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Abstract : A mathematical model, including electromagnetic field equation, fluid flow equation, and temperature field 
equation, was established for the simulation of the electroslag remelting process. The distribution of temperature 
field was obtained by solving this model. The  relationship between the local solidification time and the interdendritic 
spacing during the ingot solidification process was established, which has been regarded as a criterion for the evalua- 
tion of the quality of crystallization. For a crucible of 950 mm in diameter, the local solidification time is more than 1 h at  

the center of the ingot with the longest interdendritic spacing, whereas it is the shortest at  the edge of the ingot ac- 
cording to the calculated results. The model can be used to understand the ESR process and to predict the ingot qual- 
ity. 
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Symbol List 

Cl , Cz-Constants in we model; 
Cd-Dissipation rate constant; 
cp-Specific heat; 
d-Interdendritic spacing, m;  
+Generation term for turbulence kinetic energy; 
g-Gravitational acceleration, ( m  s - ~ )  ; 
H---Magnetic field intensity, ( A  m-') ; 

R-Complex amplitude of H ;  
R, , R, , R,-Magnetic field intensity in +, 8 ,  and z 

direction, respectively; 
h.,-Overall heat transfer coefficient between slag and 

cooling water, ( W  m-' - K - I ) ;  
h,.,-Heat transfer coefficient of other position, ( W  

m-2 . K-1); 

To -Reference value of current, A ;  
/---Current intensity, ( A  m-' ) ; 

7-Complex amplitude of J ; 
T,-Complex conjugation of 7 ; 
k l  , KO-Coefficient, depending on steel grade; 
k,ff---Effective t h e m 1  conductivity, (W 
Q.-Rate of heat extraction from slag by metal droplets; 
q,-Radiant heat loss, J ;  
R-Radius, m;  
r-Radial coordinate, m;  

- 

m-' * K-' ) ; 

T-Temperature; 
t-Time, s ;  
v,-Solidification rate of ingot, (m  
v r ,  vz-Velocity of + and z direction, (m  
z-Axial coordinate, m ;  
zs , zL-Position of solidus and liquidus, m;  
+Coefficient of thermal expansion of slag; 
+-orticity; 
+Stream function; 
-Kinetic energy of turbulence; 
e-Dissipation rate of turbulence energy; 
-Density, (kg m-') ; 

u-Electrical conductivity, (n-' * m-' ) ; 

-Angular frequency of current, (rad * s-' ) ; 

p-Viscosity of slag, (Pa - s-' ) ; 

p,---Magnetic permeability, ( H  * m-' ) ; 

pefr---Effective viscosity, (Pa * s-' ) ; 

p,-Turbulent viscosity: 
Subscript 
e-Electrode; 
i-Ingot; 
L-Metal pool; 
m-Mushy zone; 
s-Liquid slag. 

h-' ) ; 

h-I);  
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The ingot structure is a main objective to be 
controlled for electroslag remelting process, which 
determines the properties of the final steel products. 
A model for describing the ingot thermal field estab- 
lished in previous study"] was not concerned with 
the thermal field of electrode, liquid slag, etc. 
However, all these thermal fields exist in the sys- 
tem, which should be considered in the model. As it 
is known, the electrode remelting process is a very 
complex system, involving electromagnetic fields, 
fluid flow phenomena, heat transfer, etc. , which 
should be also considered in the simulation. The 
proper statement of the problem requires the definition 
of both the appropriate fluid flow equations and electro- 
magnetic field equations. Ultimately these equations 
should be coupled with a heat-balance equation. In sev- 
eral earlier s t ~ d i e s [ ~ - ~ ~  , the turbulent Navier-Stokes 
equations and thermal transfer equations were pres- 
ented through the statement of Maxwell' s equa- 
tions, which described the velocity fields, electro- 
magnetic fields, and temperature fields. In present 
study, a model involving electromagnetic fields, flu- 
id flow, and thermal fields was established and tem- 
perature fields in the system was particularly empha- 
sized as evaluation index of the model accuracy. Bal- 
lantynei6] showed that the ingot structure is con- 
trolled by the local solidification time ( L S T )  rather 
than by the pool profile. LST can never be obtained 
by measurement, but it can be achieved by calcula- 
tion. However, t i l l  now, there is less model that 
can be used to calculate the LST .  Moreover, LST in 
ingot can be used to calculate the interdendritic spac- 
ing, which is a criterion to assess an ingot quality. 
The purpose of the study is to establish predictive 
relationships among current input, pool profiles, 
L S T ,  and interdendritic spacing for ESR process. 

The study to be described is based on the fol- 
lowing assumptions : 

(1) Cylindrical symmetry about the centerline; 
( 2 

( 3 )  Quasi-steady state; 
(4) The effect of metal droplets on the motion 

(5) Voltage loss is only in the molten slag pool; 
(6)  Continuity of heat flux at  all the external 

( 7 )  The tip of the electrode is the liquidus 

( 8 )  The electrode and ingot are the infinite 

Slag-electrode and slag-metal boundaries 
are presented by horizontal surfaces ; 

of the slag is neglected; 

surfaces and at  the slag-metal interface; 

temperature; 

long conductor. 

1 Mathematical Model 

To calculate the temperature fields in the system, 
first, the Maxwell' s equations to compute the electro- 
magnetic force field and the turbulent Navier-Stokes 
equations to calculate the fluid flow should be solved. 
These equations influence each other. The physical 
concept used in the development of the mathematical 
model of rhe process is sketched in Fig. 1. 

1. 1 Transport equation for magnetic fields and 

The magneto-hydrodynamic form of Maxwell's 
equations should be solved to calculate the electro- 
magnetic force field. The  transport equation for the 
magnetic field takes the following form at cylindrical 

boundary conditions 

s y m m e t r y C 2 ~ 4 ~ 5 ~ 7 ~ 8 1  . 
(1) 

where j = m, and the boundary conditions for 
Eqn. (1) are expressed using the following physical 
constraints : 

Fig. 1 Physical concept of process model 
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1 . 2  Fluid flow equation and boundary conditions 
Fluid flow, driven by electromagnetic force, 

buoyancy, etc. , is an important phenomenon in ESR 
system. Electromagnetic force field plays the major 
role in the fluid flow. The  equation of fluid flow 
may be given as the vortex transport equation in axi- 
symmetricc297991 cylindrical coordinate system, which 
takes the following form: 

/*oRe(Re~ ,>+rpPg  (2)  

For cylindrical coordinate, E and $ can be de- 
fined as the following form: 

( 3 )  

(4) 

(5) 

The relationship between E and + may be ex- 
pressed as follows: 

( 6 )  

By solving the IC-E model, the turbulent viscosi- 
ty can be calculated. The equation of E E  function 
can be expressed as follows : 

- $ - - - + - - -  a a+ a a$ a p e f f a +  
a z [  a z ]  a r [  a z ]  a+*]- 

where $=K or E ;  

E E L  s,=c1 --G-cc,p; 
IC 

(7) 

(9)  

Peff = P+ CdPd / E  (10) 
The boundary conditions for fluid flow satisfy 

the following physical constraints: 

1 . 3  Governing equation for temperature field 
By the coupling of the electromagnetic fields 

and fluid-flow equations, the governing equations 
for temperature fields can be expressed in the fol- 
lowing form at cylindrical coordinate: 

where ST is source term for temperature equation. 
At  the same time, the thermal transfer equa- 

tions of electrode, metal pool, mushy zone, and in- 
got region takes the following form at cylindrical co- 
ordinate : 

aT a aT a aT r i p i c p , p i  -=- Kir - +- K,r - +rST,i az a+l a r ]  az(  a z ]  
(12)  

The  physical constraints for Eqn. (11) and 
Eqn. (12)  are as follows : 

a L o  -- (r=O, O<z<z6); 

aT-, -- (z=O, O<r<R. and 

ar 

a z  
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- Calculation 
Measurement. 

. 

1.4  Calculation of LST and relationship between LST 
and quality of ingot 

By solving the above equations, the distribution 
of temperature in the system can be obtained, and 
then the liquidus and solidus curves in ingot are de- 
termined. L S T  can be calculated using Eqn. (13). 

LST= ( z , - z L ) / v ,  (13) 
lgd=k, +kzlgLST (14)  
Consequently Eqn. ( 14 1 that was represented 

by Flemings regarding the relationship of L S T  and 
interdendritic spacing will be used to calculate the 
interdendritic spacing, which will be used to assess 
the ingot quality. 

2 Numerical Solution of Governing Equations 

The model was used in a 10-ton ESR system. 
The crucible size of the 10-ton ESR furnace was 
$950 mm X 2 400 mm and the size of electrode was 
$680 mmX3 400 mm. 

The governing equations were solved using a 
Gauss-Seidel method. The system was divided into 
421 X 327 grids and the molten slag under the elec- 
trode had the largest grid density. Models were 
solved with Window's operating platform, at Visual 
Basic 6. 0 for programming tools and the calculating 
precision was 0. 005. Fig. 2 is the simplified flow di- 
agram for the computational scheme. 

3 Computed Results 

The final aim of this study is to obtain the tem- 
perature distribution of the ESR system, so the tem- 
peratures of electrode and slag were measured to 
check the accuracy of the model. A 10-ton industri- 
al-scale ESR with the core of descending power con- 
trol was calculated using the model established above. 
A slag containing CaF, of S O % ,  Al,O, of 20%, and 
CaO of 20% was used. A NiCr-Nisi thermocouple 
with protecting tube was used to measure the tem- 
perature of the electrode surface. The  temperature 
in electrode was approximately partitioned into two 
segments and there was a distinct turning point be- 
tween the two parts. Fig. 3 shows the calculated and 
measured surface temperature of electrode. The re- 
sults indicated that the surface temperature of elec- 
trode away from the molten slag surface is lower 
than that of the nearby liquid slag surface. Simulta- 
neously, the temperature gradient was found to be 
lower at the surface than the bottom nearby the mol- 
ten slag. The error obtained from the measured and 
calculated results is less than 10 "C. 

~ 

I Input parameters 
4 

Setup initial values of boundary conditions 
rt 

I Compute magnelic field intensity I 
I I * 

Convergence criterion satisfied? 

Yes t 
Compute current and joule heat 

- 
Compute stream funclion 

t 

t 
Compute temperature in slag 

t 
Calculate temperature in ingot 

Compute velocity in slag 

I 

L 
I calculate local solidification time I 

t I Calculate dendritic spacing in ingot I 
I 
I Output calculation results I 

Fig. 2 Simplified flow diagram for computational scheme 
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Fig. 3 Calculated and measured surface temperature of electrode 

As the slag contains excessive CaFz, which erodes 
most ceramic materials, a W3RE-W25RE thermocou- 
ple with the graphite protecting tube was used to  
measure the temperature of liquid slag. It is very 
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difficult to measure the temperature under the elec- 
trode ; therefore, only the temperature of three posi- 
tions between the electrode and cooled water copper 
was considered. Fig. 4 shows the calculated and 
measured temperature in the molten slag. The tem- 
perature of slag free surface reduced gradually from 
the position of nearby electrode to  the position of 
nearby crucible. The position of nearby cooled water 
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1 500 

1 400 

1 300 

0 0.04 0.0s 0.12 

copper had the lowest temperature, about 1 342 "C , 
in term of the measured result, which is approximate to 
the result of 1 330 "C obtained in Ref. [lo]. From the 
surface to the interior of the slag, the temperature in- 
creased, and the temperature gradient nearby the surface 
is larger than that of the interior, as is also similar to the 
results in Ref. [lo]. The calculated results are very ac- 
curate as shown in Fig. 3 and Fig. 4. 
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-Fitted curve 

I .  . I 
0 0.02 0.06 0.10 0.14 

zlm 

1 650 

1 550 

1 450 

1350 

1 250 

Measurement 
A Calculation 
-Fitted curve 

I 

0 0.04 0.08 0.12 

(a) Nearby electrode; (b )  Between electrode and crucible; ( c )  Nearby crucible 

Fig. 4 Calculated and measured temperature in slag 

Generally, it is absolutely necessary to deter- 
mine the liquidus and solidus curves in ingot, which 
determined the directions and quality of crystal to 
some extent. Fig. 5 shows the distribution of tem- 
perature in the zones of metal pool and ingot. The 
liquidus and solidus positions are relatively shallow 
at the edge of ingot, whereas they are deep at  the 
center of the ingot. The shapes of other isotherms are 
similar to those of the liquidus and solidus isotherms. 

Fig. 5 Calculated temperature distribution in ingot 

The lowest temperature exists at  the bottom of the 
ingot, which has the largest cooling power. 

In Fig. 6 ,  the curves 1 to 7 are the liquidus and 
solidus curves a t  different time interval. With the 
increase in the height of the ingot, the cooling ca- 
pacity decreases, and this induces the increase in 
metal pool depth. The  crystallization direction of in- 
got is determined by the shape of metal pool, and 
thus,  researchers seek the method to control the 
shape of metal pool through adjusting the various in- 
fluencing factors especially the voltage and current 
all the times. The  cooling capacity in ingot center is 
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0 0.2 0.4 0 0.2 0.4 
rlm 

Fig. 6 Liquidus curve (a) and solidus curve (b) for 
various height of ingot in remelting process 
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the worst where the depth of metal pool is relatively 
deeper than other positions, which results in the 
longest L S T  in ingot center. 

The L S T  in the process of metal solidification 
has a close relation with the interdendritic spacing 
that determines the crystallization quality to some 
extent. Fig. 7 shows the relationship between the 
L S T  and the interdendritic spacing. In Fig. 7 ,  the 
longest L S T  is more than 1 h ,  which is a relatively 
longer time for the solidification process. With the 
decrease in L S T  from the center to the edge, the in- 
terdendritic spacing decreases. Furthermore, ac- 
cording to the general fact, it is found that the fine 
equiaxed crystal exists on the edge of ingot; howev- 
er,  the crystal grain is large in the center of ingot, 
so interdendritic spacing may be used to assess the 
solidification quality in ingot. Certainly, the standard 
of interdendritic spacing should be established by the 
discrete conditions including the steel grade, equip- 
ment, etc. Fig. 8 shows the compared results of in- 
terdendritic spacing obtained by calculating and meas- 

0 0.1 0.2 0.3 0.4 0.5 
rlm 

Fig. 7 Relationship between LST and interdendritic spacing 
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PDS-Primary interdendritic spacing; 
SDS-Second interdendritic spacing 

Fig. 8 Comparison of calculated results of interdendritic 
spacing with measured ones 

uring methods, which are very close. 
It is well known that the voltage and current 

has significant effect on the ESR process that influ- 
ences the interior quality of crystallization and ingot 
surface. Fig. 9 shows the influence of current on the 
liquidus and solidus position. The larger the input 
current, the deeper are the metal pool and mushy 
zone existing at  the center of the ingot. It is known 
that power supply plays an important role in the 
ESR process. T o  ensure the product quality, an ap- 
propriate power supply should be provided. 

Therefore, the model can be used to understand 
ESR process and to predict the ingot quality under 
the specific conditions. 

1.6 I 

i=21 kA 

2.2 / 
0.3 0.4 0 0.1 0.2 

rim 

Fig. 9 Influence of current intensity on 
liquidus and solidus positions 

4 Conclusions 
(1) The results obtained by the model are in 

good agreement with those obtained from the meas- 
urement, and the model can be used to understand 
the ESR process and to predict the ingot quality un- 
der a specific condition. 

( 2 ) The calculated results of interdendritic 
spacing is accurate and the relationship between the 
local solidification and the interdendritic spacing can 
be used to assess the ingot quality. 

( 3 )  The temperature in electrode is partitioned 
into two segments where there is a distinct turning 
point between the two parts and the surface temper- 
ature of electrode away from the molten slag surface 
is lower than that of the nearby liquid slag surface. 

(4) The input current plays an important role 
in the ESR process, which obviously influences the 
liquidus and solidus positions that determine the 
crystallization direction and quality to some extent. 
The larger the current, (Continued on Page 30) 
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Fig. 2 Flatness deviation variation 
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Fig. 3 Profile deviation variation 

accuracy in +15 pm exceeds 97.79%. 

5 Conclusions 

Setup model calculates the mechanical actuator 
references and the feedback model provides the criti- 
cal feedback to the dynamic control loops for impro- 
ving predictions of the SSU model. The deviation of 
measured and target data shows that the strip flat- 
ness deviation and strip profile deviation could be 
controlled in the target scope of 98. 79% and 
97. 7 9 % ,  respectively. Further research on the SSU 

system for HSM is necessary to improve the setting 
accuracy. 
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