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position of maximum forces moves along the periphery of the 
mold while at the center, the magnitude is minimum.

To investigate the effect of EMS on solidification, a 
coupled simulation of solidification and EMS model has been 
compared with the solidification model without EMS. It can 
be seen from Figure 4(a) that without EMS, the smooth solid 
shell has been formed near the mold wall while in Figure 4(b), 
a break in solid shell formation or increase in liquid fraction 
near the stirrer has been found after application of EMS. This 

break in solid shell formation is due to the centrifugal force 
generated because of rotary motion of fluid which moves the 
overheated liquid steel from the core of mold towards the mold 
wall leading to increase in temperature near the mold wall. In 
Figure 5(a), liquid steel core can clearly be seen at the mold 
axial central plane when EMS has not been applied, however 
in Figure 5(b), a mushy zone can be seen at the center of the 
mold when EMS model has been used. It shows the mixing 
of liquid core (at high-temperature) with the low-temperature 
mushy region near the wall. Thus, there is forced convection 

Fig. 3. Velocity vector for fluid flow (a) with solidification (b) with electromagnetic field, and (c) Vector distribution of Lorentz force under 
elctromagnetic field

Fig. 4. Liquid fraction at mold wall (a) Without EMS (b) With EMS
Fig. 5. Liquid fraction at mold center plane (a) Without EMS (b) With 
EMS
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flow within the mold due to EMS and finally some reduction in 
the temperature gradient near the solidification front. It has been 
stated by Kurz et al. [33] that low-temperature gradient generally 
promotes the formation of equiaxed grains, as grain morpholo-
gies are directly influenced by the temperature gradient. So, by 
the use of EMS, temperature gradient near solidification front 
is reduced to some extent and in turn, expected to promote the 
equiaxed grain formation.

4.1. Effect of electromagnetic frequency

Investigation of the effect of electromagnetic frequency 
has been carried out by simulating the coupled solidification 
and EMS model at four different frequencies i.e. 2 Hz, 5 Hz, 
10 Hz and 20 Hz with a magnetic flux density of 0.1 Tesla. 
The four frequencies were selected to study from low to high 
electromagnetic stirring frequencies. The results have also been 
compared with the results of individual solidification model and 
EMS model. Figure 6(a) shows fluid flow pathlines in the mold 
on applying solidification model without EMS and Figure 6(b) 
shows the pathlines of fluid flow after applying EMS model 
without solidification. Figure 6(c-f) shows the pathlines on ap-
plying EMS along with solidification for different frequencies. 
Without the use of EMS, pathlines are shown to be in a vertically 
downward direction (Fig. 6a) while the use of EMS is seen to 

alter the pattern of these pathlines. It is seen that use of EMS 
induces a circular motion starting from the region where EMS 
is applied. On applying EMS without solidification, circular 
motion of fluid are found till the bottom of the mold, as shown 
in Figure 6(b) whereas in Figure 6(c-f), circular motion of fluid 
are found to gradually diminishes while moving below the stir-
rer position when solidification model is activated. This is due 
to the formation of the mushy zone formed during solidifica-
tion. From Figure 6(c-f), it is also observed that axial length of 
stirring below the stirrer position decreases as the frequency of 
magnetic field increases. As axial length of stirring reduces the 
segregation [6] low-frequency magnetic field provides better 
segregation reduction as compared to that by the high-frequency 
magnetic field in EMS.

Figure 7(a-e) shows the liquid fraction contours at the mold 
exit for different cases with and without applying electromagnetic 
stirring. The presence of liquid core at the center of the mold 
can be seen in Figure 7(a) when EMS has not been applied. 
After applying EMS with varying frequencies, the mushy zone 
is found to replace the liquid core at the mold center, as shown 
in Figure  7(b-e). Mushy zone at the mold center is formed be-
cause of forced convection in x-y direction caused by the circular 
motion of the fluid. It is clearly seen from Figure 7(b-e) that as 
the frequency of magnetic field increases, the liquid fraction 
of steel at the center of mold exit decreases. This can better be 
understood by referring to Figure 8, which graphically depicts 

Fig. 6. Fluid flow pathlines (a) solidification without EMS (b) EMS without solidification, and solidification with EMS at frequency (c) 2 Hz 
(d) 5 Hz (e) 10 Hz (f) 20 Hz
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the liquid fraction at the mold outlet for with and without EMS. 
It is seen that without EMS, the liquid fraction values in the core 
region i.e. the central portion of the x-axis domain is nearly 1 in-
dicating the temperature just below liquidus. As electromagnetic 
stirring is applied with a frequency of 2 Hz, the temperature of 
the central region falls because of mixing of the central region 
liquid with solidified region near the mold wall. This results 
in a decrease in liquid fraction value in the central region and 
a small increase in temperature towards the region away from 
the central core. In fact, the increase in the horizontal length of 
the curve once electromagnetic stirring is applied indicates the 
increase in uniformity in liquid fraction or temperature at the 
central portion of the mold. As the frequency of the magnetic 

field is increased, the stirring effect is seen to make the tempera-
ture more and more uniform leading to a gradual decrease in the 
liquid fraction values at the center of mold exit. An increase in 
liquid fraction, though a very small amount, near the mold wall 
decreases the thermal gradient in that region and prevents the 
growth of grains towards the central core region. In other words, 
an equiaxed type of grains is more favorably formed in place of 
columnar grains. With the increase in magnetic field frequency, 
it is observed that as the thermal gradient decreases, chances of 
equiaxed grain formation increases. 

Previously reported literature have mentioned that mushy 
zone having liquid fraction 0.0-0.5 behaves like solid [34] and 
above this further change in grain structure due to solidification 
is least possible. In the present study, for finding the solid shell 
thickness near the mold wall, it is assumed that steel having a liq-
uid fraction of 0.3 is completely solidified. In Figure 9 (a-e), an 
iso-surface of liquid fraction 0.3 has been plotted on the vertical 
plane i.e. X-Z plane at the center of the mold. From Figure 9(a), 
it is seen that in the absence of EMS, solidified shell formation 
starts at a distance of ~300 mm down the meniscus. On apply-
ing EMS at 2 Hz magnetic frequency, nearly similar solid shell 
thickness below meniscus can be observed in Figure 9(b), as 
with the case without EMS. Except the fact that the solid shell 
thickness in the stirred region is somewhat less though the shell 
thickness at the exit of the mold seems to be same. On increasing 
the stirrer magnetic frequency above 2 Hz, a change in the solid 
shell is found below the EMS position, as shown in Figure  9(c-e). 
It is observed facts that increase in magnetic field frequency 
confines the Lorentz force near the stirrer boundary layer and 
has more penetration in the solid shell. Hence, decrease or break 
in the solid shell is found on increasing the field frequency. In 

Fig. 7. Liquid fraction at mold outlet (a) without EMS, and with EMS at frequencies (b) 2 Hz (c) 5 Hz (d) 10 Hz (e) 20 Hz

Fig. 8. Liquid fraction at mold outlet symmetric line
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Figure 9(c), at 5 Hz frequency, a decrease in the solidified shell 
is observed near 480 mm down the meniscus. This is because 
of the dissolution of the solidified shell by mixing of the liquid 
core of the central portion of the mold with the solidified shell at 
the side, due to which the solidified shell remelts and transforms 
to liquid and gets uniformly mixed. As the magnetic frequency 
increases further to 10 Hz, the re-melting or the dissolution of 
the solidified shell occurs early, i.e. at a distance of 410 mm 
down the meniscus and onset of solidified shell formation for 
the second time is seen to occur at a distance of 570 mm down 
the meniscus. As the frequency is further increased to 10 Hz, 
the trend remains nearly the same except there is a break in 
solidified shell. This means that as the frequency is increased, 
the solidified shell remelts early and more strongly. This may 
be due to the increase in circular or tangential velocity of the 
fluid by increasing the frequency, which results in an increase 
in the magnitude of forced convection effects in molten steel. 
The change in magnitude of tangential velocity can be seen by 
referring to Figure 10 in which the tangential velocity is plot-
ted on a lateral axis 450 mm below the meniscus level i.e. just 
below the position where stirrer is placed. It is seen that near 
the solidification front, the fluid has high tangential velocity and 
decreases gradually to zero at the central axis of mold. Increase 
in tangential velocity near solidification front with the increase 
in magnetic frequency is also observed. High tangential velocity 
near the solidification front breaks the coarse dendritic grains 
into fine grains. Maximum tangential velocity near the solidi-
fication front is found for EMS at 20 Hz magnetic frequency, 
hence expected to give more fine grain structure. However, 
as the temperature gradient after the gap (onset of the second 
solidified shell formation) is likely to increase, an unfavorable 
condition for equiaxed grains formation during solidification in 
continuous casting process arises.

From Figure 9 (a-e), it is also observed that solid shell 
thickness at the mold exit is nearly equal for all the cases. It so 

happens that as the liquid metal from the central portion comes 
on the near the mold wall, the heat removal rate is increased 
from the mold surface because of increase in mold surface tem-
perature. So the rate of formation of solidified shell increases 
and immediately a thick solidified shell is formed in the cases 
when EMS is applied. It would be more clear from Figure 11, 
where the average mold wall heat flux for the case without 
EMS is found to decrease gradually down the mold while, after 
applying EMS, the wall heat flux below the stirrer position in-
creases relatively with the case without EMS. On applying EMS 
the maximum increase in wall heat flux from the case without 
EMS is found for the EMS with 20 Hz frequency as it also has 
a maximum gap in the solidified shell. This increase in wall 
heat flux is due to increase in mold surface temperature in the 
stirred region. The increase in wall heat flux quickly decreases 
the surface temperature of the mold and becomes equivalent to 
the without EMS case. Hence, the final shell thickness does not 
increase much in all the cases. 

Fig. 11. Average wall heat flux for different frequencies

Fig. 9. Solid shell thickness at the center of mold wall, below the me-
niscus for cases (a) without EMS, and with EMS at frequencies (b) 2 Hz 
(c) 5 Hz (d) 10 Hz (e) 20 Hz

Fig. 10. Tangential velocity for different frequencies
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4.2. Effect of magnetic flux density

Magnetic flux density plays a vital role in the application 
of EMS in continuous casting of steel though it has limitations 
too. Hence, the optimum flux density should be applied during 
electromagnetic stirring in continuous casting. Four different 
magnetic flux densities have been applied to analyze its effect on 
solidification in billet caster mold. The frequency of the magnetic 
field has been kept constant to 10 Hz as it is a moderate frequency 
in the range where significant changes have been observed in the 
previous section. Figure 12(a-d) shows the fluid flow pathlines in 
the mold at four different magnetic flux density values of 0.05, 
0.1, 0.15 and 0.2 Tesla respectively. It is clearly observed that 
with the increase in magnetic flux density, the intensity of stirring 
of fluid increases in the zone of the stirrer and to some extent in 
the downward vicinity of the stirrer. In Figure 12(a), when the 
intensity of stirring is very low at 0.05 T, there seems to be an 
insufficient electromagnetic force to stir the liquid steel because 
the stirring effect is not seen reach near the wall of the mold. 
As the flux density is increased, the vigorous rotation causes 
the fluid from the center to be in intimate contact with the side 
walls of the mold and further it rotates to touch the wall on the 
other side of the mold. This process continues inside the stirrer 
zone and ensures complete mixing of central core region full of 
fluid with thin solidified skin on the mold walls. 

Figure 13(a-e) shows the contours of the liquid fraction at 
mold exit for without magnetic field and with different magnetic 
flux densities. In the line of predicted fluid flow pathlines shown 
in Figure 12 where EMS at 0.05 T of magnetic field shows very 
less stirring intensity effect, can be seen in Figure 13(b) that 

liquid core still exists after the application of magnetic field 
because of very low flux density. Because of insufficient stir-
ring effect, a small portion is still in liquid state, similar to that 
observed for without EMS case. However, a decrease in liquid 
fraction or mushy zone can be seen at the center of mold exit, 
as shown in Figure 13(c-e) when the magnetic flux density is 
increased. The value of liquid fraction seems to be decreasing 

Fig. 13. Liquid fraction at mold outlet (a) Without EMS, and with EMS at magnetic flux density (b) 0.05 T (c) 0.10 T (d) 0.15 T (e) 0.20 T

Fig. 12. Fluid flow pathlines during solidification with EMS at magnetic 
flux density (a) 0.05 T (b) 0.10 T (c) 0.15 T (d) 0.20 T
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continuously with increase in magnetic flux density. The liquid 
fraction of steel for different magnetic flux densities at the mold 
outlet symmetric line along the x-axis is shown graphically in 
Figure 14. It can be observed that there is not much change in 
the graphs of the liquid fraction of without EMS and with EMS 
at 0.05 T magnetic flux density. Maximum change in liquid 
fraction was observed as 0.3 for the EMS with 0.20 T, which 
is very close to liquid fraction obtained from EMS at 0.1 T and 
0.15 T magnetic flux density. The increase in magnetic flux 
density of the stirrer decreases maximum liquid fraction and 
so the temperature gradient of steel near the solid front. As the 
change in liquid fraction above 0.1 T is low, it is suggested not 
to use high magnetic flux density. 

Fig. 14. Liquid fraction at mold outlet symmetric line

At different magnetic flux density of EMS, thickness of 
solid shell formed at the center of mold wall while moving below 
the meniscus is shown in Figure 15(a-e). Growth in solid shell 
thickness for 0.05 T has been found to be similar as with the 
without EMS case. A break in solid shell below the EMS posi-
tion has been observed when magnetic flux density is increased 
above 0.10 T, as shown in Figure 15(c-e). It can be noticed that 
the width of gap increases with the increase in magnetic flux 
density. Formation of these gaps and increase in width with the 
increase in magnetic flux density are due to increase in stirring 
intensity and increase in tangential velocity of the fluid. Figure 
16 shows tangential velocities for different magnetic flux den-
sities on a lateral axis at 0.45 m below the meniscus. It can be 
observed that tangential velocity near the solidification front 
increases with the increase in magnetic flux density. The increase 
in tangential velocity increases forced convection in steel and 
hence increases the temperature near solidification front due to 
which gap in the solid shell is formed, as discussed in the previ-
ous section. It can also be predicted that high magnetic field EMS 
is a favorable condition towards the fine dendritic grain structure 
formation in a new solid shell formed after the re-melting due 
to stirring, as it has high tangential velocity near the solidifi-
cation front. 

Fig. 15. Solid shell formation at the mold wall, below the meniscus 
for cases (a) Without EMS, and with EMS at magnetic flux density (b) 
0.05T (c) 0.10T (d) 0.15T (e) 0.20T

Fig. 16. Tangential velocity for different magnetic flux densities

5. Conclusions

A 3-dimensional model of a billet caster mold has been 
prepared to analyze the effect of electromagnetic stirring on the 
solidification of steel within the mold. It involves the simultane-
ous solution of fluid flow, solidification, and electromagnetic 
equations. From the results, the following conclusions can be 
made.

The rotary motion of fluid made by EMS imparts high 
velocity at the periphery and decreases gradually towards the 
center. This high rotational flow near the solidification front 
could break the coarse dendritic structure and may transform it to 
a finer grain. Tangential velocity of the liquid steel increases with 
the increase of magnetic frequency and magnetic flux density.

The liquid fraction at the center of mold and temperature 
gradient near the solidification front decreases with increase in 
magnetic flux density. Thus, high magnetic flux density may 
promote to form equiaxed grain structure.




