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Abstract: In order to study the flow field, temperature field, and inclusion removal in a new induction
heating tundish with bent channels, a three-dimensional (3D) transient mathematical model is
established. The effects of both the channel radius and heating power on the multi-physical field and
inclusion removal in the bent channels’ induction heating tundish are investigated. The results show
that the tundish with the channel radius of 3 m shows better flow characteristics than those with the
channel radii of 4 m and 2 m. With the increase of channel length, the heating efficiency increases
at first, and then decreases, while the radius of 3 m is the best one for heating efficiency. After all
the inclusions are placed into the tundish, the radii of 3 m and 2 m show good efficiency regarding
inclusion removal, while it is poor when the radius is 4 m. Therefore, 3 m is the optimal radius of the
channel in this work. Under the optimal channel radius, the heating power of 800 kW seems better
than those of 600 kW and 1000 kW on flow characteristics control in the tundish. The temperature in
the receiving chamber rises gradually and distributes quite uniformly with the increasing heating
power, and the removal rate of inclusions increases with the increasing heating power.

Keywords: bent-channel tundish; induction heating; channel radius; heating power

1. Introduction

For a long time, there has been agreement that steady casting with low superheat and constant
temperature is critical to improve the quality of casting slab, raise the efficiency of continuous casting
production, and stabilize the continuous casting [1–4]. During the continuous casting process, the
steady casting with low superheat and constant temperature will be under an unfavorable condition,
which is the temperature drop of molten steel due to the heat losses caused by both the thermal
radiation on the surface of the liquid steel and the heat absorption of the tundish wall, especially the
inevitable great temperature drop during the initial casting stage, period of changing the steel ladle,
and final casting stage. As a result, it will affect the quality of the casting slab [5]. Recently, induction
heating tundish has been presented to improve the temperature distribution of molten steel and keep
the temperature unchanged in continuous casting tundish.

Yoshii et al. [6]. developed an induction heating tundish with a single channel in 1984. It
contained a refractory channel inside the tundish and a coil that was used to generate magnetic
flux. The value of the supplied electric power depended on the amount of the liquid steel in the
tundish, and the liquid steel was heated when it passed through the channel. Therefore, the purpose of
compensating the temperature drop of the liquid steel was realized. Umbrashko et al. [7] experimented
and numerically simulated the fluid flow in an induction furnace in 2006. In the experiment, they
found four symmetrical eddies in the induction furnace. In the numerical simulation, the commercial
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software ANSYS and FLUENT was used to simulate the electromagnetic field distribution and flow
field, respectively. In comparison with the experimental results, it was found that the simulation could
well predict the fluid flow in the furnace. The flow pattern in the simulation matched well with that in
the experiment, and the drastic fluctuation of the turbulence energy was also well predicted. Wang
et al. [8] conducted a numerical simulation on the electromagnetic field, flow field, and heat transfer
in a channel-type induction heating tundish. The results showed that Joule heating could effectively
compensate heat loss for molten steel. The induction heating of the continuous casting tundish could
make the temperature distribution more uniform. Yue et al. [9] carried out numerical simulation
as well as industrial experiment to study the magnetic flow and heat transfer in a twin-channel
induction heating tundish. They found that there was a significant effect of electromagnetic force on
the molten steel flow in the tundish, and that the flow pattern varied with Joule heating, while the
electromagnetic force had little effect on it. Yang et al. [10,11] established physical and mathematical
models to investigate electromagnetic phenomena, flow field, and heat transfer in a channel type
induction heating tundish. Results showed that in the induction heating channels, the electromagnetic
field, current field, electromagnetic force, and heating power are the greatest. There is spiral flow in
the channel caused by electromagnetic force, and based on Joule heating, the temperature increase
of liquid steel is 12 K throughout the channel. Wang et al. [12] studied the inclusions removal and
their motion behaviors in a tundish with induction heating by building a three-dimensional (3D)
transient mathematical model. It was observed that the inclusion removal rate became higher when
the induction heating power was increased. The calculation of the removal rate should take collision
growth into account. This study was based on a relatively simple tundish structure, and the channel
was straight. The authors have proposed a new type induction heating tundish with curved channels,
which can solve the problem of low heating efficiency and inclusion removal of the traditional induction
heating tundish with straight channels [13]. Furthermore, the motion and removal of inclusions in new
and traditional tundishes were compared. However, the effect of process operating parameters on the
flow field, temperature field, and inclusion removal in the bent-channel tundish is still not clear.

The analysis for the residence time distribution (RTD) curve is one of the most important and
effective approaches to study the melt flow in the tundish. Nonetheless, the little literature that has
been reported has concentrated on the RTD curve in the induction heating tundish. Moreover, the
channel radius and heating power are two important parameters of the new induction heating tundish
with bent channels. In the present work, a 3D transient mathematical model was established to research
the effects of both the channel radius and heating power on the flow field, temperature field, RTD
curve, and inclusion removal in the bent-channel induction heating tundish.

2. Mathematical Model

2.1. Geometric Model

Figure 1a shows the geometrical model of the bent-channel tundish with induction heating. The
model is established according to the actual dimensions, and it is a single-strand induction heating
tundish. The channels connect the receiving chamber and the discharging chamber. More details about
the geometric model can be found in our previous work [13].
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Figure 1. (a) Geometrical model of the bent channels’ induction heating tundish. (b) Planes used in the
mathematical model.

2.2. Control Equations

The electromagnetic field is calculated by using the Maxwell equations; the flow field is calculated
by jointly using the continuity equation, the Navier–Stokes equation, and the k-ε model; the energy
equation is resolved to confirm the temperature field; and the motion behaviors of inclusions are
investigated using the motion equation of inclusions [13].

2.2.1. Electromagnetic Model

The Maxwell equations of the electromagnetic field are described as follows:

∇ ·
→

D = q (1)
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∇×
→

E = −
∂
→

B
∂t

(2)

∇ ·
→

B = 0 (3)

∇×
→

H =
→

J +
∂
→

D
∂t

(4)

where
→

D is the electric flux density, q is the electric charge density,
→

E is the electric field intensity,
→

B is

the magnetic flux density, t is time,
→

H is the magnetic field intensity, and
→

J is the induced current
density [14–16].

2.2.2. Fluid Dynamics Model

The continuity equation and the Navier–Stokes equation are:

∂ρ

∂t
+∇ · (ρ

→
u) = 0 (5)

∂
(
ρ
→
u
)

∂t
+∇ ·

(
ρ
→
u ×

→
u
) = −∇p + µe f f∇

2→u + ρ
→
g +

→

Fm (6)

where ρ is the density of the liquid steel, and it is the function of temperature (ρ = 8523− 0.8358T),
→
u is

the velocity of the liquid steel, p is the static pressure,
→
g is the gravitational acceleration vector [17,18],

µeff is the effective viscosity [19], and
→

Fm is the volumetric force [8,9].
The standard k-ε model [20,21] is:

∂
∂t
(ρk) + ∇ · (ρk

→
u) = ∇ · [(µ+

µt

σk
)∇k] + Gk − ρε (7)

∂
∂t
(ρε) + ∇ · (ρε

→
u) = ∇ · [(µ+

µt

σε
)∇ε] + C1

ε
k

Gk −C2ρ
ε2

k
(8)

where Gk represents the turbulence energy under the mean velocity gradient, and is decided by:

Gk = −ρ
→
ui
→
u j
∂
→
u j

∂χi
(9)

The effective viscosity is:

µe f f = µ+ µt = µ+ ρCµ
k2

ε
(10)

where µ is the dynamic viscosity, and µt is the turbulent viscosity. C1, C2, Cµ, σk, and σε are constants
given by Launder and Spalding: C1 = 1.44, C2 = 1.92, Cµ = 0.09, σk = 1.0, and σε = 1.3.

The scale transport equation is used to simulate the tracer dispersion:

∂(ρϕ)

∂t
+∇ ·

(
ρ
→
uϕ

)
= ∇ ·

[[
ρDφ +

µt

Sct

]
∇ϕ

]
(11)

A dimensionless scalar ϕ is released at the tundish inlet, the value of the scalar remains the same
throughout the calculation, Sct is the turbulence Schmidt number, and Dφ is the kinematic diffusivity
of scalar in molten steel [22–25].
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2.2.3. RTD Curve Model

The flow of molten steel in the tundish was evaluated through the RTD curve. Normally, the flow
of molten steel in the tundish is divided into the plug flow, mixed flow, and dead volumes. In the
present work, the three volumes are calculated by the following equations [24]:

Vp

V
= θmin (12)

Vd
V

= 1−
Qa

Q
· θc (13)

Vm

V
= 1−

Vd
V
−

Vp

V
(14)

where Vp/V, Vm/V, and Vd/V are the fractions of the plug flow, mixed flow, and dead volume,
respectively; V is the tundish volume; and θmin is the dimensionless minimum resident time. The term
Qa/Q is the area under the dimensionless RTD curve θ = 0 to 2, and represents the fractional volumetric
flow rate through the active region; θc is the dimensionless mean residence time.

In order to obtain a good flow pattern, it is important to ensure that the tundish has a minimum
dead volume, large ratio of plug to dead volume, surface-directed flow, quiet slag layer, and suitable
mixing zone [25,26].

2.2.4. Heat Transfer Model

The energy equation:

cp[
∂(ρT)
∂t

+∇ · (ρT
→
u)] = ∇ · (λ∇T) + ST + QJ (15)

where λ is the heat transfer coefficient of the liquid steel, cp is the specific heat at the constant pressure
of the liquid steel, ST is the viscosity dissipation factor, and QJ is the joule heat generated by the
electromagnetic induction [27,28].

2.2.5. Motion Equations of Inclusion

The motion equations of inclusion include eight forces. They are electromagnetic pressure,
thermophoretic, gravity, buoyancy, drag, lift, added mass, and Brownian forces, and the collision and
coalescence of inclusions are also considered. More details can be found in our previous work [13].

2.3. Boundary Conditions

In this paper, the single-phase alternating current is loaded to the channel induction coil. The
frequency is 50 Hz. The tundish free surface is zero shear stress. The other walls are set as a no-slip
boundary condition. The standard near-wall functions are used to capture gradient changes accurately.
Both the free surface and walls for the defined scalar are in zero-flux conditions [22–25].

Inclusions would collide and grow up while moving within the tundish. Some inclusions float up
to the liquid steel surface subsequently to being absorbed by the tundish slag, while other inclusions
are absorbed by the lining solid surfaces. The motion of the inclusions had no effect on the liquid
steel flow. To simplify the calculation, it is assumed that the inclusions are spherical solids, and each
inclusion moves alone until a collision with another inclusion occurs. Then, the two inclusions quickly
coalesce together to produce a new bigger one. An inclusion would be absorbed by the tundish slag
or the lining solid surfaces if the corresponding velocity was lower than a threshold; otherwise, it
would rebound back into the liquid, with 40% of the momentum lost. More details of the boundary
conditions can be found in previous works [12,13,29–31].
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The electromagnetic field is calculated by the finite element method, which is based on ANSYS
14.0, and the molten steel flow and temperature distribution are solved by the finite element method of
FLUENT 14.0 [32]. The inclusion motion equation is calculated by the DPM (discrete particle method)
model of FLUENT [8,9,13].

3. Results and Discussion

3.1. Model Validation

In the present work, the industrial test temperature data of a one-strand slab tundish with an
induction heating power of 800 kW are used to validate the mathematical model of the tundish with
channel-type induction heating. The temperature data are measured by the continuous temperature
measuring device near the tundish stopper. The mathematical model is built on the same geometric
dimensions, current, and frequency as the actual tundish. Figure 2 displays the comparison of
temperature increase between the experimental and calculation results. The calculation results have
good consistency with the experiment results. So, the present mathematical model can be used to
investigate the induction heating tundish, and the mathematical model for inclusion removal has
already been validated in our previous work [13].
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3.2. Effect of Channel Radius on New Tundish

Three different channel radii are chosen to study their effects on the fluid flow, heat transfer,
and inclusion removal of the new tundish, while the distance between the receiving chamber and
discharging chamber remains the same. Also, the distances between the endpoints of the two channels
on the receiving and discharging chambers are identical.

3.2.1. Flow Field

Figure 3 shows the flow fields under different channel radii with 800-kW heating power. With
the radius of 4 m, the molten steel flows into the receiving chamber by the ladle shroud nozzle and is
heated by the joule heat when flowing through the channels. After the two liquid steel streams flow out
from the channels, they keep moving a certain distance, and then converge with small impact force due
to the relatively small radian. Therefore, the flow field in the discharging chamber contains two large
vortexes, which are not conducive to realize steady casting and remove the inclusions. In addition, the
liquid steel will strongly impact the front wall of the discharging chamber, and the refractory erosion
may happen. With the channel radius of 3 m, once the two molten steel streams are flowing out of
the channels, they converge at first; then, the confluent fluid moves upwards under the effect of the
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density difference, and finally flows out of the tundish. The confluent fluid plays a stirring role in the
discharging chamber and increases the inclusions collision-growth phenomena, which is beneficial to
remove inclusions. In addition, the confluent fluid can offset both the upward and forward impact
forces, which weakens both the impact on the front wall and the slag/steel interface [13]. When the
channel radius is 2 m, the radian is so large that the impact force of the confluent fluid increases greatly
and causes obvious chaotic flow in the discharging chamber. So, the flow field in the discharging
chamber is worsened. Meanwhile, the upward force is so large that slag entrapment may occur easily.
On the whole, 3 m is the optimal channel radius for steady casting in this tundish.
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heated by a shorter period. It can also be seen from Figure 4 that when the radius is 2 m, the 
temperature in the discharging chamber is lower than that with the radius of 3 m. As shown in 
Figure 5, the outlet temperature increases at first, and then decreases with the increasing radius. This 
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Figure 3. Flow fields under different channel radii with 800-kW heating power. (a) In a tundish with
channels of 4-m radius. (b) In a cross-section (at plane 2) of a tundish with channels of 4-m radius. (c)
In a cross-section (at plane 3) of a discharging chamber in a tundish with channels of 4-m radius. (d) In
a tundish with channels of 3-m radius. (e) In a cross-section (at plane 2) of a tundish with channels of
3-m radius. (f) In a cross-section (at plane 3) of a discharging chamber in a tundish with channels of
3-m radius. (g) In a tundish with channels of 2-m radius. (h) In a cross-section (at plane 2) of a tundish
with channels of 2-m radius. (i) In a cross-section (at plane 3) of a discharging chamber in a tundish
with channels of 2-m radius.

3.2.2. Temperature Field

Figure 4 shows the temperature fields at plane 1 under different channel radii with 800-kW heating
power. Figure 5 presents the outlet temperature of the tundish under different channel radii with
800-kW heating power. As shown in Figure 4, for each channel radius, the temperature distribution
is uniform in the discharging chamber, and the temperature difference is no more than 4 K. When
the radius is 4 m, the temperature in the discharging chamber is lower than that with the radius of
3 m. This is because the channel length at the radius of 4 m is shorter, and the liquid steel is heated
by a shorter period. It can also be seen from Figure 4 that when the radius is 2 m, the temperature in
the discharging chamber is lower than that with the radius of 3 m. As shown in Figure 5, the outlet
temperature increases at first, and then decreases with the increasing radius. This indicates that the
heating efficiency of the new tundish does not always increase with the increase of channel length:
there is an optimal value. Therefore, the channel radius of 3 m shows the best heating efficiency in the
present work. However, the reason why the outlet temperature increases at first and then decreases
needs further study.
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3.2.3. RTD Curve

Figure 6 shows the RTD curves under different channel radii with 800-kW heating power. Table 1
presents the flow characteristics in the new tundish under different channel radii with 800-kW heating
power. It can be seen that with the channel radius of 2 m, the ratio of plug to dead volume is the
biggest, and the dead volume is the smallest. However, as described above (Figure 3), there exists
obvious chaotic flow and slag/steel interface fluctuation in the discharging chamber at the channel
radius of 2 m, which is unfavorable to the inclusion control. So, the channel radius of 2 m is poor on
the flow control. Compared with the channel radius of 4 m, the channel radius of 3 m has bigger plug
volume and ratio of plug to dead volume, so the latter is more efficient regarding controlling the flow
than the former. Therefore, the channel radius of 3 m is the best one for flow control among the three
channel radii.
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Table 1. Flow characteristics under different channel radii with 800-kW heating power.

Channel Radius (m) θmin θc Vp/V Vd/V Vm/V Vp/Vd

4 0.0394 0.8423 0.0394 0.2365 0.7241 0.1666
3 0.0540 0.8058 0.0540 0.2738 0.6721 0.1972
2 0.0803 0.8832 0.0803 0.1872 0.7325 0.4290

3.2.4. Turbulence Intensity

Figure 7 shows the turbulence intensities of the vertical section at plane 1 in the tundish under
different channel radii with 800-kW heating power. Figure 8 presents the turbulence intensities of the
cross-section at plane 2 in the tundish under different channel radii with 800-kW heating power. It can
be seen from Figure 7 that the turbulence intensities in the discharging chambers at the radii of 3 m
and 2 m distribute more evenly than that at the radii of 4 m. This is because the two large vortexes
make the flow field in the discharging chamber chaotic when the radius is 4 m (Figure 3). As shown
in Figure 8, the turbulence intensities in the channels at the radius of 3 m are larger than those at the
radii of 4 m and 2 m, so the former is more favorable for the collision-growth of the inclusions and the
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3.2.5. Inclusion Removal Rate

In this work, seven lower-sized inclusions are selected to describe the inclusion removal,
considering that the induction heating technology is focused on lower-sized inclusion removal.
The inclusion diameters are 1 µm, 2 µm, 5 µm, 10 µm, 20 µm, 30 µm, and 50 µm. Figure 9a shows the
removal rates of inclusions under different channel radii with 800-kW heating power. The inclusions of
each size are released respectively at the tundish inlet. For each size, the inclusion removal rates under
the channel radii of 3 m and 2 m are much higher than that under the radius of 4 m. There is also a
small difference in the inclusion removal between the radii of 3 m and 2 m. After all, the inclusions are
placed into the tundish; the same phenomenon as the case for each size released into the tundish can
also be seen in Figure 9b. The reason is that the turbulence intensities in the discharging chambers at
the radii of 3 m and 2 m distribute more evenly than that at the radii of 4 m (Figure 8), so the former
are favorable for the inclusions’ removal. The turbulence intensities in the channels at the radius of
3 m are larger than those at the radii of 4 m and 2 m, so the 3-m channels are more favorable for the
collision growth of the inclusions and improvement of the inclusions’ removal. However, the length of
the 2-m channel is longer than that of the 3-m channel, so the inclusions removal rate with the channel
radius of 2 m is a little higher than that with the channel radius of 3 m.

Overall, the optimal channel radius for the flow field, temperature field, and inclusions removal is
3 m in the present work.
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3.3. Effect of Heating Power on New Tundish

Under the optimal channel radius of 3 m in this tundish, the effect of different heating powers on
the bent-channel tundish has been investigated.

3.3.1. Flow Field

Figure 10 displays the flow fields in the new tundish with different heating powers. It can be seen
that without induction heating, flow characteristics similar to induction heating are formed under
the effect of heat loss and the junction of the two flows, while the convection intensity is obviously
insufficient. When the heating powers are 600 kW and 800 kW, the flow regularities in the discharging
chambers are similar and described above (Figure 3d), while the convection intensity of 800 kW is
stronger [8]. However, with the heating power of 1000 kW, the flow field in the discharging chamber
becomes chaotic because of the overlarge convection force, which is negative for the steady casting
with low superheat. Therefore, the heating power for this tundish shall not be too large.Metals 2018, 8, x FOR PEER REVIEW  12 of 17 
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3.3.2. Temperature Field

Figure 11 presents the temperature fields at plane 1 in the tundish with different heating powers.
It can be seen that the net drop in temperature in the tundish is about 7 K without induction heating.
Then, the molten steel temperature of the discharging chamber rises with the increasing heating power,
and the temperature fields are uniform. This is because the junction of the two flows plays a stirring
role in the discharging chamber, which makes the temperature distribution in the discharging chamber
uniform. However, when the heating power is 1000 kW, the temperature field in the discharging
chamber becomes nonuniform, and the temperature difference is large. The reason is that the flow
field in the discharging chamber is chaotic due to the overlarge convection force (Figure 10d).
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3.3.3. RTD Curve

Figure 12 shows the RTD curves in the tundish with different heating powers. Table 2 displays the
flow characteristics in the tundish with different heating powers. It can be seen that the tundish with
the heating powers of 600 kW and 800 kW show better flow characteristics than that without induction
heating. Compared with 600-kW heating power, the heating power of 800 kW has a longer resident
time, smaller dead volume, and bigger ratio of plug to dead volume. So, the latter is more efficient
regarding controlling the flow than the former. The reason is that with the increasing heating power,
the junction of the two flows is stronger, and the temperature of them is higher [8]. Therefore, the
convection flow is enhanced. However, when the heating power is increased to 1000 kW, the residence
time becomes shorter, the dead volume turns bigger, and the ratio of the plug to dead volume becomes
much smaller. It indicates that the flow characteristics in the tundish will be worsened if the heating
power is too large. The reason is that with the increasing heating power, the convection force is too
large. Then, the flow field becomes chaotic in the discharging chamber, which is unfavorable for the
steady casting with low superheat (Figure 10d).

Table 2. Flow characteristics in the new tundish with different heating powers.

Heating Power (kW) θmin θc Vp/V Vd/V Vm/V Vp/Vd

0 0.0438 0.8029 0.0438 0.2774 0.6789 0.1579
600 0.0540 0.8015 0.0540 0.2782 0.6678 0.1941
800 0.0540 0.8058 0.0540 0.2738 0.6721 0.1972

1000 0.0423 0.7927 0.0423 0.2893 0.6684 0.1462
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3.3.4. Turbulence Intensity

Figure 13 presents the turbulence intensities of the vertical section at plane 1 in the tundish with
different heating powers. Figure 14 shows the turbulence intensities of the cross-section at plane 2 in
the tundish with different heating powers. It can be seen from Figure 13 that the turbulence intensity is
almost kept unchanged and distributes evenly with the increasing heating power. This indicates that
the new tundish with the optimal channel radius is favorable to realize the steady casting with low
superheat. Figure 14 illustrates that the turbulence intensities in the channels become higher with the
increasing heating power [12]. It indicates that the increment of the heating power is beneficial for the
collision growth of the inclusions in the channels and improvement of the inclusions removal in the
present work.Metals 2018, 8, x FOR PEER REVIEW  14 of 17 
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3.3.5. Inclusion Removal Rate

Figure 15 displays the removal rates of inclusions with different heating powers. As indicated
in Figure 15a, for each size, the removal rate is much lower without induction heating, and with the
increase of heating power, the removal rate becomes higher, which confirms the conclusion obtained
from Figure 14. It can also be seen in Figure 15b that the total removal rate also becomes higher with
the increasing heating power, and the total removal rate increases larger than the single removal rates.
The reason is that compared to the inclusions of each size, the inclusions of all sizes are more likely to
grow up in collisions.Metals 2018, 8, x FOR PEER REVIEW  15 of 17 
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4. Conclusions

A 3D transient mathematical model is established to investigate the effects of both the channel
radius and heating power on the flow field, temperature field, and removal rate of inclusions. The
conclusions are:

1. The channel radius of 2 m is poor on flow control because of the obvious chaotic flow and
slag/steel interface fluctuation in the discharging chamber. The channel radius of 3 m shows
better flow characteristics than those with the channel radii of 4 m and 2 m.

2. With different channel radii, the temperature distributions are uniform in the discharging
chambers. The radius of 3 m is the best one for heating efficiency.
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3. For each size, the radii of 3 m and 2 m show good efficiency on inclusion removal, which is poor
when the radius is 4 m. There is small difference in inclusion removal between the radii of 3 m
and 2 m. For all the sizes, the same phenomenon can also be seen.

4. Under the optimal channel radius of 3 m, compared with 600-kW heating power, the tundish
with 800-kW heating power is more efficient regarding controlling the flow. When the heating
power is increased to 1000 kW, the flow field becomes chaotic in the discharging chamber.

5. The liquid steel temperature of the discharging chamber rises with the increasing heating power,
and the temperature fields are uniform. With 1000-kW heating power, the temperature field in
the discharging chamber becomes nonuniform, and the temperature difference is large.

6. As the heating power increases, the inclusion removal efficiency also increases. The total inclusion
removal efficiency is also increased, and the total removal rate increases more than the single
removal rates.
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