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Abstract
The complex multiphase flow behavior during the continuous casting of steel was investigated through a physically modeled 
full-scale liquid metal system. This system was operated using a stopper control system (2.5 ton Bi–Sn system). The obtained 
data, including nozzle pressures, were processed using a concise analytical model. Compared to water modeling, the use 
of a low-melting-point alloy (58% Bi and 42% Sn eutectic) allows for a full-scale system with material properties closer 
to those of steel (e.g., interfacial tension). An industrial-scale stainless-steel stopper and a submerged entry nozzle (SEN) 
were mounted on the system to prevent air permeation due to the negative pressure in the nozzle. Argon gas was injected 
into an industrial stopper–rod system through an argon line embedded in the stopper. The analytical model characterizes the 
pressure loss, flow separation, and cavitation of the stopper control system by considering the effects of argon in the nozzle. 
This study proposes the mapping of the pressure loss, throughput, flow separation, and cavitation based on the gas fraction 
and stopper position.
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1  Introduction

Fluid flow is of considerable importance in the continu-
ous casting of steel because it determines the defects and 
cleanliness of the cast steel. For example, flow instabili-
ties caused by poor flow control lead to recurrent issues 
such as irregular and deep oscillation marks, interrupted 
lubrication, and entrapment of slag in the metal bulk and 
more serious issues such as transverse cracking, mold 
overflow, and breakouts in the worst-case scenario. Unfor-
tunately, it is challenging to isolate the factors that cause 
flow instability. These instabilities frequently arise from a 
combination of factors, including the SEN-stopper design, 
SEN submergence depth, argon injection, casting speed 
changes, and product size. Moreover, factors that have no 
direct relationship with the metal flow play an important 
role in the emergence of level instabilities. Bulging, clog-
ging, and wearing are clear examples of such cases. These 
factors combined with inherent turbulent fluctuations in 
the metal flow produce a complex set of causes for flow-
related issues, owing to the high metal feeding rates from 
the tundish during continuous casting.

Although the influence of flow stability on product 
quality is a well-known issue, the origin of disturbances, 
their impact on flow instability, and the corresponding 
consequences on product quality have mostly been studied 
separately because of their multidisciplinary nature [1–3]. 
In particular, disturbances originating from multiphase 
flows have seldom been studied among the diverse causes 
[4]. In addition, the behavior of multiphase turbulent flow 
in a stopper-nozzle-tundish configuration complicates the 
phenomena owing to several extreme phenomena in the 
nozzle, along with changes in process variables, including 
tundish level, casting speed, argon flow rate, immersion 
depth, and mold size. Thus, there are many related issues 
that have still not been clearly explained, such as nega-
tive pressure occurrence [5–8], air aspiration [9–11], flow 
separation [12–14], gas accumulation, detachment [10, 
15–19] and its relationship to the stopper position, argon 
flow rate, and throughput. This additional complexity aris-
ing near the flow control system, along with the hostile 
environment of the process (high temperature and pressure 
conditions), makes studying the multiphase turbulent flow 
behavior inside the nozzle [20] challenging.

However, several previous studies have attempted to 
characterize flow patterns and related issues in nozzles 
using different types of models. The complex behavior of 
argon gas, associated with flow control systems (e.g., slide 
gate or stopper rod), has been investigated recently using 
a lab-scale liquid metal model [19, 21] and a numerical 
model [4, 10, 22, 23]. The results reveal that the stopper or 
slide-gate opening is a critical factor that determines not 

only the throughput of liquid steel but also the amount of 
pressure loss at the gap, size of the recirculation zones due 
to flow separation, and bubble size distribution in the mold 
[10, 19]. In particular, the lab-scale liquid metal model 
was able to visualize the argon behavior in the nozzle, 
although it was limited in comparison with the real pro-
cess because of its simplified geometry and smaller scale. 
Previous studies have concluded that the stopper position 
or slide-gate opening should be considered as another 
factor in understanding the flow pattern in the nozzle, in 
addition to the ratio between the flow rates of liquid steel 
and argon gas, which is normally the main factor in flow 
regime analysis.

Water models have been extended to study multiphase 
flow issues separately owing to the similarity in kinematic 
viscosity, optical transparency, and ease of use [7, 11, 
24–26]. However, significant differences in wettability and 
interfacial tension limit the water–air models from repro-
ducing the argon behavior in a real system [27]. In addition, 
pressure-related phenomena are likely to be underestimated 
because of the lower density of water. Several previous stud-
ies using a water model observed a significant pressure drop 
near a partially opened nozzle when the stopper position was 
relatively low (i.e., low throughput). This pressure drop was 
caused by the continuity effect and pressure loss due to flow 
separation [8, 22]. The resulting low and negative pressures 
caused air aspiration in the nozzle and cavitation in extreme 
cases [7, 8, 11]. These hypotheses were initially deduced 
from water models and idealized in numerical models.

A 1:1 scale physical model using liquid metal was devel-
oped at SWERIM (RFCS project FLOWVIS [28]) to address 
the shortcomings of the previous physical models. This 
model uses a low-melting-point Bi–Sn alloy (with physi-
cal properties very close to those of steel) to study metal 
flow through a full-scale submerged entry nozzle (SEN) 
and mold. As a result, the use of this model facilitates a 
closer representation of the conditions in a real caster, while 
simultaneously providing a more permissible environment 
for developing instrumentation. Extensive operation of the 
model with diverse measurement techniques revealed ini-
tial indications of the importance of stopper regulation and 
argon injection on flow stability in the mold, along with 
the identification of critical process issues, such as negative 
pressure buildup, cavitation, tundish level changes, extreme 
forces and pressures in the stopper/SEN, stopper-arm rigid-
ity, and nozzle submergence variability.

Bernoulli principle-based models have been widely 
used to analyze the throughput and pressure in physical 
models and real casters [7, 8, 29]. A difficulty in apply-
ing this approach to a stopper-rod system is the absence 
of a universal model to quantify the pressure loss occur-
ring in the stopper-nozzle configuration. The pressure loss 
is strongly dependent on the stopper/nozzle design and 
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extreme phenomena near the stopper-nozzle gap due to the 
interrelated casting conditions. Typically, the pressure loss 
is characterized experimentally by measuring the pressure 
or throughput, and previous efforts have been made using 
water model trials [29]. However, to date, the pressure loss 
by a stopper-rod system has never been characterized with 
liquid metal in a full-scale system.

There are the differences between the material proper-
ties of water and liquid metal. Furthermore, the phenom-
ena occurring in the nozzle and argon line, including flow 
separation, negative pressure build-up, volumetric expansion 
during argon injection, gas accumulation, and other mul-
tiphase flow effects, are expected to differ. However, there 
has been no experimental work on this topic using liquid 
metal, considering the similar configuration and operating 
conditions as real casting practices at full scale.

Therefore, this study elucidates the relationship between 
the operating conditions, including the stopper position, 
argon flow rate, throughput, and corresponding response of 
the liquid–metal system. The important pressure loss con-
stants for stopper control and argon behavior in the nozzle 
were characterized by conducting trials using a 1:1 scaled 
liquid metal model (42% Sn and 58% Bi eutectic alloy). 
Simultaneously, a 1D analytical model of the throughput 
of the stopper-rod-based metal delivery system was applied 
to characterize the measured flow phenomena, such as flow 
separation and cavitation. An analysis of the pressure data 
measured from the argon line and stopper tip adjacent to the 
stopper-nozzle gap quantified the pressure drop and recov-
ery at the gap according to the casting conditions, includ-
ing stopper position and gas fraction. Consequently, a map-
ping of the pressure loss and recovery, flow separation, and 
cavitation for the argon flow rate and stopper position was 
proposed.

2 � Principle of Flow Regulation in Stopper 
Rod Systems

Continuous casting is a gravity-driven process that uses 
height difference to deliver superheated liquid steel from 
a tundish to a mold through an SEN. Because the casting 
process requires a quasi-steady-state operation (i.e., a stable 
metal level) for product quality, it is important to balance 
the incoming liquid steel at the SEN and cast steel exiting 
the mold. Throughput is determined by the interrelations 
between the casting conditions, including the casting speed, 
nozzle design, and stopper position [6, 8]. Industrially, liq-
uid steel throughput is reduced to stabilize the mold level 
because oversized bore diameters are typically used to cope 
with clogging events [8]. Therefore, the pouring of liquid 
steel into a mold is regulated by a flow control system, 
such as a stopper rod or slide-gate-type valve. During flow 

regulation, the inlet area of the nozzle was partially closed 
by a stopper tip, resulting in a narrow concentric annular gap 
for the flow to pass through (Fig. 1).

A large pressure drop occurs in this open concentric gap 
because of two mechanisms: flow acceleration and pressure 
loss [8, 22]. The flow passing through a narrow gap must 
accelerate to maintain the same flow rate with a smaller 
cross-sectional area, and the pressure of an accelerated flow 
decreases according to Bernoulli’s principle. In addition, a 
substantial pressure loss follows owing to the sudden con-
traction and expansion of the gap; as the accelerated flow 
cannot adjust to the change in the cross-section owing to its 
inertia, it may cause flow separation, leading to substantial 
pressure loss. Therefore, the total pressure drop was signifi-
cantly affected by the gap area, which was controlled by the 
stopper position. When the pressure drop was severe, the 
gauge pressure became negative, resulting in air aspiration 
through gaps or cracks in the refractory material. Moreover, 
the negative pressure was transmitted to the argon line, and 
this negative pressure sucked in air through the porous stop-
per walls and possible gaps at the line couplings. Oxygen in 
the infiltrated air reacted with dissolved elements (Al, Si, 
and Mn), generating non-metallic oxide inclusions such as 
aluminates and silicates, which are the main sources of noz-
zle clogging. In extreme cases, the negative pressure at the 
gap can reach the vapor pressure of the liquid steel. These 
low pressures may lead to cavitation effects and vaporiza-
tion of the gases dissolved in the steel. From a flow control 
perspective, cavitation indicates the limit of the flow control 
system, as it indicates the inability of the system to further 
increase throughput.

Other factors include argon injection, clogging, and 
stopper/nozzle materials [8, 10, 19]. The injected argon 
may accumulate in the recirculation zones formed by flow 

Fig. 1   Configuration of a stopper rod regulation with an SEN
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separation and form gas pockets. The interaction between 
these pockets and the steel flow causes sporadic detach-
ment of large gas bubbles and their subsequent breakup 
into smaller bubbles owing to the highly turbulent flow. This 
cycle of pocket buildup, detachment, and breakup causes an 
irregular flow pattern and unstable throughput. In addition, 
excessive argon injection with low liquid throughput may 
shift the flow regime from a bubbly flow to other regimes 
[20, 30]. All these factors increase the complexity of the 
issue, making the analysis challenging. However, the regu-
lated gap, controlled by the stopper position, and flow rate 
of argon injected from the stopper tip are critical factors for 
the extreme phenomena described above.

3 � Analysis of Measurement Data Using 
Bernoulli Principle

A concise 1D analytical model was applied to characterize 
the stopper rod regulation. In practice, this model is used to 
quantify the pressure loss required for a measured through-
put in the system and to distinguish the pressure loss into 
pressure loss due to stopper regulation and argon effects, 
using the measured argon line pressure.

Figure 2 shows a schematic of the stopper-rod-based 
metal delivery system used to derive the 1D throughput 
model. By selecting two arbitrary points (e.g., x1 and x2 in 
Eq. 1) along a streamline connecting the points shown in 
Fig. 2, the pressure, velocity, and pressure loss of the points, 
including the associated pressure losses, can be estimated 
using Bernoulli’s equation, as follows:

(1)
Px1 + �x1ghx1 +

1

2
�x1V

2

x1
= Px2 + �x2ghx2 +

1

2
�x2V

2

x2
+
∑

PL

Here, the flow properties, including the pressure P , den-
sity � , and velocity V  , were area-averaged over a cross-sec-
tional area, making the model one dimensional (1D).

Most pressure losses Σ PL can be determined using empir-
ical models. In this model, friction and argon-related losses, 
as well as pressure losses by the stopper-nozzle gap and port 
outlet in the SEN are included using the following equation:

Each pressure loss can be calculated by selecting an 
appropriate pressure loss constant, K . As argon was injected 
into the SEN after the liquid steel flow passed through the 
stopper-nozzle gap, the flow velocity in the SEN ( VSEN ) and 
the mixture density ( �mix) was calculated from the measured 
throughput ( Qmetal ), argon gas flow rate ( Qargon ), and cross-
sectional area ( ASEN ), assuming a fully developed turbulent 
flow (i.e., plug flow).

where � is the average gas volume fraction calculated by,

The Qargon supplied from the stopper was obtained from 
the operating conditions, based on the thermal expansion 
during delivery in the argon line. The ideal gas law considers 
the increase in gas temperature from room temperature to the 
operating temperature of a liquid metal system [31]. Simi-
larly, Vgap can be calculated using the measured throughput 
and stopper-nozzle opening area, Agap.

Rearranging Bernoulli’s equation (Eq. 1) by setting the 
tundish level and nozzle port outlet (Points 1 and 4 in Fig. 2) 
as the starting and ending points, respectively, yields the 
throughput model for the liquid steel:

where Ksum is the sum of Kstopper and Kargon . Kstopper is the 
pressure loss constant for the configuration of the stopper-
nozzle gap near the inlet of the SEN, and Kargon is the loss 
constant for the argon-gas-related losses in the nozzle. htun 
is the tundish level, and h

2
 is the height difference between 

the tundish bottom and metal level. Kelbow is the loss due to 
the change in the flow direction caused by the port outlet 
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Fig. 2   Paths used for analysis using Bernoulli’s principle
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angle. Pressure loss constants are typically obtained experi-
mentally, because they are empirical factors. In this study, 
Kelbow = 0.2 is used based on the SEN design. For fric-
tion loss, Kfriction was obtained using the Darcy–Weisbach 
equation,

where f  is the friction factor that depends on Reynolds num-
ber and relative roughness, LSEN and DSEN are the length and 
diameter of SEN respectively. Physically, Kfriction quantifies 
the pressure loss by wall friction resistance when the liquid 
metal flows in the SEN. The pressure loss due to clogging 
can be accounted for by selecting a suitable K (i.e., Kclog ) in 
Eq. 2, if needed. Kclog was set to zero for the analysis because 
clogging was not observed during the trial. In this study, 
Kstopper and Kargon were characterized using the data obtained 
from full-scale liquid metal trials.

Because the throughput of the system is controlled in the 
full-scale liquid metal model using the pump speed (RPM), 
the throughput model (Eq. 6) can be used to estimate the total 
pressure loss Ksum , including Kstopper and Kargon in the system. 
Because other pressure loss constants ( Kelbowand Kfriction ) can 
be obtained using the empirical equations above, the through-
put model provides the sum of the unknown pressure losses 
(i.e., Ksum = Kstopper + Kargon ) due to stopper regulation and 
argon effects in the nozzle.

Similarly, the approach using Bernoulli’s equation can be 
applied for a different endpoint (the stopper tip instead of the 
nozzle port outlet, i.e., Points 1 and 3 in Fig. 2), to directly 
calculate Kstopper based on the measured argon line pressure. 
With the pressure at the stopper tip ( Ptip ) indirectly measured 
through the argon line, Kstopper is characterized by rearranging 
Eq. 1 as follows:

(7)Kfriction = f
LSEN

DSEN

.

(8)Kstopper =
�metalg

(

htun + htip
)

− Ptip −
1

2
�mixV

2

SEN

1

2
�mixV

2

SEN

where htip is the distance from the tundish bottom to stop-
per tip. Once Kstopper was obtained, Kargon was estimated by 
subtracting Kstopper from Ksum calculated from the through-
put model ( Ksum = Kstopper + Kargon ). Here, Kargon includes all 
argon-related effects in the nozzle below the stopper-nozzle 
gap. The measurement data is processed from a macro-
scopic perspective so that how much pressure loss would be 
expected in the entire nozzle when an operator injects a cer-
tain amount of argon gas. With Ksum,Kstopper, and Kargon char-
acterized using the 1D throughput model, flow separation 
can be identified using the simple criterion, Kstopper > Ksum . 
As Kstopper is supposed to be a portion of Ksum according 
to its definition ( Ksum = Kstopper + Kargon ), Kstopper must not 
exceed Ksum , calculated based on the measured pump speed 
(RPM). The flow velocity at the stopper tip Vtip was updated 
using the following equation if the criterion Kstopper > Ksum 
is satisfied:

The updated Vtip allowed the same pressure to be obtained 
as the pressure at the stopper tip Ptip , which was monitored 
during the trials through the argon line. The pressure loss con-
stant for stopper Kstopper was corrected to be the same as the 
sum Ksum (i.e., Kstopper = Ksum ), and Kargon was treated as zero. 
The flow velocity Vtip remained the same as the velocity in the 
nozzle VSEN , if flow separation did not occur, because the plug 
flow assumption is valid in such cases. Figure 3 summarizes 
the process in a flow chart below:

Using the throughput Qmetal obtained in Eq. 6, the pres-
sure at the stopper-nozzle gap Pgap , where the minimum gap 
opening exists, can also be expressed mathematically. This is 
achieved by rearranging Bernoulli’s equation (Eq. 1) with a 
path from the tundish level to the gap (Points 1 and 2 in Fig. 2).

Therefore, applying Bernoulli’s principle enables the 
characterization of pressure loss constants for stopper 

(9)Vtip = VSEN

√

1 + Kstopper − Ksum

(10)Pgap = �metalghtun −
1

2
�metal

(

Qmetal

Agap

)2

Fig. 3   Flow chart for characterizing pressure loss constants and flow separation
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regulation and argon-related effects, along with flow separa-
tion and minimum gap pressure. This simple but systematic 
methodology was implemented for experimental data col-
lected from a full-scale liquid metal model.

4 � Experiment Setup: CCS Geometry 
and Operating Conditions

A full-scale continuous casting simulator (CCS) at Swerim 
AB (Luleå, Sweden) was used to measure the flow proper-
ties of the liquid metal during the casting trials. The study 
of complex flow phenomena in industrial casters presents 
several challenges, including instrumentation and safety 
issues. Thus, the current work uses a liquid metal model 
based on a Bismuth–Tin alloy (Bi 52%, Sn 48%, melting 
point = 137 °C), which has very similar properties as liquid 
steel at much lower temperatures (150–200 °C). At a scale 
of 1:1, this model can realistically simulate the behavior of 
liquid steel in a caster, including the effects of flow regula-
tion at the metal level (Fig. 4). The lower operational tem-
peratures of the CCS (160 ℃) facilitate the development and 
implementation of monitoring tools, which can provide a 
more complete picture of the phenomena occurring during 

flow regulation. Table 1 summarizes the CCS specifications 
and material properties of the eutectic Bi–Sn alloys.

The CCS operates as industrial slab casters by delivering 
liquid metal from a tundish to a mold through a SEN. A stop-
per regulates the throughput of the gravity-driven flow by 
controlling the inlet area of the SEN. As shown in Table 1, 
the scale of the model is within the range of common indus-
trial slab casters. The difference between the CCS and a real 
caster is that the CCS is a closed-loop system; instead of the 
solidified shell being pulled into the secondary cooling, the 
metal is circulated to the tundish through a centrifugal pump 
without solidification. The heating elements were located at 
the bottom of the mold to prevent the solidification of the 
metal. The bottom was inclined to allow the liquid metal to 
pass through a pump tank located next to the mold.

The centrifugal pump submerged in the pump tank 
determined the flow rate of the liquid metal delivered to the 
tundish based on its rotational speed (RPM). Four heating 
elements were placed in the vessel of the pump to ensure that 
the alloy was molten. Among these, two were at the bottom, 
consistently in the mold, while an additional two short ele-
ments were positioned further up in the vessel.

The tundish level was maintained at a certain level, by 
continually supplying liquid metal to the tundish. The level 
was set according to the mass balance between the incoming 

Fig. 4   Full-scale continuous casting simulator (CCS)
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flow from the pump and outgoing flow through the SEN. 
The flow inlet was located in the middle of the tundish to 
minimize contact with air. To ensure safety, the tundish was 
surrounded by another vessel connected to a pump tank.

The stopper position was controlled by an operator to 
maintain a stable tundish level, which was monitored dur-
ing the trial using a level sensor. The stopper position was 
adjusted using a hydraulic system via a processing com-
puter. The argon flow rate from a gas supply tank under 
standard conditions was controlled using a flow meter, and 
the consequent back pressure in the argon line was meas-
ured like industrial casters. The back pressure of the argon 
line was continuously measured during the trial using a 
piezoresistive pressure sensor, which estimated the flow 
pressure from the deformation of a piezoresistive element 
attached to a diaphragm. Another pressure sensor was 
embedded in the surface of the stopper nose to directly 
measure the flow pressure in the nozzle. It was located 
3 cm from the stopper tip (where the argon line outlet was 
located), to measure the static pressure of the flow near 
the nozzle-stopper gap. A fiber-optic pressure sensor was 
deployed to measure low pressures due to the narrow cross-
sectional area of the nozzle. A stainless stopper and SEN 
were used for the trial to ensure effective sealing in the 
flow delivery system. This facilitated the achievement of a 

negative pressure near absolute zero in the nozzle, thereby 
inducing cavitation.

The submergence depth of the nozzle (distance from the 
metal level to the top of the port outlet) is another operating 
condition that can be adjusted during the trial in two ways. The 
relative position between the tundish and mold can be modi-
fied by elevating the tundish through a hydraulic system. How-
ever, the metal level in the mold can vary like a real process 
based on the mass balance between the incoming and outgoing 
flows. In the CCS, the outgoing flow is due to the pump rather 
than the solidified shell, which is controlled by the casting 
speed. Thus, the rotational speed of the pump was determined 
based on the casting speed in the simulated practice. Silicon 
oil was applied at the metal level to prevent oxidation of the 
liquid metal during the trial.

Therefore, five casting parameters were adjusted during the 
trial using CCS like industrial casters: (1) casting speed (i.e., 
pump rotational speed), (2) argon flow rate, (3) stopper posi-
tion, (4) tundish level, and (5) submergence depth. The operat-
ing ranges of the casting parameters are listed in Table 1. All 
the casting conditions were recorded at a sampling frequency 
of 2 Hz. Under the casting conditions, the pressure measure-
ments from the argon line and stopper nose adjacent to the 
nozzle-stopper gap were measured transiently with an 8 Hz 
sampling frequency.

Table 1   CCS specifications and material properties of Bi–Sn alloy

Mold size Width: 1200 mm, thickness: 220 mm, height: 920 mm
Total mass of liquid metal 3.375 tons
Casting speed 0–1.022 m/min
Throughput 0.0045 m3∕s (2.265 tons/min)
Argon flow rate Up to 7 SLPM
Stopper position 0 mm (fully closed) to 7 mm (fully open)
Tundish level 800–900 mm
Tundish volume 0.044 m3 (D = 0.25 m, H = 0.9 m, cylindrical shape)
Immersion depth Up to 700 mm
SEN bore diameter 73 mm
SEN length 965 mm
Port outlet 68 mm (height) by 56.3 mm (width)
Port angle, length 5 degrees downward, 23 mm
Stopper length 910 mm
Stopper diameter 114 mm
Argon line axial bore diameter 9.728 mm

Viscosity (Pa.s) Density ( kg∕m3) Surface tension (N/m) Electrical 
conductivity 
(Ωm)−1

Steel (1600 °C) 0.0063 7000 1.0–1.8 0.7 × 10
6

Bi–Sn alloy MCP 137 (160 °C 
)

0.00965 8580 0.430 1.0 × 10
6

Water (25 °C) 0.001 998 0.0728 Not applicable
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5 � Measurement Data and Characterized 
Properties

Table 2 shows casting conditions and corresponding pres-
sure measurements during the CCS trials. 35 process 
points covering a casting speed from 0.43 to 1.0 m/min 
(0.967 to 2.286 tons/min throughput) with an argon flow 
rate Qargon from 0 to 4 SLPM are obtained from the corre-
sponding quasi-steady state during the operation. The sub-
mergence depth of SEN ( hsub ) was maintained at 300 mm, 
with the tundish level ( htun ) between 800 and 900 mm. 
Measured argon flow rate Qargon at the inlet of argon line 
under standard condition was converted into the actual 
gas flow rate into the nozzle at the stopper tip Qargon_h , as 
discussed in Sect. 3. Thus, the gas fraction � in Table 2 
includes thermal expansion of argon flow due to the oper-
ating temperature of CCS (160 °C). On the other hand, 
the pressure effect is not included in this work because 
the change of gas pressure during delivery was marginal 
(pressure drop ≅  100 Pa): the argon line has a constant 
diameter without any special treatment. This leads to the 
conclusion that the back pressure ( Pargon ) measured from 
the inlet of argon line represents the pressure at the stop-
per tip (outlet of argon line). It is a useful finding as the 
indirect pressure measurement through the argon line is 
very close to the flow pressure in the SEN. Therefore, the 
thermal expansion effect is the main factor of gas volume 
change during gas delivery to the system. The argon bub-
bles injected from the stopper tip is expected to flow into 
the SEN by following the metal flow because the drag 
force applied on the bubble (around d = 5 mm according 
to the argon line diameter) is greater than the buoyancy 
force. The measured stopper position hstopper was converted 
into a corresponding opening area of the nozzle using the 
curve in Fig. 5. A computer-aided-design (CAD) geometry 
is used to measure the minimum distance dgap and mini-
mum opening gap area Agap between the stopper nose and 
nozzle, for a given stopper position. Figure 5 shows an 
interpolated polynomial function based on the measured 
opening areas. This function varies with the stopper nose 
and SEN inlet shape.

Two pressure measurements from the back pressure of 
the argon line Pargon and stopper nose Pnose adjacent to the 
minimum gap (30 mm from the stopper tip, as shown in 
Fig. 6b) are shown under the given casting conditions. 
The raw data collected from the pressure sensors were 
smoothed using moving averages for 50 s. In addition to the 
measurement data, the flow pressure at the minimum gap 
area Pgap was estimated under the given casting conditions 
using Eq. 10. Thus, the three pressure points ( Pargon,Pnose, 
and Pgap ) describe how the flow pressure evolves in the 

stopper-nozzle gap. The difference between the pressures 
measured at the argon line and nose is defined as the pres-
sure recovery, Precovery ( Precovery = Pargon − Pnose ), and the 
values are listed in Table 2.

In addition, the characterized pressure loss constants 
for the stopper regulation Kstopper , argon effects Kargon , sum 
of the two losses Ksum , and flow velocity at the stopper tip 
Vtip , at the nozzle-stopper gap Vgap , and in the nozzle VSEN 
are listed in Table 2. Vgap and VSEN were calculated using 
Eqs. 5 and 3, respectively, using the measured throughput 
Qmetal and geometry given in Table 1 and Fig. 5, respec-
tively. The flow separation was identified using the crite-
rion shown in Fig. 3. A flow separation event occurs if the 
estimated flow velocity at the tip Vtip (Eq. 9) differs from 
the flow velocity in the nozzle VSEN (i.e., Vtip ≠ VSEN ). The 
severity of flow separation was quantified as a separation 
index, by rating it between 0 and 1 using the following 
equation:

Similarly, a cavitation event is identified when the esti-
mated pressure at the gap ( Pgap in Eq. 10) is lower than the 
vapor pressure of the liquid metal ( Pgap < Pvapor ). In prac-
tice, the gap pressure Pgap is unlikely to be lower than the 
vapor pressure of the liquid metal because the gas formed 
by cavitation maintains the flow pressure. However, the 
calculated gap pressure Pgap is still a useful indicator of 
cavitation.

Figure  7 shows the measured pressures mapped in 
3D with a specific stopper position and argon flow rate; 
the measured pressure from the argon line (Fig. 7a) was 
compared with the pressure measured at the stopper nose 
(Fig. 7b). It is found that pressures directly measured from 
the stopper nose are lower than those from the argon line. 
This indicates that the actual flow pressure in the nozzle is 
lower than the indirectly measured pressure by the argon 
line back pressure, which is typically used for monitoring 
industrial casters. Note that direct pressure measurement 
during industrial practices is challenging due to the harsh 
operating conditions. Thus, it is suggested that the pres-
sure from the argon line should be interpreted with caution 
as the actual flow pressure is likely to be lower than the 
monitored readings. The 3D surfaces interpolated based 
on the pressures of each measurement point showed simi-
lar trends with regard to the stopper position and argon 
flow rate, with both showing positive correlations with the 
argon flow rate and negative correlations with the stopper 
position. Namely, the flow pressure decreases as the stop-
per is lifted while the pressure increases as the argon flow 
rate increases in both measurements.

(11)Sep =
Vtip − VSEN

Vgap − VSEN
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5.1 � Characterization of Pressure Loss ( Ksum , Kstopper , 
and Kargon)

Figure 8 shows the behavior of the pressure loss Ksum , 
which includes the pressure loss by stopper control and 
argon-related effects. Ksum is plotted with respect to the 
stopper position in Fig. 8. A regression line was obtained 
for each Ar flow rate based on the data corresponding to 
each process point in Table 2. As expected, the pressure 
loss Ksum showed a strong negative correlation with the 
stopper position, such that the pressure loss Ksum decreased 
as the stopper was lifted. The slope of the regression line 
became steeper as the argon flow rate increased to 3 SLPM 
and then decreased at 4 SLPM: It appears that the slope 
of the regression line for Ksum has decreased in 4SLPM 
due to the increase of Ksum at a high stopper position (e.g., 
hstopper = 4.4 mm). The magnitude of the pressure loss, Ksum 
seems to increase with the argon flow rate, but the differ-
ence decreased as the stopper position approached 4 mm.

The pressure loss was further characterized by decom-
posing Ksum into Kstopper and Kargon according to the crite-
rion discussed in Fig. 3: The two pressure losses plotted in 
Fig. 9 show opposite behavior for argon injection: the pres-
sure loss by stopper Kstopper decreases with the argon flow 
rate, whereas the pressure loss by argon Kargon increases 
with it. Because Ksum = Kstopper + Kargon , the proportion of 
Kstopper in Ksum decreases as the argon flow rate increases 
by the increase of Kargon. With 4 SLPM of argon injection, 
the Kargon and Kstopper portions became similar: Since the 
contribution of the argon effect in the Ksum increases with 
a higher argon flow rate, the sum of argon and stopper 
effects, Ksum , goes up with Kargon and it makes the slope 
of the regression line for 4SLPM in Fig. 8 decrease. The 
pressure loss by argon effects Kargon approached zero as 
the stopper position increased. This indicates that the loss 
due to the effects of argon diminishes as the gas fraction � 
decreases with an increase in the liquid metal throughput 
Qsteel.

Figure  10a shows a comparison of the predicted 
throughput with the measured data. The regression equa-
tions obtained for Ksum in Fig. 8b were used for predict-
ing the throughput (Eq. 6, Ksum = Kstopper + Kargon ). The 
calculated throughput represents the displayed measure-
ment points. The stopper gain for the argon flow rate was 
obtained by taking the slopes of the throughput curves 
in Fig.  10a. Physically, the stopper gain provided the 
expected increase in throughput by lifting the stopper. 
The stopper gain appeared to increase with the argon flow 
rate of up to 3 SLPM, implying that the throughput Qmetal 
became more sensitive to the stopper position as more 
argon was injected.

5.2 � Characterization of the Flow Separation

The separation index introduced in Eq. 11 was applied to 
identify the flow separation in the nozzle. Figure 11 com-
pares the separation index for argon injections of 0 SLPM 
(Fig. 11a) and 2 SLPM (Fig. 11b). The separation index indi-
cates the severity of flow separation by normalizing the flow 
velocity in the nozzle between 0 and 1. The flow separation 
occurs at all process points without argon injection, indicat-
ing that the index is always greater than zero. The separation 
index for 2 SLPM is zero up to a stopper position of 4 mm, 
corresponding to around 2.2 tons/min of throughput. This 
implies that flow separation can be avoided with 2 SLPM 
of argon injection, unlike for the same throughput without 
argon injection. As shown in Table 2, flow separation was 
not observed with 4 SLPM of argon injection in the opera-
tion range tested in this study. This confirmed that the argon 
injection was effective in suppressing the flow separation. 
This result aligns with the observation of a higher Kstopper for 
scenarios without argon injection in comparison to the cases 
with 2 SLPM, as shown in Fig. 9a, because flow separation 
leads to an increase in pressure loss.

5.3 � Characterization of Pressure Recovery

Figure 12 shows the flow pressure variation near the stop-
per opening, by quantifying the measured pressure differ-
ence ( Precovery = Pargon − Pnose ). A positive pressure recov-
ery ( Precovery > 0) can be expected owing to the continuity 
effect. The continuity effect occurs because the cross-
sectional area widens as the flow exits from the stopper-
nozzle gap to the nozzle. Pressure recovery is beneficial 
for continuous casting because it narrows the negative 
pressure region in the nozzle. However, the continuity 
effect may not be achieved if flow separation occurs in 
the nozzle. In such cases, Precovery may be low or negative 
because flow separation generates further pressure loss by 
viscous dissipation in the recirculation zones (Fig. 1). Fig-
ure 12 reveals that argon injection helps pressure recovery; 
Precovery is positive at most of the process points with argon 
injection, while the recovery becomes less than 20,000 Pa 
without argon injection. In some severe cases, a negative 
pressure recovery (i.e., Precovery < 0 ) was observed in the 
absence of argon. This implies that further pressure loss by 
flow separation lowers the flow pressure even after passing 
through the narrow stopper-nozzle gap.

5.4 � Characterization of Cavitation

Figure 13 shows the relationship between the through-
put of the liquid metal ( Qmetal ) and pressure at the mini-
mum gap ( Pgap ). The points represent the measurement 
data from each process point, whereas the solid lines are 
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the gap pressures ( Pgap ) predicted via Eq. 10, using the 
throughput of the system Qmetal (Eq. 6), pressure loss Ksum 
( Ksum = Kstopper + Kargon) obtained in Fig. 8, and Agap given 
in Fig. 5a. As expected from the mathematical form of 
Eq. 10, Pgap appears as a concave function for Qmetal.

Starting from the peak of the curve, where the flow 
velocity at the gap Vgap ( Vgap =

Qmetal

Agap

 ) becomes minimum, 

Pgap decreases with both the increase and decrease in the 
throughput because of the increase in Vgap . For instance, 
Vgap increases even though the throughput Qsteel reduces 
from the peak point of the curve, since the rate of decrease 
of Agap is greater than Qmetal (i.e., gap size dominant). Simi-
larly, the opposite situation also leads to an increase in Vgap 
because the rate of increase of Qmetal is greater than Agap 
(i.e., throughput-dominant), when the throughput increases 
from the peak point. The varying rate of Agap was deter-
mined using the nozzle and stopper designs used in the 
trials. The peak of the curve appears to increase with the 
argon flow rate, which aligns with typical industrial cast-
ing practices, in which the negative nozzle pressure is alle-
viated by argon injection.

Figure 13 shows that the throughput range of the system 
is constrained by two factors: 1) the operating range of the 
stopper and 2) vapor pressure of the working fluid. With the 
curves drawn within the operating range of the liquid metal 
system ( hstopper = 0–7 mm), the lower limit of the predicted 
gap pressure Pgap was determined using the vapor pressure 
of the liquid metal, which is displayed as a broken horizon-
tal line in Fig. 13. Thus, the throughput Qmetal cannot be 
increased or decreased further once the system reaches a 
cavitation state at the stopper-nozzle gap (i.e., Pgap < Pvapor) , 
even though the operating range of the stopper can change 
the gap opening. The obtained throughput window, con-
strained by cavitation and the operating range of the stopper, 
appeared to widen with argon injection, by shifting of the 
entire curve upward (Fig. 13). This shift was accompanied 
by an increase in the gap pressure Pgap , which is favorable 
for industrial casting practices.

5.5 � Correlation Analysis of Key Properties

Table 3 gives the Pearson correlation coefficients obtained 
from a correlation analysis between the selected process 
parameters (stopper position hstopper and gas fraction � ) and 
pressure-related outputs shown in Table 2. As shown in 
Figs. 9 and 10, all the pressure loss coefficients characterized 

in this study showed a negative correlation with the stopper 
position. This led to lower flow pressures such as Pargon and 
Pgap . The gas fraction showed a strong positive correlation 
with the argon line pressure Pargon and pressure loss coef-
ficient for the argon effects Kargon . In addition, the strong 
negative correlation between the gas fraction and separation 
index indicates that argon injection is an effective measure 
to suppress the flow separation, which expedites positive 
pressure recovery through the continuity effect and provides 
a higher flow pressure at the tip of the stopper Pargon.

6 � Conclusions

1.	 The actual flow pressure at the stopper-nozzle gap was 
likely to be lower than that measured from the argon 
line of the nozzle. Therefore, caution should be exer-
cised when interpreting the negative pressure readings 
observed using the argon line, during industrial casting 
practices.

2.	 A correlation analysis of the measurement data con-
firmed that the nozzle pressures exhibited negative and 
positive correlations with the stopper position and argon 
flow rate, respectively.

3.	 The pressure loss constant for stopper regulation 
( Kstopper ) and argon-related effect ( Kargon ) and sum of the 
two loss constants ( Ksum ) were all characterized as linear 
functions. Moreover, the portion of Kargon contributing 
to Ksum became more significant with increasing argon 
flow rates.

4.	 Argon injection is effective in suppressing the flow sepa-
ration and promoting pressure recovery at the stopper-
nozzle gap. The throughput achievable while avoiding 
flow separation depends on the argon flow rate.

5.	 The characterized pressure loss enabled the estimation 
of the throughput range, based on the cavitation at the 
stopper-nozzle gap. Argon injection helped widen the 
throughput range by increasing the pressure at the gap 
where cavitation was likely to occur.

The characterization methodology introduced in this 
study is useful for assessing the performance of the stop-
per control systems, widely used in the steel industry. An 
appropriate throughput range while maintaining a positive 
nozzle pressure can be achieved by optimizing the operat-
ing window and improving the stopper and nozzle designs.
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Fig. 5   a Polynomial function for the opening gap area of the SEN inlet Agap versus stopper position and b CAD geometry used to measure the 
minimum distance and opening area of the gap

Fig. 6   a Schematic of the measured pressure points ( Pargon and Pnose ) and calculated pressure point ( Pgap ) and b actual location of the pressure 
points on the stopper nose
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Fig. 7   Measured pressures at a argon line and b stopper nose at various stopper positions and gas flow rates

Fig. 8   a Characterized pressure loss Ksum and b regression equations obtained for various stopper positions and gas flow rates
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Fig. 9   Characterized pressure loss a Kstopper and b Kargon for various stopper positions and gas flow rates

Fig. 10   a Estimated throughput and b stopper gain for various stopper positions and gas flow rates
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Fig. 11   Separation index and throughput for a stopper position for gas flow rates of a 0 SLPM and b 2 SLPM

Fig. 12   Measured pressure recovery for various stopper positions and gas flow rates
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