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Although continuous casting process has highly developed, there still remain many problems 

to be considered. Specifically, two vortex flows resulting from impingement against narrow walls 

make a flow field unstable in a mold, and it is directly related to internal and external defects 

of steel products. To cope with this instability, EMBR (Electromagnetic Brake Ruler) technique 

has been lately studied for the stability of molten steel flow, and it is revealed that molten steel 

flow in a mold can be controlled with applied magnetic field. However, it is still difficult to 

clarify flow pattern in an EMBR caster due to complex correlations among variables such as 

geometric factors, casting conditions, and the place and the intensity of charged magnetic field. 

In the present study, flow field in a mold is focused with different conditions of electromagnetic 

effect. To accurately analyze the case, three dimensional low Reynolds turbulent model and 

appropriate boundary conditions are chosen. To evaluate the electromagnetic effect in molten 

steel flow, dimensionless numbers are employed. The results show that the location and the 

intensity of the applied magnetic field significantly influence the flow pattern. Both impingement 

and internal flow pattern are changed remarkably with the change of the location of applied 

magnetic field. It turns out that an insufficient magnetic force yields adverse effect like 

channeling, and rather lowers the quality of steel product. 

Key Words : Continuous Casting, Electromagnetic Effect, EMBR, Molten Steel Flow 

N o m e n c l a t u r e  
/~ " Magnetic flux density 

J 
] 
k 

P 

y+ 

Electric field vector 

Gravitational acceleration 

Induced current density 

Turbulent kinetic energy 

Pressure 

Velocity vector 

Dimensionless distance 

* Corresponding Author, 
E-mail : cnkim@ khu.ac.kr 
TEL : +82-31-201-2578; FAX : +82-31-202-8106 
College of Mechanical & Industrial System Engineering, 
Kyunghee University. Yongin 449-701, Korea. (Manu- 
script Received July 22, 2002: Revised September 30, 
2003) 

Greek Letters 
: Dissipation rate of turbulent kinetic energy 

,u : Laminar viscosity 

Ltt ; Turbulent viscosity 

/-ten ~ Effective viscosity 

p Molten steel density 

o" Electric conductivity 

~0 Electric potential 

I. I n t r o d u c t i o n  

The continuous casting process has been widely 

used in production of steel and nonferrous metal. 

And there have been intensive studies related to 
various parts of continuous casting processes (Li 

et al., 1999). Especially, molten steel flow in a 
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mold has been focused because flow pattern of 

molten steel governs the motion of inclusion 

particles and, mainly influences on the quality of 

steel. Thus, flow characteristic of molten steel in a 

mold is one of the most important indices for the 

control of slab qualities (Hwang et al., 1997: 

Seyedein and Hasan, 1997). 

In a high speed casting, molten steel flow in a 

mold is featured with impingement against nar- 

row wall and different types of two vortex flows 

exist caused by jet flow from a SEN (Submerged 

Entry Nozzle). Impingement by jet flow from 

the SEN yields irregular solidification on a mold 

wall, and entraps mold powder and steel frag- 

ments in an internal flow. Alter impinging against 

narrow wall, molten steel flow is separated into 

upward and downward flow (Cha and Yoon, 

1999). First, upward flow hits meniscus vertically. 

It makes meniscus unstable and fluctuated. These 

instability and fluctuation cause the surface 

defects of steel such as oscillation marks and the 

entrapment of nonmetallic inclusions into the 

interior flow (Huang and Thomas, 1998: Cha 

and Yoon, 1999). Secondly, downward flow to- 

ward outlet forms large vortex flow below the 

SEN. The vortex flow drives deep penetration of 

nonmetallic inclusions into the inner part of 

molten flow so that internal flaws can be made in 

the interior of slab. Moreover, the vortex flow 

causes irregular flow pattern near the outlet of 

mold, which may allow fatal defects, like cavity 

and biased solidification. 

In the early 1980's, to get the high quality of 

slabs at a high speed casting, the EMBr (Elec- 

tromagnetic Braker) techniques were developed 

to control molten steel flow in a mold with local 

application of static magnetic field. However, 

strong channeling appeared along with narrow 

wall, and it lowers the quality of steel. Through 

many experiments and numerical analysis, EMBR 

(Electromagnetic Brake Ruler) and FCM (Flow 

Control Mold), so called the second generation 

EMBR technique, were successively developed in 

1990's (Park et al., 1999). A number of empirical 

and numerical data have shown beneficial 

influence of EMBR technique on continuous 

casting processes. 

In order to effectively install and run EMBR 

system, it is essential to understand flow pattern 

of molten steel in a mold with applied elec- 

tromagnetic field. So far, even though many 

researches have been dedicated to steel flow 

phenomena with magnetic field, due to difficulty 

in the measurement of velocity field of molten 

steel in a mold and the management of charged 

electromagnetic field, detailed flow characteristics 

of molten steel have not been understood well 

(Lai et al., 1986 ; Zheng et al., 2001). Therefore, 

more extensive studies should be required to un- 

derstand flow pattern of molten steel with elec- 

tromagnetic effect. 

In this study, two cases of molten steel flow 

with differently applied DC electromagnetic field 

in a mold have been modeled and numerically 

simulated in order to predict the electromagnetic 

effect on molten steel flow and to find the 

correlation between molten steel flow and the 

intensity and charged places of magnetic field. 

2. M e t h o d  of  N u m e r i c a l  Ana lys i s  

2.1 Mathematical modeling 
Two physical schematics of molten steel flow 

with DC magnetic field differently placed are 

illustrated as Fig I. In the present study, a twin- 

ported submerged entry nozzle is chosen and a 

rectangular SEN shape is considered in the com- 

putational grid. 

2.1.1 Assumptions of modeling 
The following assumptions are set up for nu- 

merical analysis : 

a. The molten steel is under three-dimensional 

turbulent flow in a steady state. 

b. The molten steel flows as an incompressible 

Newtonian fluid. 

c. Meniscus is flat and maintained at a fixed 

level. 

d. Meniscus is covered with a nonmetallic slag 

layer with free surface insulated electrically. 

e. As the thickness of solidifying shell is less 

than 10 mm when the strand leaves the mold 

in the steel case, solidifying shell is zero 

roughness. 
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Fig. 1 

i 
The schematics of molten steel flow with differently placed magnetic field 

f. Thermal properties are invariant. 

g. The symmetry of molten flow is assumed so 

that only one quarter caster shape is consi- 

dered. 

h. No-slip condition is applied on the mold wall 

covered with mold powder. 

2.1.2 Governing equations 
Steady-state molten steel flow in the mold 

shown in Fig. 1 is governed by mass conserva- 

tion, momentum conservation combined with the 

Lorentz force, and turbulent model equations. 

Continuity equation : 

where /~ is the intensity of an imposed magnetic 

field. 

The current density f is given by 

f - 6 ( E +  V x B )  and / ~ ' = - V ¢  (4) 

The continuity of the induced current density is 

given by 

hence, 

v.f=0 (5) 

V. (argo) = V .  ( o r ( V × B ) )  (6) 

V.(pY)=0 (i) 

Momentum equation : 

19 V ' V  V=,tleffV 2 9 - V D - ~ F - q -  ~og (12) 

' L o r e n t z  force  

/ z~ / :  Viscos i ty  i n c l u d i n g  l a m i n a r  a n d  t u r b u l e n t  v i scous  

effect 

The Lorentz force is included as a source term in 

the momentum equation. 

F = J  x B (3) 

2.1.3 Turbulence modeling 
Since the standard k - e  model cannot be 

applied to the regions very close to the wall 

having low turbulent Reynolds number, low 

Reynolds number k - e  model should be used ['or 

better prediction of flow characteristics in regions 

close to wall. Refined grids are required near 

wall, where 3, + is less than 1, to adopt low 

Reynolds k - e  model. In this study, Chien's low 

Reynolds model is employed (Chien, 1982). 

Kinetic energy and energy dissipation equations 

are presented below for steady state. 
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8 (pu, k): 0((#+11, 18kkl+p(p_e_D) (7) 
axd a:O \ \ 6~ I ax~ / 

variables are fixed to zero except the vertical 

velocities toward the free surface. 

O /z¢ & 

&~ (8) 
+ G f f ,  o P E _  C~d2 P-~-~+ E 

lh = C~fu o k 2  (9) 
G 

- - v , ~ j q  Oxi 3 •x= ~O]Oxi 3 ~ (10) 

D = 2 u k / y  2 (11) 

E = - 2 ~ , ( ~ ) e x p ( - 0 . 5 y  +) (12) 

f , , = l - e x t  ( -0 .0115y  +) (13) 

f z =  1 - 0 . 2 2 e x p [ -  ( ~ ) z l  (14) 

f l =  1.0 

C~=0.09 ; Co l=  1.35 ; C~z = 1.8 

G~= 1.0 ; o'~= 1.3 

2.1.4 Boundary condit ion 

Inlet  

Considering a casting speed of 3.5 tons per 

minute, the inlet velocity at the SEN is given as 

3.384 m/s. The kinetic energy and dissipation rate 

of turbulent energy at the inlet are estimated from 

the following semi-empirical relations (Lai et al., 

1986). 

k=0 .01X U~zet 2 (15-a) 

¢=0.09 × kl'S/O.O5/Dnozzte (15-b) 

The gradient of electrical potential at the inlet is 

z e r o .  

39 = 0  8 x  (16) 

Free Sur face  

Through previous assumptions, the flat free 

surface is electrically insulated by nonmetallic 

slug layer, and the normal gradients of all 

Ou _ Ow = O g =  & = & = a  
Oy Oy Oy 8y Oy v, v = 0  (17) 

S y m m e t r y  Condition 

As one quarter caster shape is considered with 

symmetric flow of molten steel, there are two 

symmetry planes on x-y and y-z planes respec- 

tively. 

x-y plane : 

8 u  _ 8v _ 89  _ Ok _ 8¢ 
OZ OZ - -  Oz OZ OZ = O, W = 0 (18) 

y-z plane : 

Ov _ Ow _ 0 9 _  Ok _ 0¢ =0,  v = 0  (19) 
Ox Ox Ox Ox Ox 

Wal l  

No-sl ip  condition and the wall insulated by mold 

powder are set as 

x-y plane : 

09 = 0  
u = v = w = k = e = O '  8 z  (20) 

y-z plane : 

09 = 0  u=v=w=k=¢=O, (21) 

Outlet  

For velocities, Neumann condition is assumed. 

Thus, the electric potential, the turbulent energy, 

and the dissipation rate of turbulent energy are set 

tO z e r o .  

Ou 8v_ aw 
Oy -- 03' Oy .=0, 9 = k = ¢ = 0  (22) 

2.2 Method  of  numer ica l  analys i s  - 

To analyze this problem, a finite volume meth- 

od is used with structured grids. The SIMPLEC 

algorithm is chosen to solve nonlinear equations 

with upwind scheme (Van doormaal  and Raithby, 

1984). Geometric parameters and the properties 

of molten steel are presented in Table I. 



2014 Teuk Myo Yoon and Chang Nyung Kbn 

Table 1 Geometrical parameters and properties of 
liquid steel 

Parameters and Properties Values 

Mold width (m) 1.42 

Mold thickness (m) 0.2383 

Mold length (m) 3 

Depth of the submerged entry 0.12 
nozzle (m) 

Nozzle inside diameter (m) 0.067 

Nozzle outside diameter (m) 0.0735 

Nozzle cross-section area (m 2) 0.007394 

Attack angle of the submerged 15O(downward ) 
entry nozzle 

Place of applied magnetic field of 
0.31 0.53 

case 1 (m) 

Place of applied magnetic field of 
0.16-0.44 

case 2 (m) 

Molten steel density (kg/m 3) 7020 

Molten steel laminar viscosity 0.00559 
(N. s/m 2) 

Molten steel electric conductivity 
714000 

( I / Q  .m) 

2.3 Non-dimensional numbers 

]=or a flow of an electrically conduct ing fluid 

where transverse magnetic effect is charged, 

Reynolds number  and Har tmann number  become 

important  indices to estimate the interaction be- 

tween viscosity and magnetic effect in the flow. 

Moreover ,  through Reynolds  number  and Har- 

tmann number,  Interact ion parameter  is gained to 

inform the interaction between momentum and 

magnetic effect. 

In this study, these three non-d imens iona l  

numbers are listed below and the values of  these 

numbers and intensity of  magnetic fields are 

shown ill Table  2. 

Re p V L  " Reynolds  number  
/2 

Ha , ~ 2  =~/  /1 " Har tmann number  

aB2L 
1 :  p V  " Interaction parameter 

where L and V stand tbr mold thickness and 

Table 2 Intensities of magnetic field and non- 
dimensional numbers 

Intensity of 
magnetic field 

Values 
& Non-dimen- 
sional number 

Bz 0. IT 10.2T [ 0.3T ] 0.5T 

Re 12297 

Ha 443 887 1330 2218 

I 16 64 130 400 

mean downward  velocity of  molten steel, respec- 

tively. 

3. R e s u l t s  and D i s c u s s i o n  

The molten steel flow in the mold has been 

numerical ly studied with uniformly applied mag- 

netic field. In this study, there are two different 

cases with different places of  the field. Each case 

has four different intensities of  magnetic field, 0.1, 

0.2, 0.3, and 0.5T. Mainly focused interests are 

flow fields of  the fol lowing regions:  around 

impinging point, underneath of  meniscus, near the 

SEN, in the middle of  the caster, and outlet of  the 

mold. 

Impingernent against narrow wall: Near  the 

narrow wall region, in the case 1, it is shown that 

the stronger magnetic field is charged, the more 

impinging speed is decreased, whereas, with 

applied magnetic field of  0. IT, electromagnetic 

effect does not work sufficiently, and rather 

impinging speed is increased a little as shown in 

Fig. 2. In the case 2, the impinging speed is 

remarkably decreased as the intensity of  magnetic 

field is stronger. 

Underneath the fi'ee surface: in the case 1, 

because of  the location of  the applied magnetic 

field apart from the SEN, a part of  jet flow from 

the SEN is reflected to the surface along with the 

narrow walls. The vertical velocity of  molten flow 

steel underneath the tree surface is shown in Fig. 

3 and it can be reasoned that osci l lat ion mark 

could be observed on the surface of  slabs. In the 

case 2, electromagnetic effect works directly on 

the SEN. Compared  with the case 1, impingement  
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Velocity profiles below the SEN (y=0.275 m and z=0.0 m) 

against the narrow wall  becomes weak and the 

speed of  molten steel flow toward the free surface 

is reduced as well. It makes possible for the free 

surface to be more stable. 

Below the S E N :  In both the cases, an eddy 

appears under the SEN and causes upward flow 

to the SEN as shown in Fig. 4. The eddy obstructs 

jet flow from the SEN. 
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In the center o f  the caster : In the case 1, with  

the appl ied magnet ic  field of  0.1 T, e lec t romagne-  

tic b rake  effect is not  sufficiently observed.  

Mol ten  steel flow is directed toward  the na r row 

wall  and  it makes  c h a n n e l i n g  a long  with the 

na r row wall  as s h o w n  in Fig. 5. Therefore ,  the 

vort ici ty of  d o w n w a r d  flow is increased. Wi th  0.3 

and  0.5 T, t h r o u g h  the s t ronger  e lec t romagnet ic  

b rake  effect, the vort ici ty of  vortex flow is reduced 

and mol ten  steel flow becomes more  un i fo rm as 

s h o w n  in Fig. 6. 

In the case 2, jet  flow from the SEN is moved  

toward  the na r row wall  and dra ins  d o w n  a long  

with the na r row wall. Wi th  all of  the different  

intensi t ies  of  magnet ic  force, c h a n n e l i n g  occurs  

and  d o w n w a r d  vortex flow becomes  s t rengthened,  

as shown  in Fig. 7 compared  with the case 1. 

Thus,  mol ten  flow in the center  of  caster  is biased 

as shown  in Fig. 6. 

The outlet o f  the mold : In the case 1, f rom the 

center  of  the caster  to the outlet  o f  the mold,  

mol ten  steel flow is a l ready un i fo rmed  with 

appl ied e lec t romagnet ic  effect and  goes ou t  of  the 

caster  as a un i fo rm velocity. In the case 2, biased 

flow is m a i n t a i n e d  and  gets out  of  the mold  as 

shown  in Fig. 8. 
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Fig. 10 The distribution of turbulent kinetic energy 

in the case 2 

T u r b u l e n t  kinet ic  energy in the case I is s h o w n  

in the upper  par t  of  the SEN as s h o w n  in Fig. 9. 

The  magnet ic  field in the case 1 is ne i ther  appro -  

pr ia te  to cont ro l  meniscus  nor  effective to reduce 

surface detect of  steel p roduc ts  such as osc i l la t ion  

mark.  Moreover ,  with the s t ronger  e lec t romagne-  

tic force, t u rbu l en t  kinet ic  energy also becomes 

more  intense. In the case 2, deep pene t ra t ion  of  

t u rbu l en t  kinet ic  energy occurs  as shown  in Fig. 

I0. It f requent ly  drives the steel p roduc t  to have  

in terna l  defects such as biased so l id i f ica t ion  and 

inc lus ions  of  mold  power  or  steel fragments.  

4. Conclus ion 

Even t h o u g h  there have been intensive studies 

to adop t  E M B R  to c o n t i n u o u s  cast ing process, it 

is still difficult  to unde r s t and  mol ten  steel flow 

pat tern  with e lec t romagnet ic  effect. Mol ten  steel 

flow inf luences direct ly on  the qual i ty  of  s labs so 

tha t  it is essential  to unde r s t and  mol ten  steel flow 

pat tern  to enhance  the qual i ty  of  slabs and  the 

product iv i ty  of  steel products• 

An  appropr i a t e  ma themat i ca l  and  physical  
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model are established with acceptable assump- 

tions and analyzed numerically to understand 

molten steel flow pattern. Low Reynolds number 

k - ¢  model and momentum equation with 

Lorentz force are employed. Considering y+ less 

than 10 near wall regions, fine structured grids are 

used to analyze flow field in detail. 

In this study, it is revealed that the charged 

place and the intensity of electromagnetic effect 

strongly influence on molten steel flow pattern. 

When suitable electromagnetic effect is applied to 

the mold, impingement against narrow wall is 

effectively suppressed, and also meniscus fluctua- 

tion and vorticity of downward flow can be con- 

trolled. 

Otherwise, if electromagnetic effect would be 

overweighed, it could be the waste of electric 

power to generate electromagnetic effect and with 

inappropriate magnetic field, EMBR would badly 

influence on the molten steel flow field by 

channeling or biased flow, and it rather decreases 

the quality of steel slabs. 

When a continuous casting process is designed 

with EMBR, the location and the intensity range 

of magnetic field are to be decided initially. It is 

very hard to modify the location of installed 

electromagnetic brake system alter a caster is 

manufactured. Therefore, it should be carefully 

considered how to set EMBR. 

This study provides numerical solutions of 

molten steel flows with different electromagnetic 

brake system to show the relation between the 

molten steel flow and the locations and the inten- 

sities of magnetic fields, and it would help to set 

EMBR system suitably and to produce high 

quality steel products. 
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