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Abstract: The continuous casting process (CCP) is the most vital part of steelmaking. The flow pattern
near the submerged entry nozzle (SEN) and mould greatly influence the quality of the slab produced.
The present investigation was carried out to gain knowledge regarding the meniscus fluctuation under
different nozzle port blockage conditions by water model experiments. The experiments were carried
out to study the effect of no blockage, 25% blockage, 50% blockage, and 75% blockage of the nozzle
port on mould-level fluctuations. The result shows that when the liquid flow rate increases, the wave
amplitude increases. In these experiments, the average and maximum meniscus fluctuations were
measured while changing different variables such as the water flow rate, gas flow rate, and one-side
percentage blockage of the SEN port while the other side was fully open. The observation shows that
when the port size decreases, the fluid steel mixed from the obstructing side to the open side results
in asymmetry. The average and maximum wave amplitude increases with decreasing submergence
depth. It was observed that the maximum height of the standing waves in the mould continued rising
on the non-blocked side of the SEN. Blockage increases from 25% to 75%, and with 75% blockage of
the right side of the SEN port, the mould-level fluctuation at the left side of the mould was extreme,
while that of the right side was relatively quiet.

Keywords: SEN; mould; meniscus fluctuation; nozzle blockage; continuous casting process;
wave amplitude

1. Introduction

The modern steelmaking industry depends on the continuous casting process for the production
of steel. The continuous casting process (CCP) is widely used because of its advantages such as high
production yield, flexible operation, and ability to obtain high-quality products [1]. In the CCP of steel,
blockage of the submerged entry nozzle (SEN) is one of the significant factors to be considered as it
leads to defect generation in the slab. The deposition of solid inclusions is the primary cause of SEN
clogging [2]. Control of the flow poorly leads to several defects, which include the entrapment of air
argon bubbles, mould slag entrainment, surface defects, and breakouts due to level fluctuations [3].

Fluid flow-related difficulties such as an uneven discharge of fluid from different ports of the
SEN lead to unsteady and asymmetric flow in the mould. It is essential to know and understand the
behaviour of the fluid inside the mould, as it may lead to quality problems such as slag entrainment.
A substantial level of fluctuations is directly proportional to more surface defects in the steel product [4].
Gupta et al. [5] conducted a parametric study for investigating flow asymmetries in the mould by
varying the mould dimensions, casting speed, nozzle submersion, and nozzle type. Phenomena that
affect the fluid flow in the SEN and mould are clogging of the nozzle, growth of shell, dissipation
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of heat, entrapment of flux, entrapment of argon gas, distribution of flux, freezing of the meniscus,
and turbulence in the surface [6]. The injection of argon gas is necessary to prevent re-oxidation and
clogging of the nozzle. From the upper surface of the molten steel liquid pool, mould powder melts
into liquid flux, which further helps to avoid oxidation [7]. Chen et al. [8] performed a water modeling
experiment by taking a self-braking submerged entry nozzle used in steel continuous casting mould.
Saldana-salas et al. [9] conducted research on the effects of the depth of immersion of the submerged
entry nozzle on the fluid dynamic structure and found that at a depth of immersion in the range
of 150 to 200 mm, lower oscillations were obtained. Takei and Bergman [10] studied the clogging
of the SEN and concluded that SEN clogging was a complex problem, which leads to interrupted
production, and often requires the replacement of the nozzle. Coatings protected nozzle refractory
during preheating, and while the surface obtained was smoother, the inclusions did not stick easily.
Rajendra et al. [11] investigated improving the length of the casting, advancement, and usage of a
submerged entry nozzle that was created for the continuous casting processes. Sukihashi and Li [12]
experimented with visualizing the vortex flow patterns inside the mould, and a snake-shaped Plexiglas
mould was designed for simulation. Mizobe et al. [13] observed that the nozzle plays an essential role
in controlling the flow rate, which reduces inclusions. The result suggested that the optimal nozzle
bore profile was obtained for both tundish and SEN to suppress the turbulence with high kinetic energy.
The molten steel mainly contains inclusions with different shapes, which usually stick to the nozzle
wall and create nozzle clogging [14]. Evans et al. [15] conducted an experiment on the physical and
mathematical modeling of metal flow in the continuous casting of steel. The investigations suggested
that flows should be controlled with the help of a new design of SEN by using auxiliary devices
such as electromagnetic brakes and stirrers. Chaudhary et al. [16] suggested that the parameters that
control the transient flow structure include the nozzle type, port shape, port angle, SEN depth, casting
speed, argon gas injection, and electromagnetic control. Morales and Ramos [17] experimented on
SEN port shape having a 1:1 scale model. To measure the result, particle image velocimetry and video
recording techniques were used. Hernandez et al. [18] designed a submerged entry nozzle with an
anchor shape, and the results showed that the chance of formation of Karman’s vortexes and powder
entrapment becomes smaller for anchor-shaped SENs. Water is used as the modeling fluid because of
its availability, and it is easily handled for the investigation of the flow of liquid steel [19]. Most of the
researchers have taken water as the fluid representing the molten steel because a water temperature of
20 ◦C and steel temperature of 1600 ◦C have mostly equivalent kinematic viscosity [6].

The novelty of the work described in the paper was to find out through physical modeling the
influence of nozzle blockage on meniscus fluctuation considering various other operational parameters.
The work also gives a comparative idea about the impact of nozzle blockage, considering no blockage,
25% blockage, 50% blockage, and 75% blockage of one side of the port. Based upon the above
operational parameters, the average and maximum surface wave amplitudes were investigated for
measuring the meniscus level fluctuation. It took 108 experiments to characterize the effect of nozzle
blockage on meniscus fluctuation. Table 1 shows the physical property of water and Steel at 20 ◦C and
1600 ◦C respectively.

Table 1. Physical property of water and steel at 20 ◦C and 1600 ◦C, respectively [6].

Property Water (20 ◦C) Steel (1600 ◦C)

Absolute viscosity, kg/(m·s) 0.001 0.0064
Density, kg/m3 1000 7014

Kinematic viscosity, m2/sec 10−6 0.913 × 10−6

Surface tension, N/m 0.073 1.6

2. Model Selection Criteria

A working model of the real process plant was constructed in the laboratory. The dynamic
similarity is a necessary criterion for modeling. To maintain the selection criteria, a balancing of
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force ratios between the model and the prototype is required. Water modeling of a system can easily
be carried out by constructing a model of a smaller scale. This is done by making use of the scale
factor, λ. Froude similarity needs to be satisfied whenever wave phenomena and meniscus behaviour
are modeled. If Froude similarity is satisfied, the meniscus motion will be dynamically similar to
that of the full-scale water model. A full-scale water model requires no velocity scaling because of
the dynamic similarity between fluid steel and water, as they share a roughly similar estimation of
kinematic viscosity. In the water model experiment, the top surface of the mould is always opened to
the atmosphere [16]. The present study is focussed on a slab caster model, the entire setup consisting
of an SEN and mould built with 40% scale-down ratios. The velocities were scaled down using the
Froude number (Fr) similarity. Every length dimension in the water model was scaled down and
represented in terms of Equation (1):

Lmodel = λLprototype. (1)

Since the system is assumed to be Froude number-dominated, the velocity in the model and
full-scale system are expressed as [15] shown in Equation (2):

Frmodel = Frprototype; Fr =
V2

Dg
. (2)

On simplifying,
Vmodel = λ

0.5Vprototype (3)

Vmodel = λ
0.5Vprototype (4)

where Vmodel and Vprototype are the velocities at corresponding points in the model and prototype,
respectively. Qmodel and Qprototype are the flow rates at corresponding points in the model and prototype,
respectively, and D refers to SEN diameter. Dimensionless numbers obtained by considering a plant
casting speed of 1.25 m/min is shown in Table 2.

Table 2. Dimensionless numbers by considering a plant casting speed of 1.25 m/min.

Dimensionless No. Plant (λ = 1.0) Model (λ = 0.4)

Reynolds number 87378.22 20251.41
Froude number 1.55 1.55

3. Material and Method: Water Model

A 40% scale down water model of a continuous slab caster mould was designed and constructed
from 12-mm thick Perspex glass considering Froude number similarity criteria. The mould has a
dimension of 1200 mm × 500 mm × 100 mm and was fixed in a metallic frame. A circular tank was
placed over the metallic frame, which acted as a reservoir for liquid. A valve was kept at the bottom
of the tundish to regulate the liquid flow. A submerged entry nozzle was inserted at the axis of the
tundish to discharge water into the Perspex glass mould. SEN often have a well or recess at the bottom
of the nozzle below the level of the nozzle outlet ports. For providing the well depth in the submerged
entry nozzle, an end cap was fitted in the lower part of the SEN where the end cap is the closing cap,
which acts as the well depth. The submergence depth is defined as the distance from the meniscus to
the top edge of the port. As the flow was fully turbulent, Reynolds similarity criteria were considered
to be less critical. For some of the experiments, air from the compressor was fed by an air hose into
the SEN through a tube. Adjusting water and air flow rates with the help of the two flow meters
and the steady-state condition are achieved wherein the water levels in both circular tank and mould
are maintained at the desired level. The pictorial view of the experimental setup and constructed
experimental setup at BIT Mesra Ranchi used to perform the experiments are shown in Figure 1a,b.
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The geometrical parameters of fluid for the water model of SEN and mould are shown in Table 3 and
in Figure 2a,b.

Table 3. Geometrical parameters used for the water model. SEN: submerged entry nozzle.

Parameters Dimensions

Width of water model, mm 500
The thickness of the water model, mm 100

Water model length, mm 1200
The diameter of SEN bore, mm 30

SEN Port size, mm 40 × 22
SEN submergence depth, mm 125 and 175

One side % blockage of SEN Port 25, 50, and 75
Port angle, 0◦ parallel

Water flow rate, L/min 40 and 60
Air flow rate, L/min 1 and 4

The density of a liquid, kg/m3 1000
Viscosity of liquid, N.s/m2 1.0 × 103
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Figure 2. (a) Geometrical mould and SEN dimension of the experimentation setup. (b) Diagrammatic
representation of different port blockages.

In this experiment, the flow rate of liquid and water height in the tundish and mould were retained
steady with the help of a valve. The submergence depth considered was 125 and 175 mm, the port
angle taken as a parallel port, which is also called the 0◦ rectangular parallel port. In water modeling,
the flow rates of liquid and gas were varied to measure the meniscus level fluctuation. The rotameter
used for measuring the flow rates of the liquid has a range of 0–100 L/min. The SEN submergence
depth could easily be adjusted by raising or lowering the water level in the mould. In each experiment,
it took about 15–20 min to achieve steady-state conditions. Dye was injected into the SEN through a
glass tube to make it water-colored. The blue-colored water gave a perfect resolution of the surface
waves in the mould. The meniscus fluctuations were recorded by drawing a reference line and nine
different points on that reference line by using a digital camera from the front side of the mould.
The speed of recording was 25 frames per second. From recording, different photographs were taken
out, and by using an image processor (MATLAB, R2012a, Mathworks, Natick, MA. USA), various
images of meniscus fluctuation were obtained as shown in Figure 3.

4. Results and Discussion

Physical modelling was carried out for developing better knowledge of the flow visualization in
the mould. At any casting speed, meniscus fluctuation keeps on occurring, and the meniscus profile
was not all the time-symmetric on either side of the nozzle [20]. The effect of percentage blockage on
one side of the port while another side was fully open on the meniscus fluctuation in the mould were
investigated. The average amplitude of meniscus was the sum of displacement of the crest and trough
of a standing wave. Flow rates of 40 L/min and 60 L/min (litre per minute) were studied with the left
side port fully open and right side port having blockages of 25%, 50%, and 75%, respectively.

4.1. Influence of Nozzle Blockage on Surface Wave Amplitude

Different parameters such as the water flow rate and percentage blockage of the SEN port were
studied by considering the left side of the port fully open and the right side having blockages of 25%,
50%, and 75%, respectively at a submergence depth of 125 mm. Figures 4 and 5 show the variation
of maximum and average wave amplitude at 40 L/min and 60 L/min, respectively. It was observed
from the figure that when the blockage increased from 0% to 75%, the maximum and average wave
amplitude increased strongly at the non-blocked side, while the blocked side was relatively quiet.
When the flow rate of water increases from 40 L/min to 60 L/min, the maximum and average wave
amplitude increased, which results in more turbulence. A higher flow rate leads to a higher surface
wave in the mould, which results in higher upward velocities. An increase in momentum of the liquid
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jet leads to an increase in surface wave amplitude. The average wave amplitude obtained has the same
trend as the maximum surface wave, although the average and maximum amplitude values were
different. From Figure 4, it was observed that at 40 L/min, the values of maximum wave amplitude
increased from 5 to 17 mm with a 75% blockage of SEN. At 60 L/min, the maximum wave amplitude
was 10 mm; then, it rose to 30 mm with the blockage of port (non-blocked side) at 75%, whereas the
maximum wave amplitude increased to 19 mm on the blocked side of the port. The conclusion from
the figure was that with the blockage of the SEN port, chances of the entrapment of mould powder into
the liquid steel were very high. The maximum wave amplitude increased nearly four times over with
the blockage of ports. Figures 6 and 7 compared the effect of blockage of the SEN on the maximum
and average surface wave amplitude at 40 and 60 L/min at a submergence depth of 175 mm. From
Figure 6, it was observed that at 40 L/min, the maximum wave amplitude values increased from 3.5 to
15 mm with a 75% blockage of the SEN. At 60 L/min, the maximum wave amplitude was 8 mm; then,
it rose to 25 mm with the blockage of port (non-blocked side) at 75%, whereas the maximum wave
amplitude increased to 15 mm on the blocked side of the port.Metals 2019, 9, x FOR PEER REVIEW 7 of 17 
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4.2. Effect of Port Size

The design of the SEN was crucial to the control and quality of the continuous casting process [21].
Fluid flow through the nozzle and its port depends mainly on the cross-sectional area of the opening.
At the clogged side, because of the reduction of the area of the port, the flow rate, turbulence dissipation
rate, and average angle of the jet were basically unlike those that originated at the non-clogged side.
When clogging takes place, the angles of the jet were different, and the rate of flow was reduced at the
non-clogged side. As a result of this phenomenon, the liquid steel always moves from the clogged side
to the non-clogged side, which further changed the pattern of flow inside the mould and led to an
obvious asymmetry inside the mould. An increase in clogging leads to an increase in the meniscus
fluctuations inside the mould. Alam et al. studied the effect of port angle on melt flow. They found
that the change in the SEN port angle affects the vertical download velocity and turbulence behavior in
the molten steel region [22]. In the present experiment, area reduction occurs at the right-side port of
the SEN, and no clogging occurs at the left-side port. Area reduction due to clogging was considered
to be 25%, 50%, and 75% of one side of the port. Figures 8–11 show the average surface wave profile in
the mould for two different water flow rates from SEN with no blockage condition, 25% blockage of
the port, 50% blockage of the port, and 75% blockage of the port, respectively. It was observed from the
figure that as the port area reduced, the flow rate at the blocked side of the port decreased, whereas the
flow rate increased at the non-blocked side. It was also observed that the large-level fluctuations were
mostly induced by clogging phenomena. Clogging changed the flow pattern inside the SEN and the jet
characteristics exiting near the ports and, hence, it changed the fluid flow pattern in the mould region.
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Figures 12 and 13 compared the effect of different percentages of blocked SEN at flow rates of
40 L/min and 60 L/min concerning the average wave amplitude. The result suggested that more
blockages induce more asymmetrical flow patterns in the mould. It has also been observed that with
75% blockage of the right side of the SEN port, the fluctuation at the non-blocked side of the mould
was extreme, while the right side was relatively quiet.
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4.3. Effect of Air Flow Rate

Experiments were carried out with the injection of air into the flowing water. It was observed that
the flow pattern in the SEN was mostly dominated by the air flow rate, liquid flow rate, and nozzle
port size. At 40 L/min water and 1 L/min gas, with 25% blockage, the average meniscus fluctuation
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obtained was 7 mm (non-blocked side) and 2 mm at the blocked side. At 75% blockage, the average
meniscus fluctuations obtained were 11 mm (non-blocked side) and 4 mm (blocked side). At 40 L/min
water and 4 L/min gas, with 25% blockage, the average meniscus fluctuations obtained were 9 mm
(non-blocked side) and 1 mm (blocked side). At 75% blockage, the average meniscus fluctuations
obtained were 9.5 mm (non-blocked side) and 4.5 mm (blocked side). Hence, it was observed that the
meniscus height in the nozzle was stable enough to measure, and by increasing the air flow rate from 1
to 4 L/min at a constant liquid flow rate of 40 L/min, the average and maximum meniscus fluctuation
decreased, as shown in Figures 14 and 15.
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Figure 15. Maximum meniscus fluctuations at air injection with an immersion depth of 125 mm.

Air from the compressor was fed by an air hose into the SEN through a tube. Adjusting the water
and air flow rates with the help of the two flow meters and the steady-state condition are achieved
wherein the water levels in both the circular tank and mould are maintained at the desired level.

Liu et al. [23] investigated the bubbles size distribution in continuous casting by using both
water and numerical models. According to their findings, the increase in gas flow rate would lead
to a rise in the mean diameter of the bubbles. As a result of the larger buoyancy, larger bubbles
float up to the meniscus soon after their emergence from the SEN ports, thus reducing the horizontal
dispersion of the bubbles. The submergence depths considered for the variation of average and
maximum wave amplitude for two different flow rates and parallel port angles were 125 mm and
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175 mm. The maximum wave amplitude increase with decreasing submergence depths were from 175
to 125 mm. Near the SEN, the level of water rises and suddenly decreases because the flow of water is
directed downwards [24]. Figure 16 shows the relationship between wave amplitude and submergence
depth. As the depth of immersion of the SEN decreases, the size of the upper re-circulating zone
decreases, which leads to an increase in turbulence at the liquid steel surface. At low submergence,
fluid reaches the meniscus with higher momentum, resulting in higher wave amplitude–fluid near
to the meniscus flow towards the SEN [24]. Hence, it was observed that at a submergence depth of
125 mm and water flow rate of 40 L/min, the maximum wave amplitude obtained was 8 mm, which
was almost equal to water flow rate of 60 L/min at a submergence depth of 175 mm.
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5. Conclusions

In the present study, water model experiments were carried out in a model with a scale-down
ratio of 0.4. The present research show how nozzle blockage affects meniscus fluctuation and thus
provides useful background information for the steel maker. Based on the experimental data and
above analysis, the following conclusions had been made:

1. The water modelling experiment showed that meniscus fluctuation was a problem at high casting
speeds. Parameters such as the SEN port area, liquid flow rate, air flow rate, and submergence
depth have an essential effect on the average and maximum meniscus fluctuation. These
parameters were studied to measure the meniscus fluctuation in the water modeling experiment.

2. When the port size decreases, the liquid steel flow moved preferentially from the clogging side to
the normal side, which results in an asymmetry in the mould. The blockage of SEN to any extent
on one side of the port increases the liquid flow from the other side of the port, resulting in very
high meniscus fluctuation.

3. The average and maximum wave amplitude increases with decreasing submergence depth.
As the depth of immersion of SEN decreases, the size of the upper re-circulating zone decreases,
which leads to an increase in turbulence at the liquid steel surface.

4. The results showed that the fluid flow behavior pattern in the SEN is dominated by the air flow
rate, liquid flow rate, and nozzle port size. The air bubble size increases with the increasing air
flow rate at a constant liquid flow rate. At low submergence, fluid reaches the meniscus with
higher momentum, which results in a higher wave amplitude.
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5. The results suggested that upon having SEN blockage, the entrapment of mould powder into the
liquid steel would be high and the maximum wave amplitude increased almost four times over
with the blockage of SEN.

6. With the blockage of the right side of the port, the cross-sectional area of the port reduces, resulting
in an increase in jet velocity, which has resulted in a small increase in amplitude with the blockage
of the port.
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