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Abstract: Final electromagnetic stirring (F-EMS) effectively improves macrosegregation
and central porosity in round bloom continuous casting, while the flow and solidification
of molten steel under F-EMS have a direct impact on metallurgical properties. Fluid flow
and solidification behavior in a 600 mm round bloom continuous casting process with
F-EMS were simulated. The influence of the liquid fraction model on strand temperature
distribution was investigated. The flow of molten steel was analyzed under both continuous
and alternate stirring modes. The results indicated that in continuous stirring mode, the
stirring velocity fluctuates between peaks and troughs over a specific period. The closer
the F-EMS is to the meniscus, the larger the mushy zone area and the higher the stirring
velocity. Due to the 10+ s rise time for current intensity, a 25 s forward and reverse stirring
duration is recommended for $600 mm round bloom continuous casting with F-EMS.

Keywords: numerical simulation; round bloom; continuous casting; final electromagnetic
stirring; alternate stirring

1. Introduction

Final electromagnetic stirring (F-EMS) plays a crucial role in continuous casting by
promoting equiaxed grain formation, reducing shrinkage cavities, and mitigating macroseg-
regation [1-3]. Compared with mold and strand EMS, F-EMS directly targets the mushy
zone near the final stage of solidification, making it particularly effective for large-section
billets [4,5].

Numerical simulations have become indispensable for understanding the coupled
multi-physics phenomena involved in F-EMS, such as electromagnetic behavior, fluid flow,
heat transfer, solidification, and solute transport. Early studies by Ren et al. [1] and Xu
et al. [2] explored the effects of billet size and shell conductivity on the distribution of
magnetic field intensity and Lorentz force.

More advanced simulations have integrated electromagnetic, fluid flow, thermal
behavior, and solidification into unified numerical models [5-8]. Jiang et al. [5] found that
high-velocity stirring could lead to partial remelting of the solidified shell. Wu et al. [6]
introduced thermal stress and crack prediction into the model, revealing that E-EMS helps
reduce thermal gradients, stress, and the probability of internal cracking in P91 steel blooms.

Several studies have developed three-dimensional, multi-physics models that couple
electromagnetic fields, fluid flow, heat transfer, solidification, and solute transport to in-
vestigate the influence of F-EMS on centerline segregation in continuously casting billets
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and blooms [4,9-16]. Luo et al. [17] and Yin et al. [16] confirmed that increasing the F-
EMS current intensity enhances electromagnetic force and melt velocity at the solid-liquid
interface, improving solute uniformity in high-carbon steel billets. Sun et al. [11] and Li
et al. [14] suggested that the optimal F-EMS installation position depends on the solidifica-
tion characteristics of the steel and should align the interplay between solidification time
and natural convection intensity to minimize segregation. Sun et al. [9] demonstrated that
well-designed alternate stirring cycles can effectively reduce centerline carbon segregation
while avoiding white bands and shrinkage defects associated with continuous stirring.

Many studies have developed comprehensive multiphase, three-dimensional coupled
numerical models that incorporate electromagnetic fields, fluid flow, and heat transfer,
explicitly tracking the evolution of solidification structures, including both columnar and
equiaxed grains. Wang et al. [18] combined industrial experiments with simulations to
demonstrate that coordinated control of solidification structure and F-EMS stirring position
can significantly enhance solute homogeneity, especially when stirring occurs within the
equiaxed grain zone.

Although widely applied, transient flow and solidification behavior under alternate
F-EMS in large-section round blooms have received limited attention. Additionally, the
linear approximation of liquid fraction commonly used in mushy zone modeling may
oversimplify the actual solidification path [4,7,10], while an equilibrium-based expression
provides improved accuracy in capturing latent heat release [19].

The numerical simulation of the electromagnetic field generated by F-EMS has been
addressed in our previous study [1]. Building upon this foundation, the present work
develops a three-dimensional coupled model of fluid flow and solidification to investigate
the influence of various liquid fraction models and F-EMS stirring modes on the thermal
and flow fields in a 600 mm round bloom. This study aims to provide practical guidance
for optimizing F-EMS stirring strategies and installation positions in industrial applications.

2. Mathematical Model
2.1. Basic Assumption

Since fluid flow and solidification behavior in round bloom continuous casting with F-
EMS are highly coupled and complex, several assumptions are made to simplify the model.

1.  The molten steel is considered as an incompressible Newtonian fluid, the mushy
zone is treated as a porous medium, and the liquid flow within it follows Darcy’s
law [5-7,13,14,16].

2. The time-averaged electromagnetic force is used instead of the instantaneous value as
a body force term in the momentum equation.

3. The Joule heat generated by the induced current is negligible and thus neglected in
the strand temperature calculation [1].

4. The Boussinesq approximation is applied to account for thermal buoyancy effects due
to temperature gradients [13,20].

5. Since M-EMS is located far upstream from the F-EMS installation position (12 m from
the meniscus), its influence is ignored to reduce computational cost.

6.  The curvature of the strand is assumed to be negligible.

2.2. Governing Equations

The governing equations for fluid flow and solidification behavior in continuous cast-
ing blooms with EMS are as follows: the continuity equation, momentum equation, energy
equation, and low Reynolds number turbulence model. Detailed descriptions of these
equations can be found in our previous work [21,22]. This study primarily focuses on the ex-
pression of the liquid fraction in both the energy equation and the Navier—Stokes equation.
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Latent heat significantly affects the temperature distribution and solidification process
inside the strand, and its release is reflected in the relationship between the liquid fraction
and temperature. The following two latent heat release modes are commonly used in
numerical simulations.

2.2.1. Linear Relationship

It is assumed that the liquid fraction fj;q is linear with temperature between the
liquidus temperature T};q and the solidus temperature Ty,, which can be expressed

as follows [4,7,10,12,16,20]:

T— Tsol
liqg= 7 1)
f1q Tliq — Tsol

2.2.2. Equilibrium Expression

It is assumed that the solidification process occurs very slowly, ensuring that it is
always in an equilibrium state between the solid and liquid phases. Thus, the lever rule
can be used to determine the relationship between f};q and the temperature according to
the phase diagram [19], as follows:

1 T— Tliq

fliqzlfm]ﬂ_ 2)

Tinelt
where Tye; is the melting point of the pure solvent metal and k is the partition coefficient
of the Fe-C alloy. When the solidus and liquidus are straight lines,

Tinelt — Tliq

ko =
Tmelt - Tsol

)

Figure 1 compares the relationship between liquid fraction and temperature in these
two modes, using 45 steel as an example. The relationship between the liquid fraction and
the temperature in the equilibrium solidification mode is similar to a parabola, which is
very different from the linear relationship.
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Figure 1. Comparison of liquid fraction models.

The difference in the effects of the above two expressions on strand solidification can
be understood in terms of the equivalent specific heat. The amount of heat released per unit
mass of metal per unit temperature within the solidification temperature range is defined
as the equivalent specific heat Ceq.
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The enthalpy H is decomposed into sensible heat and latent heat as follows:

T
H = o + /T CpdT + figL @)
ref

where /¢ is the reference enthalpy, T\ is the reference temperature, Cp, is the specific heat,
and L is the latent heat.

Taking the derivative of Equation (4) with respect to temperature yields
dH dfliq

Cea =57 =Gt 7

L )

In the linear relationship (Equation (1)), the equivalent specific heat is expressed as

L

Ceq=Cp+=—" 6)
o P Tliq — Tsol

In the equilibrium relationship (Equation (2)), the equivalent specific heat is expressed as

(Tmelt - Tliq) L
(1~ ko) (Tmete — T)

Figure 2 shows the relationship between equivalent specific heat and temperature
in the two modes, illustrating the heat release process. It can be shown that in the linear
relationship, the heat is uniformly released in the solidification temperature range; in the
equilibrium solidification mode, the heat released is large at the initial solidification stage
and then gradually decreases, which is in accordance with the solidification of the actual
liquid steel. Although the total amount of latent heat released is the same in both modes, the
difference in the latent heat release process significantly affects the temperature distribution
inside the strand.
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Figure 2. Equivalent specific heat distributions in the two models.

2.3. Boundary Conditions

The ®600 mm round bloom studied here is produced in a domestic steel mill. The
calculated strand length is 22 m, assuming an average casting speed of 0.28 m/min. The
length of the cooling zone for the @600 mm round bloom caster is shown in Table 1. F-EMS
was installed in the caster and operated at 400 A and 4 Hz.
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Table 1. Structural parameters in the cooling zone of the $600 mm round bloom caster.

Cooling Zone Length, m
Mold zone 0.7
Water spray zone 0.2
Air mist cooling zone 1 1.0
Air mist cooling zone 2 1.0
Air cooling zone 7.9
Heat insulation zone 11.0

The molten steel velocity at the submerged entry nozzle (SEN) inlet was calculated
based on the casting speed, according to mass conservation principles [22]. The velocity
at the strand wall was set to the casting speed. The molten steel temperature at the SEN
inlet was specified as the sum of the liquidus temperature and superheat. The meniscus
and the refractory surface of the SEN are generally considered adiabatic [23]. The heat flux
density of the mold was calculated using the actual temperature difference and the water
volume in the mold cooling system, which is 0.75 MW /m?. The convective heat transfer
boundary was applied to the secondary cooling zone, and the heat transfer coefficient was
calculated based on the cooling water quantity and radiation heat transfer [23]. In this
paper, the heat transfer coefficients for the water spray zone and air mist cooling zones 1
and 2 are 345 W-m~2-K~1,235 W-m~2.K~!, and 165 W-m~2-K~, respectively. The cooling
water temperature and ambient temperature are both 298 K. The air cooling zone and the
heat insulation zone adopted radiation boundary conditions with a blackness of 0.8, and
the ambient temperatures of the two zones are 373 K and 773 K, respectively.

2.4. Thermophysical Properties

The 600 mm round bloom is made of 45 steel (see Table 2), and its thermal and physical
properties used in the numerical simulation are provided in Table 3.

Table 2. Chemical composition of 45 steel.

Element Content, %
C 0.45
Si 0.25
Mn 0.65

Table 3. Thermophysical parameters used in the flow and solidification simulation. Data from
Ref. [22].

Item Value
Density /(kg-m~3) 7000
Dynamic viscosity /(Pa-s) 0.006
Specific heat/(J-kg~1-K~1) 750
Thermal conductivity /(W-m~1.K~1) 35
Thermal expansion coefficient/K~! 1x 1074
Latent heat/(]-kgfl) 25 x 10°
Melting temperature of pure iron/K 1811
Liquidus temperature/K 1765
Solidus temperature/K 1695
Partition coefficient 0.40
Mushy zone parameter/(kg-m_3-s_1) 1 x 108

2.5. Numerical Solution

The size of the 3D geometrical model is 600 mm x 22 m, covering the entire casting
strand from the meniscus to the solidification end. The details of the cooling zone are
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provided in Table 1. Using ANSYS Fluent 16 software, the time-averaged electromagnetic
force density was applied as the source term in the momentum equation, and the finite
volume method was used to solve fluid flow and solidification behavior in 600 mm round
bloom continuous casting with F-EMS. To improve convergence stability, transient cal-
culations were performed with a time step ranging from 0.05 to 0.1 s. In the transient
calculations, the end time for the calculation needs to be determined. In this calculation,
the average temperatures at different cross-sections of the round bloom were taken as
monitoring points, and their changes over time were observed. When the temperatures at
all monitoring points stabilize (see Figure 3), the calculation can be terminated.
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Figure 3. Instantaneous average temperature at different cross-sections of the ®600 mm round bloom
in continuous casting with F-EMS.

3. Results and Discussion
3.1. Model Validation

Figure 4 compares the strand surface temperature predicted by the coupled flow and
solidification model with measured data obtained from infrared temperature measurements
in the continuous casting of a 600 mm round bloom with F-EMS at a casting speed of
0.28 m/min. The surface temperature of the cast billet drops sharply in the mold area,
decreases more gradually in the secondary cooling area, and shows a temperature rebound
further downstream. The difference between the two is minimal, which indirectly validates
the mathematical model and solution method.
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Figure 4. Comparison of simulated and measured strand surface temperature.

3.2. Effect of Latent Heat Release Model

Figure 5 illustrates the solidification process of the 600 mm round bloom under
the two latent heat release modes. The difference between the two modes is mainly
observed in the liquidus distribution during initial solidification, while the solidus position
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is nearly identical at the solidification end. This indicates that different latent heat release
modes can lead to significant differences in temperature and liquid fractions in the mushy
zone, especially for steels with a large temperature gap between the liquidus and solidus.
Furthermore, the temperature distribution in the mushy zone directly affects molten steel
flow, thereby influencing its flow pattern under F-EMS. Since the equilibrium expression
better represents actual molten steel solidification and has a clearer physical basis, it
is recommended to use the equilibrium mode to study fluid flow and solidification in
®600 mm round bloom continuous casting with F-EMS.
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Figure 5. Solidification front comparison between the two models: (a) liquidus; (b) solidus.

3.3. Flow and Solidification in the Continuous Stirring Mode

Figure 6 displays the solidification characteristics of the $600 mm round bloom during
continuous casting at a casting speed of 0.28 m/min. In the present study, one of the main
purposes was to investigate the effect of F-EMS installation position on the flow and
solidification of the strand. Based on the liquidus and solidus profiles (Figure 6), three
installation positions were selected for comparison. F-EMS was assumed to be installed at
9 m (Location I), 12 m (Location II), or 15 m (Location III) from the meniscus.
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Figure 6. Solidification characteristic of the $600 mm round bloom in continuous casting at a casting
1

speed of 0.28 m-min™".

The maximum velocity of molten steel in the stirrer’s mid-plane is used to evaluate
F-EMS stirring intensity, referred to as the maximum stirring velocity. Figure 7 shows that
the maximum stirring velocity of molten steel in the stirrer’s mid-plane varies with time
under the three F-EMS installation positions. With F-EMS applied, the maximum stirring
velocity is high—reaching up to 0.77 m/s at Location I—but it decreases rapidly. Notably,
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regardless of the F-EMS position, the maximum stirring velocity exhibits periodic variation
between peaks and troughs.

720_4_ 720-3:_ “
s | N 1} " Nt il ‘ o t
=1 NN o it
o

Figure 7. Time evolution of maximum stirring velocity under different F-EMS positions: (a) Location
I; (b) Location II; (c) Location III.

Figures 8-10 show contour plots of stirring velocity, temperature, and turbulent viscos-
ity of molten steel in the stirrer’s mid-plane at moments of maximum stirring velocity—at
both peaks and troughs—when F-EMS is installed at Location II (Z = 12 m). To observe the
mushy zone more clearly, only a 150 mm x 150 mm area at the center of the 600 mm round
bloom is shown. The solid black circle in each figure represents the solidus. The values
of stirring velocity, temperature, and turbulent viscosity at the velocity peaks are higher
than those at the troughs. This periodic variation arises from interactions among thermal
evolution, fluid flow, and latent heat release in the mushy zone. At high local temperatures,
a larger liquid fraction reduces flow resistance, enhancing stirring velocity and turbulent
viscosity. This promotes heat extraction and reduces temperature, thereby shrinking the
liquid fraction and increasing flow resistance. As a result, stirring weakens until the tem-
perature rises again, forming a feedback loop that drives the velocity oscillation pattern.
Additionally, as shown in Figure 8a, the region of maximum velocity is separated from the
solidus, creating a stagnant zone between the high-velocity core and the solid phase. This
occurs because molten steel loses fluidity when the liquid fraction falls below 0.3, not only
when f;q = 0 [24,25].
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Figure 8. Contour plots of the stirring velocity of liquid steel in the middle plane of the stirrer at the
moment of maximum stirring velocity: (a) at the peaks; (b) at the troughs. (The solid black circle

represents the solidus, as with the figure below).
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Figure 9. Contour plots of the temperature in the middle plane of the stirrer at the moment of

maximum stirring velocity: (a) at the peaks; (b) at the troughs.
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Figure 11 shows the longitudinal velocity distribution for the three F-EMS positions.
It is evident that the closer F-EMS is to the meniscus, the wider the mushy zone and
the higher the resulting stirring velocity. According to previous studies [14,26], effective
metallurgical stirring requires velocities in the mushy zone to remain within 0.1-0.2 m/s.
Therefore, placing the F-EMS at 12 m is suitable for the 600 mm round bloom, as it aligns
with the liquid core region, where flowability is sufficient, and falls within the equiaxed
grain growth zone—both of which are favorable for macrosegregation control.

11 14
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1, m-s
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& 12 g 15 0.06
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13 16
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Figure 11. Contour plots of the stirring velocity in the central longitudinal section of the $600 mm
round bloom under the conditions of F-EMS installed at three locations: (a) Location I; (b) Location II;
(c) Location III.

3.4. Flow and Solidification in the Alternate Stirring Mode

In actual continuous casting, applying F-EMS in continuous mode may lead to a severe
negative segregation band (commonly referred to as a “white band”) [27-29], which can
adversely affect the strand’s mechanical properties. To mitigate this, the alternate stirring
mode—consisting of forward stirring, pause, reverse stirring, and pause—is commonly
used, as shown in Figure 12a.

600
(a) 450 (b —&— Forward & Stop
400 L —O— Reverse & Stop
< 400 -
= L
200 - &
8 350 -
= [
0 :
& 300 -
= L
-200 - ; 250 1
=
-400 |- & 200l
-600 L ! | N I s 150 L , 1 " 1 . L . 1
0 20 40 60 80 100 120 0 30 60 90 120
Time, s Time, s

Figure 12. Diagram of (a) an ideal alternate stirring and (b) the actual alternate stirring with current
intensity change for I =400 A and f = 4 Hz (forward 25 s, stop 5 s, and reverse 25 s).



Metals 2025, 15, 605

11 0f 15

m-s

u’

0.5
0.4
0.3
0.2
0.1
0.0

-0.2
-0.3

However, the actual current response is slower than the ideal case, requiring noticeable
time for the intensity to rise from 0 A to the target value, as shown in Figure 12b. The
alternate stirring mode in Figure 12b consists of 25 s forward stirring, 5 s stop, and 25 s
reverse stirring. It takes approximately 10 s to reach 360 A and about 17 s to reach 400 A.
Although previous studies suggested 10-15 s stirring durations [30], this is insufficient for
®600 mm round blooms, as the current does not reach the intended 400 A within that time.
Therefore, the recommended alternate stirring cycle for 600 mm round bloom casting with
F-EMS is 25 s forward—>5 s stop—25 s reverse [9].

Figure 13 shows the variations in stirring velocity under a 400 A current for both ideal
and practical alternate stirring modes. The peak stirring velocity reaches approximately
0.15 m/s in both cases; however, the effective flow duration is longer in the ideal mode due
to the faster current rise time. This suggests that for large-section blooms, a longer stirring
period is required to allow the stirring intensity to develop fully within each cycle. Further-
more, alternate stirring helps disrupt thermal-solutal coupling in the mushy zone, reducing
the risk of steady segregation band formation. This dynamic flow variation also promotes
a more uniform solute distribution, which is essential for improving macrosegregation
control and enhancing the final product’s mechanical properties.

wﬂ il w e O Ly

05
(a) 04l (b)
0.3 -—
0.2 -—

u, m's

-M UUUWU nrmE

Figure 13. Variations in stirring velocity with time in (a) an ideal alternate stirring mode and (b) the
actual alternate stirring mode for 400 A and 4 Hz.

In the actual alternating stirring mode, Figures 14-16 compare the velocity, tempera-
ture, and liquid fraction fields during forward rotation and after the stirrer stops. When the
stirrer rotates forward, the electromagnetic force induces strong rotational and vortical flow
in the molten steel. Once the stirring stops, the flow velocity drops almost immediately
due to the loss of driving force. This periodic application and removal of the electromag-
netic force causes significant changes in the local flow field. During stirring, the molten
steel receives strong momentum input, rapidly establishing a coherent flow pattern. After
the force is removed, the flow decays rapidly under viscous resistance and the damping
effect of the mushy zone, as shown in Figure 14. Consequently, the flow field undergoes
continuous reconstruction and dissipation, leading to pronounced periodic fluctuations in
velocity. This reduction in stirring intensity can help alleviate negative segregation, such as
white bright bands, in the final product.
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Figure 14. Velocity distribution in the middle plane of the stirrer under the actual alternating stirring
mode (a) during forward rotation and (b) after stopping.
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The alternating stirring also affects the heat transfer regime within the cast slab.
When stirring is active, intense convection promotes temperature homogenization in the
mushy zone and enhances heat dissipation to the bloom surface. When stirring ceases,
convective effects vanish and heat transfer is limited to conduction through the solidified
shell, worsening thermal efficiency. This results in a localized temperature rise in the mushy
zone and a corresponding increase in liquid fraction, as shown in Figures 15 and 16.

Overall, the start-stop operation of alternate F-EMS introduces nonlinear oscillations
in the transport behavior of the system. Each stirring phase enhances convective cooling,
lowering mushy zone temperature and liquid fraction. Each pause allows heat accumu-
lation, raising both temperature and liquid fraction. These cyclic fluctuations lead to a
complex, nonlinear coupling between the flow, thermal, and solidification fields.

4. Conclusions

In this study, fluid flow and solidification behavior in 600 mm round bloom continuous
casting with F-EMS were simulated. The effects of the F-EMS installation position and
stirring mode on fluid flow and solidification in the stirring zone were investigated, leading
to the following conclusions:

1.  In the simulation, the expression of liquid fraction significantly influences the mushy
zone, and the equilibrium solidification mode is recommended, as it better reflects
actual molten steel behavior.

2. The closer the F-EMS installation is to the meniscus, the greater the stirring velocity of
molten steel, owing to the wider mushy zone.

3. Inthe alternate stirring mode, the actual current rise time exceeds 10 s, making short
stirring cycles insufficient for large-section blooms. Based on simulation results and
practical considerations, a 25 s forward and reverse stirring duration is recommended
for ®600 mm round bloom casting with F-EMS. This cycle allows sufficient develop-
ment of stirring intensity, enhances flow stability, improves heat transfer and liquid
fraction uniformity in the mushy zone, and helps mitigate negative segregation.

Future work should focus on integrating a solute transport model to better quan-
tify centerline macrosegregation and further validate the results through nail-shooting
or macro-etching experiments, which would provide valuable insights into refining the
casting process.
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