fig. 1, when an alternating current (AC) is

conveyed from the electrode to bottom, the Joule heating of

slag generates during the ESR process. A liquid metal pool

forms in the water-cooled mold where the dense metal

droplets penetrate the less dense slag [5]. As the metal
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Fig. 1 e Schematic diagram of eletroslag remelting process.
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droplets fall, the chemical refining occurs in the slag. The

liquid metal is solidified to the ingot in mold, which is cooled

by water.

The common ingot defects in the ESR process are internal

and surface defects [6,7]. Internal defects of ingots are pri-

marily caused by coarsening, segregation, and fracturing of

grain. The irregular temperature distribution of ingot

frequently leads to the formation of surface defects, including

uneven surface and fissures. To control surface defects of in-

gots, it is essential to comprehend that how slag skin

dynamically forms.

As the remelting proceeds, the liquid slag solidifies due to

the cooling water, the solidified slag skin is generated near the

mold wall [8,9]. Normally, the ingot has a smooth surface.

Particularly, the ingots with thicker skin may become surface

defects, resulting in significant grinding losses. The traditional

methods for reducing surface defects are including increasing

the temperature of mold, reducing the remelting voltage, and

increasing the distance between electrodes and walls [10].

However, there are many disadvantages such as high cost,

difficulty, and furnace type requirements in the traditional

methods. The different types of slag skin also have different

heat transfer characteristics [11e13]. The investigation of dy-

namic formation process of multi-phase slag layers is essen-

tial for the control of surface defects.

The slag skin is not made of only single component, but a

variety of components [8]. The components in slag skin show

a chaotic layering phenomenon according to melting tem-

perature of slag skin, and the components which has high

melting temperature is firstly precipitated during solidifica-

tion. The slag skin layering phenomenon (a) only one layer

slag skin and (b) three-phase slag skin is shown in Fig. 2. As

shown in Fig. 2(b), from the left to the right, the solid slag layer

near themold is named Slag1, whose component is only Al2O3.

The solid slag layer in the middle is named Slag2, whose

component is a mixture of Al2O3 and CaF2. The solid slag next

to the middle slag layer is named Slag3, whose component is

only CaF2. The content of Al and O in slag increases and then
decreases. While on the contrary, the content of F and Ca in

slag demonstrates oppositely.

Some efforts have been made to numerically analysis the

effect of slag skin on electromagnetic field, two-phase flow

and temperature distribution in the ESR process. Hugo et al.

[14] employed a 2-D symmetric transient model to find out the

influence of slag skin on current for different parameters.

Yanke et al. [15] explored the effect of mold diameter and

current on slag skin development by modeling formation of

slag skin. Yu et al. [16] studied the impact of development and

dispersion of heat flow on slag skin during the ESR process.

Kharicha et al. [17] simulated the formation of slag skin only in

slag poolwith andwithout conductivemold during electroslag

remelting process. There are other experiment studies on the

ESR investigations. Meng et al. [18] concluded that the strati-

fication phenomenon in the formation of slag skin exists and

the slag skin composition are given by experiments. Li et al.

[19] investigated the solidification mechanism of slag skins at

different stages of physical and compositional changes. The

stratification phenomena and the composition of slag skin

produced by the chill layer were investigated by Zhao et al.

[20]. Chu et al. [21] hypothesized the presence of a “small

annular molten pool” at the top perimeter based on a petro-

graphic analysis of slag skin with a tiny ESR ingot. Still, rela-

tively little is known about the slag skin/air gap heat transfer

mechanism. Little attempts have been conducted on the slag/

air gap heat transfer mechanism and the delamination of slag

skin.

As discussed above, the formation of slag skin during the

ESR process remains unclear, especially for the multiphase

slag skin. In this study, the authors establishes a multi-

physical field mathematical model considering heat transfer

characteristics of slag skin/air gap to numerically clarify the

formation of slag skin coupled with magneto-hydrodynamic

multi-phase flow and temperature fields. The effect of cur-

rent and vibrating electrode on slag skin solidification

behavior were investigated. The experimental and the simu-

lation results were compared for the validation of model.
2. Model description

2.1. Assumptions

Themodel is based on the following assumptions to make the

computing reasonably.

(1) The domain contains liquid slag, solid slag skin and

metal.

(2) The electrode tip is flat.

(3) The solidification process ignores shrinkage.

(4) Assuming that the physical characteristics of metal and

slag remain unchanged.
2.2. Electromagnetism

In the ESR process, the AC is used, so the electromagnetic field

is described by Maxwell equations [22].
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Fig. 2 e Slag skin layering phenomenon (a) only one layer slag skin and (b) three-phase slag skin.
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V , J
!¼ 0 (1)

J
!¼ � s

vA
!
vt

� sV4 (2)

V� H
!¼ J

!
(3)

B
!¼V� A

!¼m0H
!

(4)

The electromagnetic force Fc
!

and Joule heat QJ distribution

are listed as follows:

Fc
!¼ J

!� B
!

(5)

QJ ¼ J
!
, J
!

s
(6)

where: J
!

is the current density; s is the conductivity of

magnetic fluid; A
!

is the magnetic potential vector; t is time; 4

is the electric potential; H
!

is the magnetic field; B
!

is the

magnetic flux density; m0 is the magnetic permeability of

medium; Fc
!

is the electromagnetic force; QJ is Joule heat.

The multiphase flow of slag and liquid metal is described

by the VOFmodel. The turbulent effects are solved by the RNG

model, which has an enhanced wall function in the near-wall

region. The VOFmethod is used to trace the interface between

molten alloy and slag [23]:

vai

vt
þVðvaiÞ¼ 0 (7)

where: ai is the volume fractions. The subscript “i” represents

the type of substance, including metal(m), liquid slag(s), solid

slag1(s1),solid slag2(s2) and solid slag3(s3), respectively. All the

combination of volume fractions are equal to 1, as shown in

Eq. (8):

XnPhases
i¼1

am þ as þ as1 þ as2 þ as3 ¼1 (8)

The density, viscosity, and conductivity in other mixed

phase characteristics, can be stated as:

4¼4mam þ 4sas þ 4s1as1 þ 4s2as2 þ 4s3as3 (9)
where: ai is the volume fractions, 4 is the mixed-phase

parameter. The subscripts here have the same meaning as

above.

2.3. Fluid flow

The flow of liquid slag and liquid metal are modeled during

the ESR process. The conservation of mass and momentum

are solved to determine the velocity field [24].

vrmix = vtþV , ðrmix n
!Þ¼ 0 (10)

vðrmix v
!Þ = vtþV , ðrmix v

!� v!Þ¼ �VpþV
�
meff ,V v!

�

þ F
!

st þ F
!

e þ F
!

d þ F
!

t (11)

where: meff is determined by Eq. (12); rmix is the density of the

mixed-phase; Fst is the surface tension between the slag and

alloy phases; Fe is the Lorentz force; Fd is the paste zone

resistance; Ft is the thermal buoyancy force due to the density

difference.

meff ¼mþ rmixCm

k2

ε

(12)

where: m is the laminar viscosity; Cm is constant; k is the tur-

bulent kinetic energy; ε is the dissipation rate.

2.4. Heat transfer

The distribution of temperature is specified by the energy

conservation Eq. (13). The only heat source in the ESR

process is Joule heating, and the effective thermal

conductivity is defined by the influence of turbulence. The

solidification process of ingot is also considered in this paper

[25].

v

vt
ðrmixEÞþV , ð v!rmixEÞ¼V ,

�
keffVT

�þ QJ (13)

where: rmix is the density of the mixed-phase; E is the internal

energy; keff is the effective thermal conductivity, which can be

calculated by the following equation:

keff ¼bcpmeff (14)
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Fig. 3 e Schematic diagram of computational domain.
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where: b is the reciprocal of Prandtl Number; cp is the specific

heat capacity obtained by Eq. (15); E is the internal energy of

themixed-phase concerning latent heat and temperature [26]:

E¼
����amrmcp;m þ asrscp;s

amrm þ asrs T
(15)

cp;s ¼ascp;s þ as1cp;s1 þ as2cp;s2 þ as3cp;s3 (16)

where: cp;m and cp;s denote the specific heat capacities of the

metal and mixed-slag phases(mixture of four phase slag),

respectively. rm is the densities of metal. rs is the densities of

mixed-slag phases, which is defined by Eq. (9).

The enthalpy-porousmediummodel is utilized to calculate

the solidification process, the mushy zone is considered as a

porous medium. As the liquid metal solidifies, the porosity

decreases from 1 to 0 progressively. f1 is the resistance of the

mushy zone. St in Eq. (18) is the source term for solving the

latent heat of solidification, and the solution is as follows [27]:

Ft
!¼

�
1� f1

�2
f 31

Amushðv�vcastÞ (17)

St ¼ � v

vt

�
rmixf1L

�
(18)

where: vcast is the casting velocity; f1 is the liquid phase frac-

tion; L is the latent heat of melting; Amush is the paste zone
Table 1 e Physical properties of slag and metal.

Parameter

Slag Metal

Density, kg/m3 2800 8280

Dynamic viscosity, Pa s 0.02 0.006

Latent heat, kJ/kg 470 271

Specific heat, J/kg K 1255 752

Electrical conductivity, S/m 216(L)/4(S) 111,000

Liquidus temperature(L), K 1620 1623

Solidus temperature(S), K 1570 1448
coefficient. To ensure the stability of the calculation, the

following formula is used to determine the distribution of

liquid phase fraction f1 [28]:

f1 ¼ T� TS

T1 � TS
(19)

where: T1 and Ts are the liquid and solid phase line tempera-

tures of the metal, respectively.

2.5. Boundary conditions

The potential equation at the wall is as follows [29].

Bottom: Ax ¼Ay ¼ vAz

vz
¼ 0 (20)

Wall: Ax ¼Ay ¼ Az ¼ 0 (21)

Additionally, a no-slip condition is imposed on the wall.

The Zero shear stress is applied on the top surface of the slag.

The vibration of electrode is fixed on the inlet [30].

The metal with a velocity inlet at the electrode tip has a

temperature of 1800 K. It is a challenge to estimate the heat

exchange between slag and mold or between metal and mold

due to slag solidification and air gap. Using the thermal con-

vection with the equivalent heat transfer coefficient, the

complex heat transfer phenomena between the metal and

water-cooled mold are accounted for.

h¼ 1

ds=ks
þ 1

=ðhr þ hcÞ þ dm=km
þ 1

=hw
þ Rcontact

(22)

where, ds is the slag skin thickness. ks is the thermal con-

ductivity of slag skin. hr and hc are the radiative and convec-

tive heat transfer factors of air gap, respectively. dm is the

thickness of mold. km is the heat conductivity of mold. hw is

the total coefficient of heat transmission between the mold

and the water for cooling, Rcontact is the contact resistance

[31,32].

2.6. Numerical treatment

In this paper, the discrete equations are solved using the

commercial software ANSYS-FLUENT 19.2. The calculation

domain is divided into three regions, as depicted in Fig. 3. In

the calculation domain, the zone of air gap is omitted, how-

ever, the thermal resistance of air gap is considered in the

simulation. By means of user-defined functions, the
Value

Slag1 Slag2 Slag3

2700 2900 2850

0.02 0.02 0.02

470 470 470

1255 1255 1255

201(L)/4(S) 182(L)/4(S) 161(L)/4(S)

1580 1490 1460

1270 1280 1320

https://doi.org/10.1016/j.jmrt.2023.06.042
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Table 2 e Process parameters and operating conditions.

Parameter Value

Geometry parameters

Electrode radius, mm 225

Mold radius, mm 250

Slag thickness, mm 310

Slag pool height, mm 50/40/30

Metal pool height, mm 30

ds (slag skin thickness), mm 20

dm (mold thickness), mm 30

Heat transfer at melt/mold, W/(m2$K) 400

Heat transfer at bottom, W/(m2$K) 400

Heat transfer at slag/air surface, W/(m2$K) 80

Emissivity of slag at slag/air surface, W/(m2$K) 0.6

Operating conditions

Power, kW 110

Current Frequency, Hz 50

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 5 : 1 6 9 6e1 7 0 81700
electromagnetic field, Joule heating, Lorentz force, and

boundary conditions are described. Themixed heat exchange,

including the natural convection (slag/air)and the radiation
Fig. 4 e Variation of the thickness of slag skin versus tim
(slag/air)and the convective heat transfer (slag/electrode and

slag/mold), are considered in the ESR. The growth rate of so-

lidified ingot is determined by the inlet melt rate. The for-

mation and distribution of multiphase slag skin are studied

using the VOF model and dynamic meshing technique. The

development of ingot is depicted using a dynamic meshing

technique with hierarchical grid.

A 2D model was established in the study. The minimum

mesh size of 1mmand themaximummesh size of 3mmwere

employed in the domain. It is accord with grid independence.

The maximum time step is 1 � 10�4 s. The calculation of

simulation were performed on the Dell computing station

sever (64 � 2.5 GHz-128GB). The initial calculation domain

includes solid slag, liquid slag and metal. In addition, the

temperature of mold is 500 K, and an initial slag layer of

20 mm thickness was applied. Approximately 60,000 struc-

tured meshes were generated for the entire computational

domain. In Table 1, the physical properties of slag and metal

were selected based on the experimental material [7,33] and

reference [24,34]. Table 2 displays the geometry of model and

the process parameters used in the ESR process. The
e (a) t ¼ 0s, (b) t ¼ 30s, (c) t ¼ 90s and (d) t ¼ 150s.

https://doi.org/10.1016/j.jmrt.2023.06.042
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Fig. 5 e Variation of shape of melt pool profile versus time (a) t ¼ 0s, (b) t ¼ 30s, (c) t ¼ 90s and (d) t ¼ 150s.
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interfacial tension between slag and metal is 0.90 N/m, and

the surface emissivity of free slag is 0.60.
3. Results and discussion

3.1. Slag skin solidification behavior

As shown in Fig. 4, it is assumed that a 20 mm thick slag skin

solidifies near themoldwhen t¼ 0 s. Under the action ofwater

cooling on the mold wall, the slag near the slag skin began to

solidify, resulting in an increase in the thickness of the slag

skin. At t ¼ 30s, the slag skin at the slag skin/molten metal

interface contacts the molten metal in the metal molten pool,

and the increased overheating part melts the slag skin,

resulting in a decrease in the thickness of the slag skin in this

part. Under the strong water cooling, the thickness of the slag

skin contacting the slag will slowly increase above the slag

skin/molten metal interface, eventually reaching 24 mm,

forming a curved crescent shape. As the remelting process

progresses, the temperature in the slag pool increases, and the

slag skin contacting the metal continues to melt at a higher

temperature. The thickness of slag at the slag skin/metal
Fig. 6 e Distribution of slag skin composition (t ¼ 150s).
interface continues to thin. At t ¼ 90 s, the thickness of the

slag skin in contact with the molten metal becomes thinner

and thinner, which is due to the temperature in the slag pool

increases. And the slag skin in contact with the molten slag

becomes thinner, down to only 21 mm. At t ¼ 150 s, as the ESR

process proceeds, the temperature in the slag pool increases.

The thickness of the slag skin in contact with the molten slag

keeps thin. As the height of the ingot increases, the thickness

of the slag skin near the solidified metal remains unchanged.

Finally, a uniform slag skin is formed on the surface of the

ingot.

Fig. 5 depicts the development of the melt pool profile with

time. In Fig. 5(a), it is presumed that a 20 mm thick slag skin

solidifies on the mold wall. As shown in Fig. 5(b), because the

intense water cooling at the bottom of the mold, the floor of

the melt basin is initially flat. As shown in Fig. 5(c), when the

ingot expands, the effect of convective heat exchange at the

bottom decreases and the depth of the melt basin increases.

At the beginning, the heat of ingot is predominantly lost

through the baseplate. Nonetheless, with the ingot expands,

convective heat transfer becomes progressively more signifi-

cant. As shown in Fig. 5(d), when the melt pool profile keeps
Fig. 7 e Velocity Distribution (a) with slag skin and (b)

without slag skin.

https://doi.org/10.1016/j.jmrt.2023.06.042
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Fig. 8 e Current density distribution with (a) 2.0 kA (b) 2.5 kA and (c) 3.0 kA current.
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unchange, it takes as a parabolic form. The distribution of slag

skin composition at t ¼ 150s is given in Fig. 6. As can be seen,

three components of slag skin are distributed in layers due to

the different solidification points of slag.

The majority of the flow within the mold consists of a

Lorentz force-induced anticlockwise loop and a buoyancy-

induced clockwise loop near the mold. Creating a clockwise

cycle, the buoyancy-driven liquid metal flows horizontally,

goes up along the front line of solidification of slag skin, and

rotates to the centre. When the slag layer forms, the velocity

near the wall is hindered. Fig. 7(a) shows that the slag

remelting process with slag skin shows a significant gap at the

mold in comparison to the slag remelting process without slag

skin. The electromagnetic force has an axial component and a

radial component [35]. The radial component makes the slag

move in an axial direction, and the slag flows counterclock-

wise along the symmetrical axis, which is due to the pressure

difference in the axial direction of the slag pool.
Fig. 9 e Joule heating distribution at main section w
3.2. Effect of current on slag skin solidification behavior

Fig. 8 shows the current intensity distribution. The current

enters from the electrode into the ingot and flows out of the

bottom of ingot. Due to the different electrical conductivity of

slag and metal, the current density will change. The majority

of current flows at the corner of the electrode. When the

current applied from 2 kA to 3 kA, the highest current density

raised from 1.4 � 105A/m2 to 2.4 � 105A/m2. A slag skin is

formed near themold, which has the highest current intensity

near the wall due to its lower electrical conductivity than the

metal.

It can be observed from Fig. 9 that most of the Joule heating

is produced at the electrode tip in the centre of the slag pool,

and only minority of Joule heating are located in the other

parts of slag pool. The distribution differences in Joule heating

are beneficial to improve the melting rate and thermal effi-

ciency of electrode. As the current or input power rise, the slag
ith current (a) 2.0 kA (b) 2.5 kA and (c) 3.0 kA.

https://doi.org/10.1016/j.jmrt.2023.06.042
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Fig. 10 e Temperature distribution versus time with (a) 2.0 kA, (b) 2.5 kA and (c) 3.0 kA current.
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pool gets hotter as the Joule heating goes up. The highest

amount of Joule energy changes from 1.3 � 109W/m3 to

1.9 � 109W/m3. The Joule heat spreads out in a horizontal di-

rection, due to the presence of the slag skin, obtaining the

maximum in the vicinity of the mold. The slag skin is not

made of only single component, but a mixture of several
components. Hence, there are different electrical conductiv-

ities of component.

The temperature distribution versus time is shown in

Fig. 10. The highest temperature zone in a slag pool is

approximately 1800 K, just located below the electrode. The

side wall of slag pool has a large temperature gradient under
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Fig. 11 e Velocity distribution versus current (t ¼ 150s) (a) 2.0 kA, (b) 2.5 kA and (c) 3.0 kA.
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the strong cooling capacity of mold. Since the flow at bottom

of slag pool is weak, the temperature field shows obviously

stratificated. As the current increases, the maximum tem-

perature changes from 1800 K to 2200K. Due to the increasing

applied current, the power, Joule heat and even the heat

entering slag pool and metal pool also increased. In the

meanwhile, the depth of slag pool and cooling capacity of

mold remains same, hence the temperature increase. The

increasing temperature causes an increment in thermal

buoyancy, which accelerate the fluid flow in metal pool. The

highest velocity increases from 0.22 to 0.35 m/s, as depicted in

Fig. 11.

Variation of thickness of slag skin versus time at z¼ 0.46m

is listed in Fig. 12. When the current is 2.0 kA, the initial

thickness of slag skin 20 mm is given at t ¼ 0 s. When the

current goes up to 2.0 kA, due to the low temperature of mold,

the slag skin thickens to 22 mm. With the rising slag tem-

perature, the thickness steadily lowers to 19 mm. Moreover,
Fig. 12 e Variation of thickness of slag skin versus time at

z ¼ 0.46 m.
the thickness steadily increases to a highest of around 24 mm

before entering the metallic pool. The thickness of slag skin is

then partially remelted and reduced to 17 mm. Finally, a layer

of slag skin 17 mm thick is spread evenly over the hardened

ingot. As the current increases, the higher Joule heat and

temperature in the slag skin are generated, which leads to the

melting of the slag skin. When the current increase from

2.0 kA to 2.5 kA, the final slag thickness reduced from 17 mm

to 13 mm.

The distribution of molten metal pools at various currents

is shown in Fig. 13.With the rising current, the depth of pool of

molten metal increases. This is because the increase in Joule

heat with increasing current, which causes the temperature of

themoltenmetal pool to rise. However, the cooling capacity of

the water-cooled wall remains unaltered. As a result, the

depth of molten metal pool deepens with the increase of

applied current. In the ESR system, when the current in-

creases from 2.0 kA to 3.0 kA, the current density, Joule heat,

velocity, the pool of molten metal deepens and the thickness

of the slag skin becomes thinner.

3.3. Effect of vibrating electrode on slag skin
solidification behavior

Additionally, the research and analysis are done on how

vibrating electrodes affect the behaviour of slag skin solidifi-

cation during the ESR process, as depicted in Fig. 14.

In this paper, an electrode vibration test device is used to

install a vibration source on the electrode holder, so that the

electrode vibrates at a low speed during the ESR process. The

relative motion between the electrode and the slag is

enhanced due to the vibration of electrode, which accelerates

the casting speed.

In Fig. 14 (a), it is evident that the droplets formed on the

bottom surface of electrode without vibration are very scat-

tered and unevenly distributed, and the droplet sizes are not

the same. When the electrode is vibrating, the droplets

formed at the bottom of electrode will converge to the center

periodically and concentrate on the bottom surface when it
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Fig. 13 e Melt metal pool distribution at different current. Fig. 15 e Variation of mold height versus temperature at

t ¼ 150s.
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becomes a large enough droplet as shown in Fig. 13 (b). The

electrodewith orwithout vibration has no significant effect on

the solidification melting and thickness of slag skin. Because

the thickness of the slag skin is only related to themelting rate

and the heat flux in mold, vibration electrode only affects the

falling ofmetal droplet and the velocity field near the tip of the

electrode in the layer of slag.

3.4. Validation of thermodynamic model

The same geometric and physical parameters, as well as the

same operating settings in the experiment, were the same as

in the simulated case. In this experiment, the temperature of

mold was measured continuously. The thermocouple type

WRN-191 is used and the temperature measurement module

is the EM 231 (231-7PD22-0XA8) for the Simatic S7-200. A total

of 18 thermocouples were involved in the experiment. The

specification of thermocouples is F5 � 400 � 2000 mm. The

external thread with M10 � 1 at the end of the thermocouple

can be threaded with the mold copper tube. Firstly, a guide
Fig. 14 e Metal droplet dropping behavior and velocity vector d

process with vibration electrode.
plate is laid on the bottom water tank and a mold is placed on

it. The cooling water is passed into the mold before the elec-

troslag remelt process starts, then the electrode is placed in

the bottom centre of mold and inserted into the slag to a

certain depth. Insert the thermocouple into the copper tube of

mold modification, so that it is close to the inner wall of the

mold and the power supply is turned on for melting and the

temperature measurement data begins to record.

The variation ofmold height versus temperature at t¼ 150s

is shown in Fig. 15. A monitoring point is placed at

R ¼ 225 mm, which can record the variation of temperature at

the monitoring point with time(height ¼ 500 mm),depicted in

Fig. 16. It is clear that the experimental values of themoldwall

temperature are close to the simulated values, indicating that

the established thermodynamic model is reasonable. The

discrepancy was less than 5%, this variation can be attributed

to uncertain physical characteristics of actual slag, heat con-

tact resistance and thermal radiation.
istribution with (a) Traditional ESR process and (b) ESR
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Fig. 16 e Variation of temperature versus time (height ¼
500 mm,R ¼ 225 mm).
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4. Conclusions

In this paper, the dynamic generation of slag skin in ESR

process is studied by solving the Maxwell equations, Navier-

Stokes equation and energy equation simultaneously. The

developed model was proven to be reasonable through the

experimental verification.

1. The slag skin thickness at the interface between slag skin

and metal gets thicker as the axial distance from free

surface of slag rises, reaching a maximum of about 25 mm.

With the height of ingot increasing, the thickness of slag

skin drops to 17 mm. At last, a consistent and very thin

coating of slag skin is formed all over on the solidified

ingot. Under the slag skin remelting, the ability of heat

transfer mold effectively and continuously increases due

to slag skin.

2. The height of the slag pool increases in proportion to the

height of the ingot. In both the slag pool and themetal melt

pool, there may be found three pairs of vortices.

3 The temperature gradient becomes lower as it varies from

top to bottom along the radial direction, whereas, it gets

lower as it travels from top to bottom along the axial

direction.

4. The current increases from 2.0 kA to 3.0 kA, the current

density, Joule heat, velocity and temperature in the

remelting system increases, the slag skin becomes thinner

and the melt pool becomes deeper.

5. The vibration of the electrode hardly has an impact on the

slag skin, and only has effects on formation of metal

dorplets driping and fluid flow in slag.
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List of symbols

A
!

magnetic potential vector

Amush paste zone coefficient

b reciprocal of Prandtl number

B
!

magnetic flux density (T)

cp specific heat capacity (J$kg�1$K�1)

E internal energy of mixed-phase concerning latent

heat and temperature (J$kg�1)

f1 liquid phase rate (m$s�1)

Fst surface tension between slag and alloy phase

(N$m�3)

Fe Lorentz force (N)

Fd paste zone resistance (N)

Ft thermal buoyancy force due to density difference

(N$m�3)

Fc electromagnetic force (N$m�3)

Ft resistance of mushy zone (N$m�3)

hr radiative heat transfer coefficients of air gap

(W$(m�1K�1)

hc convective heat transfer coefficients of air gap

(W$(m�1K�1)

hw total heat transfer coefficient between metal and

cooling water (W$(m�1K�1)

H
!

magnetic field strength (A$m�1)

J
!

current density (A$m�2)

keff effective thermal conductivity (W$(m�1K�1)

k turbulent kinetic energy (m$s�1)

ks thermal conductivity of slag skin (W$(m�1K�1)

km thermal conductivity of mold (W$(m�1K�1)

L latent heat of melting (J$kg�1)

QJ Joule heat (W$m�3)

Rcontact contact thermal resistance (W$(m�1K�1)

t Time (s)

T1 liquid phase line temperatures of metal (K)

Ts solid phase line temperatures of metal (K)

vcast casting velocity (m$s�1)

Greek symbols

ai volume fractions. The subscript i represents the type

of substance, including metal(m), liquid slag(s), solid

slag1(s1),solid slag2(s2) and solid slag3(s3)

m0 magnetic permeability of medium (F$m-1)

m laminar viscosity (Pa$s)

r density of mixed-phase (kg$m-3)

rm densities of metal (kg$m-3)

rs densities of mixed-slag phase (kg$m-3)

s conductivity of magnetic fluid (U-1$m-1)

4 mixed-phase parameter

4m parameters of metal phase

4s parameters of liquid slag phase
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vi volume fractions

ε dissipation rate

ds thickness of slag skin (mm)

dm thickness of mold (mm)
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