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 Abstract 
 

The most common way of producing steel worldwide is with the continuous casting 

process, where a strand of steel is continuously cast. Further optimization of this 

process requires data from measurements, measurements which must take place in a 

hostile high-temperature and corrosive environment such as liquid steel.  

At Swerim, a Continuous Casting Simulator has been constructed to replicate the flow 

conditions in the process. A eutectic bismuth-tin alloy with properties similar to steel 

is used instead to make measurements in liquid metal possible. In this report pressure, 

velocity and vibration measurements were made using multiple sensors under different 

flow conditions: 

• Pressure measurements in the flow were successfully made at two points in the 

stopper. The first located at the tip measured by a piezoresistive pressure sensor 

and the second at the tip side with a fiber optical pressure sensor. The resulting 

pressure data allowed for the creation of an empirical regression model to 

describe the pressure as a function of several flow variables such as casting 

speed and argon flow rate.  

• Velocity was measured using electromagnetic VIVES probes. Issues occurred 

when registering the signal. These issues were likely caused by a layer of oxide 

or oil attaching to the sensor tip which prevented the wetting/contact of the 

liquid metal and the electrodes in the probe. Despite the difficulties, there were 

clear signs of the onset of turbulence when analyzing the power spectrum of 

velocities. 

• Vibrations in the stopper were measured using an accelerometer which allowed 

identification of three oscillation frequencies related to low-pressure effect, 

such as cavitation, at 3600, 3790 and 6440 Hz, respectively.  

• Surface measurements were also done on the liquid metal with optical probes. 

To complement the measurements and enable comparison, a theoretical pressure model 

based on Bernoulli’s principle was created in the form of an application in Matlab to 

investigate the theoretical static pressure distribution across the tundish, SEN and mold.  

This pressure model was used to determine the order of magnitude of the static pressure 

near the stopper at a casting speed of 1 m/min. 
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1 Introduction 

1.1 Motivation 

Steel plays an essential role in enabling the advancement of our modern society. It is 

used in skyscrapers, trains, kitchenware and many things in between. Depending on the 

intended end-use for the steel, the production process varies greatly and over the years 

the methods that are used in its’ production have improved. The most widely used steel 

production process in modern days is Continuous Casting, where strands of steel are 

continuously cast.1 The stability of the process and the final quality of the steel depends 

on a multitude of variables which include physical dimensions of the caster, quality of 

the materials used but also the flow conditions of the liquid steel throughout the 

process.2 In order to ensure a homogenous result, the process must operate without 

interruptions. For instance, if the flow transports excessive heat towards the edges of 

the strand where the steel has started to solidify, the solidified part may melt leading to 

a dangerous liquid steel breakout.3 If the flow instead fails to remove/float inclusions 

before casting, the finished product will have defects which can compromise its 

performance. 

The temperature required to keep the steel liquid lies in the region of 1500℃, which 

makes for a very hostile environment for measurements, This in turn makes it difficult 

to investigate how to optimize the flow and improve the quality of the steel.4 Hence, it 

is of interest to find a material that exhibits similar flow characteristics as steel but can 

be held at lower temperatures, The eutectic bismuth-tin alloy is used for this function 

since it has a melting point as low as 135℃.5 This alloy also has thermal-, electrical- 

and viscous properties close to those of steel.6 This makes the alloy a good analogous 

system to study flow in Continuous Casting allowing measurements at lower 

temperatures while still giving results that are relatable to the original process. 

Even at lower temperatures, difficulties remain in making measurements due to other 

characteristics of liquid metals, such as high thermal conductivity, the fact that it is an 

electric conductor and its opaqueness. This thesis aims to test and evaluate some of the 

methods to overcome these difficulties and use the results to improve the process.  

  

                                                
1 (Shepard, 2018) 
2 (National Programme on Technology Enhanced Learning, 2018) 
3 (Sngupta, Thomas, & Wells, 2005:36A) 
4 (The Engineering ToolBox, 2019) 
5 (5N Plus Inc, 2019) 
6 (Durgun, et al., 2019) 
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1.2 Background 

The basic principle for continuous casting is to solidify a strand of steel by continuously 

cooling it as it passes through an open-ended mold. This is accomplished through a 

system consisting of four main parts, namely, ladle, tundish, mold (primary cooling) 

and a set of water sprays after the mold (secondary cooling) where the three first parts 

are illustrated below in Figure 1. 

 

Figure 1. A continuous caster with the different sections highlighted. 

 

The liquid steel is separated from the air by a protective layer of slag to prevent 

oxidation as liquid metals are highly reactive. The first part of the casting process is the 

ladle, whose purpose is to supply the molten steel to the caster from previous 

steelmaking stages. Multiple ladles are used to deliver steel to the tundish which acts 

as a reservoir of liquid steel that supplies steel to one or more molds through a 

Submerged Entry Nozzle (SEN) while a stopper is used as a flow regulator.7 It is also 

here that many of the inclusions in the liquid metal are separated from the flow.8 The 

flow in the continuous caster is completely gravity driven, and the relationship between 

the height of the molten steel reservoir in the tundish and the flow rate to the mold can 

thus when neglecting the viscous losses be given by: 

�̇� = ρA ∙ √2gℎ.        (1) 

Where �̇� is the mass flowrate [kg/s], ρ is the density of the molten steel [kg/m3], A is 

the outlet area in the tundish [m2], g is the gravitational constant [m/s2] and ℎ is the 

height of the liquid level in the tundish [m]. As the tundish height is kept relatively 

constant, the supply of steel to the mold can be maintained at a constant rate, which is 

a requirement for continuous casting to take place. 

The molten steel exits the tundish and enters the mold through the Submerged Entry 

Nozzle. It is in the mold where the molten steel first starts to solidify as it is 

                                                
7 (Kimura, et al., 1994:61) 
8 (Irving, 1993) 
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continuously cooled by heat conduction and radiation through the mold walls. The mold 

walls are in turn cooled from the outside using water. The mold cross-section is 

gradually reduced in the downflow direction to prevent gaps of air between the mold 

and the forming steel shell (i.e. tapering) which could lead to lack of heat transfer and 

breakouts. The mold walls are also oscillated vertically to avoid sticking and facilitate 

slag infiltration which provides lubrication to the solidifying steel shell but can produce 

defects on the finished steel product such as oscillation marks.9   

Casting powder is added at the top of the mold to prevent oxidization, insulate the liquid 

steel in the vertical direction and to reduce the amount of unwanted inclusions in the 

steel by binding them in chemical reactions. An additional purpose of the casting 

powder is to form a liquid state slag that acts as lubricant to reduce the friction between 

the mold wall and the solidifying steel. Argon is continuously supplied to prevent 

clogging and to help entrap the inclusions so that they may be brought to the surface to 

react with the casting powder.10 Figure 2 shows the elements of interest in the mold. 

 

Figure 2.  A continuous casting mold in operation with its points of interest. 

 

Upon exiting the mold, the steel strand has a solidified shell with internal regions still 

liquid. The strand is continuously cooled by water-sprays while being processed 

through a set of rollers which bends it gradually from a vertical to a horizontal 

alignment. When complete solidification is reached throughout the strand, it can be cut 

to its desired length and transported offsite. 

1.3 State-of-Art in liquid metal measurements 

Many reports and reviews have been published in the past about measuring in liquid 

metals. One such review was written by S. Eckert et al. at HDRZ, where an overview 

of measurement techniques that have been used to measure velocities in liquid metals 

in the past is provided. 11  Another review was presented by S, Argyropoulos in 

Metrans B, where he investigates methods used to measure velocity in liquid metal.12 

Multiple of the two scientists’ conclusions coincided. Following is a review on the state 

of velocity measurement in liquid metals, mainly based on these two reviews.  

                                                
9 (National Programme on Technology Enhanced Learning, 2018) 
10 (Thomas, Dennisov, & Bai, 1997) 
11 (Eckert, Cramer, & Gerbeth, 2007) 
12 (Argyropoulos, 2001:30) 
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When it comes to force reaction probes it can be concluded that mainly two types have 

been used in the past. In Eckert’s review it is mentioned that groups of scientists have 

succeeded in using vane anemometers to measure in a rotary liquid metal flow, where 

a rotor anemometer is inserted into the liquid allowing it to measure the rotational 

motion of the fluid. The total size of the anemometer was in this case close to the total 

diameter of the cylinder containing the rotary flow.13 The second type of force reaction 

probes that was used consists of a simple geometric body, such as a disc, being fixed to 

a strain gauge so that the force experienced by the body could be measured. The 

velocity could then be calculated using this force. A group of scientists used this method 

to measure the velocities in a flow of Wood’s metal, the results deviated no more than 

30% when compared to the theoretical results.14 Wood’s metal is a low melting point 

alloy with a melting point at 70℃, it consists roughly of 50% bismuth, 26.7% lead, 

13.3% tin and 10% cadmium.15 A group of scientists at MEFOS (now Swerim) used a 

force reaction probe of this type to measure the velocities in a steel furnace with high 

temperature liquid steel, and their results agreed well with the modelled predictions.16 

The main limitations of force reaction probes are that they are unable to measure 

multiple velocity components simultaneously and the inertia of the probe gives it a 

relatively slow reaction time.  

There have also been cases where pitot tubes have been used, but the use has been 

limited as they require several correction factors to consider material- and flow 

properties such as viscosity and turbulence in addition to problems with solidifying 

metal in the tubes for liquid metals that are solid at room temperature.17 

Another method used with some limitations was thermal anemometers of the hot-wire 

type. They are used to measure the convection of heat from a thin wire that is submerged 

in the liquid metal, which is related to the velocity of the flow. With this method a group 

of scientists managed to measure velocities slightly above 10 cm/s in mercury.18 This 

method is however very difficult to use due to both physical- and thermal limitations. 

The method is restricted to low velocities due to the metal’s high density to maintain 

structural integrity, and to low temperatures as metals have a high thermal conductivity 

which would lead to requirements to have a significant current to keep the temperature 

difference at a required level between the wire and the metal at high temperatures.19  

Ricou and Vives at the magnetohydrodynamic laboratory in Avignon devised a probe, 

later named the VIVES probe, to measure potential difference over the flow to find the 

velocity. This is accomplished by measuring an electric potential with two pairs of 

electrodes attached to a permanent magnet. The magnet’s magnetic field induces a 

voltage in the conductive liquid, with a magnitude relatable to the liquid’s velocity. 

They were able to measure the local velocity in two different directions simultaneously, 

with measured velocities ranging between 0 and 10 m/s at temperatures up to 720℃. 

The liquid metal used in the experiments varied but included metals such as mercury 

and aluminum.20  

                                                
13 (Tallbäck, Lavers, & Beitelman, 2003) 
14 (Szekely, Chang, & Ryan, 1977) 
15 (Reade, 2019) 
16 (El-Kaddah, Szekely, & Carlsson, 1984:14B) 
17 (Nuclear Energy Agency NEA, 2015) 
18 (Sajben, 1965:36) 
19 (Argyropoulos, 2001:30) 
20 (Ricou & Vives, 1982) 
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A fiber-optic sensor has been used to measure the local two component velocity in 

mercury. The sensor is pencil-shaped with the tip being exposed to and displaced by 

the fluid flow. A pointer on the inside of the sensor with one end attached to the tip 

whilst the other end moves freely is measured by two pair of lightguides, enabling the 

displacement of the tip to be registered in two directions.21 This displacement is directly 

related to the velocity components in the directions of measurement. 

The displacement can then be related to the fluid velocity. This sensor has the advantage 

of being unaffected by both electric currents and magnetic fields, both of which 

commonly occur in magnetic hydrodynamic flows.  

One method used the time it took for metal spheres to melt when submerged in a liquid 

metal flow to calculate the velocity. This method requires calibrations so that the 

velocities can be matched with the time it takes to melt a sphere beforehand. Multiple 

scientists tested this method and what they found was a linear relationship between the 

flow velocity and the melting time of the spheres.22 This method has the downside that 

it must be reloaded with a new sphere for each measurement and there is a large degree 

of calibration necessary. 

A popular method to measure velocity is using the ultrasound doppler method. An 

ultrasound transducer releases acoustic waves into the liquid which are reflected against 

particles in the liquid. The time for the reflected wave to reach the transducer and the 

doppler frequency shifts are measured and related to the location and the speed of 

particles in the fluid. Takeda at the Paul Scherrer Institute in Switzerland used this 

method to measure in liquid mercury, with measured velocities up to 10 cm/s.23 This 

method has the advantage of being able to measure the flow without altering it and the 

possibility of measuring without being directly exposed to the measured liquid, 

allowing it to be used to measure liquids that would destroy most other probes. A major 

disadvantage to this method is the high cost compared to most other velocity measuring 

methods. 

1.4 Scope of this MSc. thesis 

The aim of this thesis is to find ways to measure quantities of interest in a liquid metal 

flow consisting of a eutectic bismuth-tin alloy under conditions simulating the 

continuous casting process commonly used when producing steel. This will be 

accomplished by testing different probes and analyzing the results to see if the probes 

could gather useable information. The hope is that this will result in an increased 

understanding on which measurement methods are capable of measuring in liquid metal 

as well as the benefits and drawbacks of each method. It is also of interest to analyze 

the data gathered to verify its accuracy to check if it can be used in a meaningful way. 

In the future this information can lead the way to further optimization of the processes 

involving liquid metals at high temperature, such as that of the continuous casting of 

primary metals such as steel, aluminum, lithium, etc. 

                                                
21 (Zhilin, Zyvagin, Ivochkin, & Oksman, 1989) 
22 (Mirkovas & Argyropoulos, 1993:10) 
23 (Takeda, 1995:10) 
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2 Experimental methods 

2.1 Materials and equipment 

2.1.1 The eutectic bismuth-tin alloy (EBT) 

The physical properties of liquid metals are considerably different compared to other 

fluids more commonly used in fluid dynamics experiments such as water. Liquid metals 

generally are denser, have a higher thermal conductivity combined with a lower specific 

heat capacity and a lower kinematic viscosity, which leads to considerably different 

thermal- and flow conditions compared to the regularly used fluids.24 A common way 

to compare the properties and flow conditions of the liquid metals to other fluids is by 

using dimensionless numbers, where some of the most prominent are presented in 

Appendix A.  

The alloy used in the experiments is the eutectic bismuth-tin alloy, referred to here as 

EBT. This alloy consists of 42% atomic percentage tin (Sn) and 58% bismuth (Bi). This 

concentration corresponds to the alloy’s eutectic point, that is a minimum in phase 

change temperature, which in this case corresponds to the melting temperature of 

135℃. The alloy is kept at a temperature of 160℃ during the measurements to ensure 

that it is liquid. Some of the material properties of interest for the alloy are shown in 

Table 1 and compared to those of steel and water, which is often used to simulate the 

flow in a continuous caster.  

 

Table 1. Material properties of the used alloy and two other liquids as comparison. 

Material property EBT25,26 

150℃ 

Steel27,28,29  

1600℃ 

Water30,31,32  

20℃ 

Density [kg/m3] 8580 7800 998 

Kinematic viscosity [m2/s] 1.25∙10-6 0.9∙10-6 1.00∙10-6 

Dynamic viscosity [mPa ∙ s] 10.7 6.3 1.02 

Electrical conductivity [S/m] 1.0∙106 0.7∙106 <5 

Thermal conductivity [W/m ∙ K] 19 30 0.608 

Specific heat capacity [kJ/kg ∙ K] 0.17 0.5 4.18 

 

It can be seen in the table that most of the EBT’s properties correlate well to those of 

steel, with the largest deviations occurring on thermal properties, which are the least 

important when trying to replicate similar fluid flow conditions. 

                                                
24 (Nuclear Energy Agency NEA, 2015) 
25 (Ramirez Lopez & Björkvall, 2014) 
26 (American Elements, 2019) 
27 (Sutherland, 2019) 
28 (Ramirez Lopez & Björkvall, 2014) 
29 (The Engineering ToolBox, 2019) 
30 (Engineer's Edge, 2019) 
31 (LennTech, 2019) 
32 (Wilkinson, 2019) 
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2.1.2 Calibration rig 

The VIVES probes which will be described in Section 2.2.3, were tested in a calibration 

rig prior to use in the main experiments. The rig consists of an annular channel that 

rotates at a rotational speed within the interval -45 and 45 rpm. The rig can be used to 

test probes in water or filled with the EBT alloy which is held liquid with the aid of a 

torch, as shown in Figure 3.  

 

Figure 3. Calibration rig. A holder is submerging the tip of a VIVES probe in the 

metal, which is kept liquid through the flame to the left of the figure. 

 

The various dimensions of interest of the calibration rig with the liquid metal channel 

are shown in Figure 4 where a cross-section of the channel is visualized. This is 

accompanied by the dimensions in Table 2. 

 

Figure 4. Sketch of the liquid metal annular channel for the calibration rig, with 

dimensions of interest specified. 

Table 2. Values of respective dimensions in the calibration rig. The inner- and outer 

radii varies within the specified tolerance. 

Dimension of interest Notation Value [cm] 

Inner radius ri 19.5±0.2 

Outer radius ro 25.5±0.2 

Channel depth L1 10.5 

Fluid depth L2 8 

VIVES length L3 3 

Immersion depth L4 3 
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2.1.3 Continuous Casting Simulator 

The continuous caster simulator where a major portion of the measurements were 

carried out can be seen in Figure 5 below. 

 

Figure 5. Continuous Casting Simulator at Swerim.33 

 

The top part of the Continuous Casting Simulator consists of a tundish with an 

adjustable stopper to control the flow. The tundish pipe and the SEN leads the flow 

from the tundish into the mold. The mold is constructed with dimensions scaled to 

replicate the flow conditions in the steel industry. The mold consists of a main chamber 

with an opening at the bottom to a secondary chamber where the liquid is pumped back 

up to the tundish, leading to a closed loop. It is in the mold that most flow measurements 

can be carried out. A considerable difference between the real process of continuous 

casting and the Continuous Casting Simulator is that there is no solidification of the 

liquid metal. Figure 6 shows a schematic view that makes it easier to follow how the 

Continuous Casting Simulator is built up. 

                                                
33 (Ramirez Lopez & Björkvall, 2014) 
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Figure 6. Continuous Casting simulator with parts of interest highlighted. Figure is 

not up to scale. 

 

There are mainly five flow variables that can be changed during the operation of the 

Continuous Casting Simulator, these are as follows: 

• Casting speed, 𝑢𝑐𝑠𝑡, which is determined by the pump rpm and the position of 

the stopper. The casting speed is defined as how many meters of strand are cast 

per minute. 

• Argon flow rate, 𝑞𝑎𝑟𝑔 , the flow of argon entering the tundish through the 

stopper argon pipe. 

• Stopper position, ℎ𝑠𝑡𝑝, deciding how much the stopper restricts the flow in the 

pipe out of the tundish. 

• Tundish level, ℎ𝑡𝑢𝑛 , which is the liquid metal level in the tundish that 

determines the pressure height in the system. This value is dependent on the 

other variables as it is function of the stopper position and the casting speed. 

• Immersion depth, ℎ𝑖𝑚, which is changed by moving the entire tundish and pump 

setup, leading to changes in the depth at which the SEN is submerged into the 

mold. 
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The different variables are visualized in Figure 7 followed by the specific dimensions 

of the Continuous Casting Simulator and the range in which the variables can be 

changed in Table 3. 

 

Figure 7. The different variables in the tundish of the Continuous Casting Simulator. 

Figure not up to scale. 

 

Table 3. Specifications of the Continuous Casting Simulator. 

Mold size 0.92 depth x 0.22 width x 1.20 length [m] 

Casting speed 0.6 – 1 [m/min] 

Argon flow rate <7 [liters/min] 

Stopper position 0.01 – 0.017 [m] 

Tundish level 0.8 – 0.9 [m] 

Immersion depth 0.6 or 0.7 [m] 

 

The tundish levels mentioned in this thesis is in the interval of 0 to 0.1 m, this is the top 

0.1 m of the tundish and thus directly corresponds to the interval of 0.8 to 0.9 m which 

is specified in the table. Previous measurements of the mold velocities in the 

Continuous Casting Simulator have been made where the results from one such 

measurement that used an ultrasound probe gives the expected velocity range to be 

measured in the Continuous Casting Simulator. This range is 0.01 to 5 m/s where the 

highest velocities are expected in the jet from the SEN while the lowest velocities 

appear in the center region of the vortex induced by the nozzle jet and at the surface of 

the mold.34  

                                                
34 (Ramirez Lopez & Björkvall, 2014) 
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2.1.4 Robot arm 

A robot arm is used as a probe holder to perform measurements with high spatial 

accuracy as well as allowing operators to keep a safe distance from the liquid metal. 

Figure 8 shows the robot arm mounted next to the Continuous Casting Simulator 

holding a dummy shaft. 

 

 

Figure 8. The robot arm holding a dummy shaft representing a probe. 

 

The robotic arm can be programmed using a tablet where several waypoints are pre-set 

for the movement. The probe’s length, mass and center of mass must be specified in 

the program to ensure that the robot moves accurately. A LabView program enables 

control of the robot from a computer with an interface for easy creation of a measuring 

grid with several measurement points.  

2.2 Probes 

2.2.1 Piezoresistive pressure sensor (PRPS) and reflective intensity fiber optic 

pressure sensor (FOPS)  

Two pressure sensors are used in this thesis: a) A piezoresistive type (PRPS) and b) A 

fiber optic type (FOPS). 

The PRPS uses the piezoresistive effect to determine pressure, which is the principle 

that a deformation of a piezoresistive element leads to a change in the element’s 

electrical resistance. The resistance difference under deformation in piezoresistive 

materials can depend on both a change in the materials resistivity or due to the change 

in length or area.35 The resistance [Ω], R, of a material with the resistivity, 𝜌𝑟 [Ω∙m], a 

cross-sectional area, A [m2], and a length, L [m], is defined as:  

𝑅 = 𝜌𝑟 ∙
𝐿

𝐴
.         (2) 

The PRPS can measure the pressure by the placement of a piezoresistive element 

arranged in a Wheatstone bridge configuration on a diaphragm that deforms as the 

pressure gradient builds up. The basic structure of the piezoresistive pressure sensor is 

shown in Figure 9. 

                                                
35 (Grahm, Jubrink, & Lauber, 1996) 
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Figure 9. Basic structure of a piezoresistive pressure sensor. P denotes the pressure of 

the respective regions, where in this figure an overpressure in the fluid deforms the 

diaphragm. 

 

The FOPS based on reflective intensity operates on the principle that the intensity of 

the light reflected from the surface varies as the surface is deformed when a surface is 

exposed to a beam of light. A light source sends a beam which is reflected by the 

diaphragm that undergoes deformation when there is a pressure difference over it. The 

reflected light is collected by a detector. The light signal’s intensity is registered and 

translated in the detector as a voltage that varies with the measured pressure. 36  The 

material used and the dimensions of the diaphragm depend on the conditions and 

pressure range to be measured, e.g., stainless steel can be used in high temperature and 

corrosive environments while a thinner diaphragm is used if the pressure to be 

measured is relatively low since it deforms easily under small pressure differences. 37 

The basic structure of the FOPS is shown in  Figure 10. 

 

Figure 10. Basic structure of a fiber optical pressure sensor. 

 

Both sensors are used to measure static pressure at a sampling rate of 8 Hz. The PRPS 

is connected to the argon pipe that runs from the tip of the stopper, allowing the tip 

pressure to be indirectly measured. The FOPS is installed flush at the side of the stopper 

                                                
36 (Hashemian, Black, & Farmer, 2019) 
37 (Wlodarczyk, Poorman, Arnold, & Coleman, 2019) 
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tip, where the cross-section area of the flow is expected to be at its lowest and the static 

pressure takes a minimum value. Figure 11 shows the two locations of the pressure 

sensors in the stopper rod, followed by Figure 12 which shows the stopper tip with the 

two pressure holes as seen at the stopper tip, where the distance between the midpoint 

of the two holes is 3 cm. 

 

Figure 11. The measurement locations of the two different pressure sensors. 

 

 

Figure 12. The argon pipe hole at the center of the stopper tip, in this figure to the left, 

and the pressure sensor mounting hole 3 cm away from the tip, in this figure to the 

right. 
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2.2.2 Accelerometer of the piezoelectric type 

A piezoelectric accelerometer operates on the principle that an electric potential builds 

up between two adjacent surfaces as they are exposed to a force.38 This can be described 

as: 

𝑉 = 𝑐 ∙ Δ𝐹.         (3) 

Here V is a voltage [V], c is a sensitivity constant [V/N] and 𝐹 is a force [N]. An 

accelerometer of the piezoelectric consists of a protective shell wherein a piezoelectric 

element is attached. A larger mass is attached to the piezoelectric element to increase 

the accelerating force in the system which results in a higher sensitivity. Figure 13 

shows a rough sketch of the different parts of a uniaxial accelerometer. 

 

Figure 13. A rough sketch of a uniaxial accelerometer of the piezoelectric type. 

 

The accelerometer was mounted at the top of the stopper rod to continuously measure 

the vibrations during trials, as seen schematically in Figure 14 and physically in Figure 

15. 

 

Figure 14. Sketch of the placement location of the accelerometer on the top of the 

stopper rod. 

  

                                                
38 (PCB Piezotronics, 2019) 
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Figure 15. Accelerometer installation at the top of the stopper rod. 

The accelerometer was set to a sampling frequency of 25 kHz which makes possible to 

detect accelerations at frequencies up to 10 kHz. The data was saved every four seconds 

in the form of an amplitude spectrum in order to reduce the storage space required. The 

concepts of amplitude spectra and the Fast Fourier Transform (FFT) used to post-

process the data results are explained in detail in Appendix B. The resolution of the 

accelerometer in the frequency-axis, that is the number of different frequencies that can 

be measured, was set to 512 during trial one which was increased for later 

measurements to 1024. 

The vibrational frequencies of the stopper were also gathered for the dry case when the 

Continuous Casting Simulator was turned off and the tundish was emptied of liquid 

metal. This provides comparative data that can be used to isolate flow related 

frequencies from the regular structural frequencies. 

2.2.3 The electromagnetic VIVES probe 

The VIVES probe is a magnetic probe that utilizes the Hall effect to measure a voltage 

difference in a flow of conducting liquid. This is the principle that a conductor with a 

current flowing through it builds up an electrical potential difference, i.e., a voltage, 

over its cross-section when exposed to a magnetic field with its direction perpendicular 

to the current.39 The conductor in this case is the liquid metal. The source of the voltage 

are the charged particles which are being diverted perpendicularly to both the current 

and the magnetic field at the intersection between them. The charged particles 

experience a force as they are exposed to the magnetic field, this force is described as 

the Lorentz force which is defined as40: 

𝐹 = 𝑞(𝐸 + 𝑢 × 𝐵).        (4) 

Here 𝐹 is the Lorentz force [N], 𝑞 is the charge [C], 𝐸 is the electric field [N/C], 𝑢 is 

the velocity [m/s] and 𝐵 is the magnetic field [T]. The Lorentz force causes the path-

lines of the charged particles to curve outwards to the sides of the conductor, which 

leads to a polarization as the negative and positive particles are exposed to forces in 

opposite directions due to their opposite charges41.  

                                                
39 (Nave, 2019) 
40 (Fitzpatrick, 2019) 
41 (Electronics Turtorials, 2019) 
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Note that both positively- and negatively charged particles do not always exist in the 

same case. In the cases where positively charged particles are absent, the void in the 

material from where a negative particle has been diverted can be described as a positive 

pseudo-particle. This is possible since the net local charge increases when the 

negatively charged particles are no longer present. Figure 16 illustrates what takes place 

in the conductor when it is exposed to a magnetic field, where 𝑉𝐻 is the measured Hall 

voltage and the red and blue spheres are the positively and negatively charged particles 

respectively. 

 

Figure 16. A current flowing through a conductor exposed to a magnetic field giving 

rise to the Hall effect. 

  

The VIVES probe utilizes the Hall effect by using a permanent magnet with four 

electrodes evenly spaced at a 90o around the magnet’s equatorial diameter to measure 

the potential. This setup allows the sensor to measure two different velocity 

components as each electrode forms a pair with the one diametrically opposite of it.42 

The left part of Figure 17 the magnet with a plane through its equator and the electrode 

pairs AA’ and BB’. The right part of the same figure shows the velocity components, 

out of which only two can be measured, which for AA’ is 𝑈𝑥 and for BB’ is 𝑈𝑦 . 

  

Figure 17. The schematic of the placement of the electrodes and the velocity 

components in the flow that was measured by Ricou and Vives. 

  

                                                
42 (Ricou & Vives, 1982) 
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Four different VIVES probes were available during the experiments. The probes were 

first tested in the calibration rig with an annular flow of liquid metal to produce 

equations that describe the velocity as a function of the voltage. The length of the 

different probes is shown in Table 4 below. 

Table 4. Dimensions of the VIVES probes used in the experiment. 

VIVES probe nr 1 2 3 4 

Length [cm] 36 50 65 80 

 

The probes were attached to a holder, where the distance from the bottom of the holder 

to the probe tip was 10 cm for all probes, and then lowered so the tip reached the central 

regions of the flow, as shown for one probe in Figure 18 

 

Figure 18. A VIVES probe immersed in the annular flow of liquid metal. 

  

Each probe was lowered into the liquid metal flow where the rotational speed was 

gradually changed from 30 to -30 rpm, corresponding to velocity magnitudes up to 

0.1 m/s. The potential difference over the two measured flow components of the probe 

was registered and logged at a sampling frequency of 99.967 Hz. The data from the 

probes was filtered prior to being presented in the results section, for information 

regarding how the data was filtered see Appendix C.  

 It was discovered that only three out of the four VIVES probes gave reliable results 

during the testing in the calibration rig, as will be presented in Section 3.2.1. Due to 

this fact, only three of the VIVES probes were mounted in the Continuous Casting 

Simulator. The probes measured the surface velocities 1 cm beneath the liquid metal 

surface, where VIVES probe 3 is mounted in the robot arm and moved to measure 

multiple points whilst probe 2 and 4 are mounted at stationary points of interest, namely 

at the SEN and at the end of the mold.  

Installation of the VIVES probes is according to Figure 19, where the green region is 

the planned area of measurement for the robot moved probe. The setup is then seen in 

the Continuous Casting Simulator in Figure 20. 



18 

 

 

Figure 19. The locations of the placements of the VIVES probes in the mold of the 

Continuous Casting Simulator. Figure is not up to scale. 

  

 

Figure 20. The placement of the VIVES probes in the mold of the Continuous Casting 

Simulator. 
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3 Results and discussion 

3.1 Pressure sensors 

3.1.1 FOPS Calibration  

The Fiber Optics Pressure Sensor (FOPS) was tested using a pressure calibrator unit. 

At the time of the test, at 12:00 on the 18th of March, the ambient pressure was 996.9 

kPa43. The pressure was tested for 7 different pressures which resulted in the voltage 

values shown in Figure 21. The upper part of the figure gives the plot of the voltage for 

each respective pressure, whilst the lower part of the figure gives the residuals of the 

measured values when compared to a least square linear interpolation. Also presented 

in the title is the R2-value of the interpolation, which is a value used to describe the 

accuracy of a curve fit, where 1 is the highest accuracy and 0 is the lowest. A more 

detailed explanation of the R2-value can be found in Appendix D. 

 

Figure 21. The FOPS calibration graph compared with a linear interpolation and the 

respective errors. 

  

Then, the pressure can be related to any measured voltage by using the interpolated 

linear equation which is given by:  

𝑝 = 1.74 ∙ 𝑉 − 0.0201.       (5) 

Here 𝑝 is the pressure [bar] and 𝑉 is the measured voltage [V]. Using this equation, the 

data gathered during the trials is presented directly as a pressure instead of a voltage.  

It can be seen in the figure that the linearity is very high, with a R2-value of over 0.999. 

The residual pattern does not appear random, but the maximum deviation of 8 mV is 

an acceptable level of error. Since the pressure to be measured is expected to be in the 

same order of magnitude as the lowest tested pressure value of 30 mbar, it can be 

assumed that this pressure sensor’s linearity is valid for all measurements.  

                                                
43 (SMHI, 2019) 
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3.1.2 Pressure measurement results 

The PRPS was operational during both trial days whilst the FOPS was operational only 

during the first trial day. The pressure registered by the two sensors during the first trial 

day is presented along with a line showing the ambient pressure in Figure 22. For 

complete details on the setup variables’ values during the trial days, see Appendix F. 

The FOPS experienced difficulties at the startup of day one. The sensor registered an 

oscillating sine wave of pressure for the first two hours of the trials. The issues were 

resolved around 10:00 and measurements proceeded as planned. Further issues were 

discovered at 13:00 where the FOPS had been offset by a constant pressure of 

approximately 1450 mbar, this offset was compensated in Figure 22. Some leakage 

took place during the trials which has led to an overall increase in pressure of the system 

due to air being sucked in at the low-pressure regions. A time interval was selected 

between 10:30 and 12:30, a zoomed in version of this time interval is showed in Figure 

23.  

 

Figure 22. The registered pressure from the two sensors during the first trial day. 

 

Figure 23. Zoomed in region where the measured pressures give comparable data. 
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3.1.3 Analysis and discussion of pressure results 

Despite the initial issues with one of the probes and the leakages, the graph displaying 

the raw data from the two different pressure sensors show regions of very low pressures 

and a large degree of correlation between the pressure at the tip- and at the side of the 

stopper tip, respectively. 

The side of the tip experiences a lower pressure, which was expected since the area of 

flow is at its lowest resulting in the lowest pressures in accordance to Bernoulli’s 

equation. The minimum pressure when averaged over a measurement period, a period 

under which the flow affecting variables are kept constant, is registered by the FOPS 

to be 6.6 mbar (equivalent to 660 Pa) and for the PRPS 80 mbar (equivalent to 8000 Pa). 

It can be seen in Figure 23 that the registered pressure even reaches negative values, 

which is likely due to transient effects that the sensor is unable to completely handle at 

the pre-set sampling rate (8 Hz ) due to the rapidly fluctuating pressure. 

It is possible to verify that the measurements of the probes are in the right order of 

magnitude by investigating the occurrence of cavitation. During the trials, a 

characteristic noise for cavitation was perceived, which is noted down in the trial logs 

in Appendix F. This can only occur at pressures near vacuum as can be seen in 

Appendix A. This leads to the conclusion that the pressure sensors are measuring in the 

right order of magnitude since they register pressures in the same order of magnitude 

as those at which cavitation occur. 

Single variable regression 

A single variable regression analysis of the data between 10:30 and 12:30 was carried 

out with respect to each of the five different variables specified in Section 2.1.3 along 

with one composite variable defined as the multiplication of the argon flow rate and the 

tundish level. A regression was made to create a model that describes the pressure 

development at the sensors as a function of the different variables. See Appendix D for 

an introduction to regression models. The results of this regression are six equations in 

the form of:  

𝑝𝑚 = 𝑘𝑝 + 𝑘𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 ∙ 𝑛 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 .       (6)  

Where 𝑝𝑚 is the modelled pressure [mbar], kp is a constant pressure offset [mbar] and 

kvariable  is a constant inclination in respect to the variable value 𝑛𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 . The 

comparison of these five different models is presented through Figure 24 to Figure 29, 

where each model’s residuals are plotted and the R2-value, Radj
2 -value and P-value are 

all presented. In the figure, the blue circles represent the measured values while the red 

ones are the outliers for each variable modelled. Using a significance level of 0.1 for 

each pressure sensor results in a model depending on the argon flow rate, the tundish 

level, the immersion depth and the composite variable for the PRPS and a model that 

depends on the argon flow rate, the tundish level, the casting speed and the composite 

variable for the FOPS.  
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Figure 24. The residuals of the modelled pressure compared to measured pressure 

using a one variable regression model with the argon flow rate as the single variable. 

 

Figure 25. The residuals of the modelled pressure compared to measured pressure 

using a one variable regression model with the stopper position as the single variable. 
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Figure 26. The residuals of the modelled pressure compared to measured pressure 

using a one variable regression model with the tundish level as the single variable. 

 

Figure 27. The residuals of the modelled pressure compared to measured pressure 

using a one variable regression model with the casting speed as the single variable. 
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Figure 28. The residuals of the modelled pressure compared to measured pressure 

using a one variable regression model with the immersion depth as the single variable. 

 

Figure 29. The residuals of the modelled pressure compared to measured pressure 

using a one variable regression model with the composite variable defined as the 

multiplication between the argon flow rate and the tundish level as the single variable. 
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It could be seen that the argon flow rate and tundish level affected the measured 

pressures for both sensors by a considerable amount (i.e. giving the second highest 

Radj
2 -values and the second lowest P-values). It is logical for the pressure to increase at 

the Piezoresistive Pressure Sensor (PRPS) located at the tip of the stopper when extra 

argon is added at the measurement point. Naturally, for the FOPS at the tip’s side, it is 

expected that the pressure increases if the adjacent pressure gradient increases. 

It is possible to rationalize that a higher level of liquid metal in the tundish leads to an 

increased pressure. The addition of potential energy to drive the flow leads to a direct 

increase of the metallostatic pressure. It is also worth noting that this variable is closely 

coupled to that of the stopper position and the casting speed. For example, the 

accumulation of liquid metal in the tundish depends on the relation between the metal 

flowrate in (casting speed controlled by the pump) and the metal flowrate out (based 

on the stopper’s position). 

According to the regression model, the stopper position contributes very little to either 

of the pressures, even to the degree that it reaches negative 𝑅𝑎𝑑𝑗
2 -values for both 

sensors. In the real case scenario it is clearly otherwise. For instance, in general Fluid 

Mechanics, it is often seen that stoppers (like valves), affect the pressure considerably 

due to changes in the flow cross-sectional area. The lack of effect on the pressure here 

can be explained by the fact that the stopper was limited to only making minor 

adjustments to keep the level in the tundish stable. The tundish is relatively small in 

volume so it would empty or overflow quickly if the stopper position changed 

considerably.  

The casting speed is seen to have a large effect on the pressure registered at the side of 

the stopper, but only a marginal effect at the pressure in the tip. This can be explained 

due to separation effects when the metal flow detaches from the stopper tip at the region 

between the two sensors. This leaves the side of the tip sensor greatly affected by the 

flow while the sensor in the tip is in a recirculation zone that is mainly unaffected. 

The composite variable (i.e. multiplication between the argon flow rate and the tundish 

level) is well worth adding to the equation as it has the largest Radj
2 -values combined 

with the lowest P-values.  

 

Multiple variable regression 

A multiple linear regression was performed in Matlab using the four highest 

contributing variables for each sensor from the previous section, resulting in an 

equation in the form of: 

𝑝𝑚 = kp + karg ∙ 𝑞𝑎𝑟𝑔 + ktun ∙ ℎ𝑡𝑢𝑛 + [kim ∙ ℎ𝑖𝑚  𝑂𝑅 kcst ∙ 𝑢𝑐𝑠𝑡] + karg,tun ∙ 𝑞𝑎𝑟𝑔ℎ𝑡𝑢𝑛. (7)

      

Here 𝑝𝑚 is the modelled pressure [mbar], the units and values of the different variables 

and constants for the two different pressure sensors are presented in Table 5. 
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Table 5. Values for the different constants for the PRPS and FOPS. 

Variable - 𝑞𝑎𝑟𝑔 ℎ𝑡𝑢𝑛 ℎ𝑖𝑚 
or 

𝑢𝑐𝑠𝑡 

𝑞𝑎𝑟𝑔 ∙ ℎ𝑡𝑢𝑛 

Unit - [dm3/min] [mm] [mm] 

or 

[m/min] 

[dm3∙mm/min] 

Constant kp karg ktun kim or kcst karg,tun 

Unit [mbar] [mbar∙min/dm3] [mbar/mm] [mbar/mm] 

or 

[mbar∙min/m] 

[mbar∙min/(mm∙dm3)] 

PRPS -496.1 -33.82 -2.206 1.160 2.596 

FOPS  -395.2 -37.46 0.3746 486.6 1.523 

 

The modelled pressure is plotted as three different mesh surfaces forming two intervals. 

The variables have three levels of immersion depth for the PRPS and three different 

casting speeds for the FOPS, respectively as well as a combination of 10 different argon 

flow rates and tundish levels.  

The measured pressure values that had an immersion depth- or casting speed value 

within the interval used for the two different mesh surfaces in each figure are plotted in 

the same figure, enabling comparison between the modelled and measured values. This 

results in Figure 30 and Figure 32 where two different mesh intervals are presented for 

each of the PRPS and FOPS. The used immersion depth and casting speed values are 

specified in the figure title for each case, along with the 𝑅𝑎𝑑𝑗
2 -value and the P-value.  

These figures are followed by the residual plots in  Figure 31 and Figure 33, which 

compare the modelled values to the measured ones. 
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Figure 30. PRPS’s registered pressure depending on the argon flow rate, tundish level 

and immersion depth. 

  

 

Figure 31. Residuals for the PRPS compared to the model (red circles are outliers). 
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Figure 32. FOPS’ registered pressure depending on the argon flow rate, tundish level 

and casting speed.  

 

Figure 33. Residuals for the FOPS compared to the model (red circles are outliers). 
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Multiple variable regression analysis of pressure data – Discussion  

The effect of the argon flow rate on the modelled pressure can be summarized by the 

following equation: 

∂pm

∂q𝐴𝑟
= 𝑘𝑎𝑟𝑔 + ℎ𝑡𝑢𝑛𝑘𝑎𝑟𝑔,𝑡𝑢𝑛       (8) 

 

The value of the constants is shown in Table 5 where it can be seen that 𝑘𝑎𝑟𝑔 takes a 

negative value. The minimum tundish level used during the trials was 29.6 mm, which 

means that when the value of the tundish level (ℎ𝑡𝑢𝑛) is multiplied with the composite 

inclination constant (karg,tun) the result is always greater than the negative contribution 

of the argon inclination constant, karg. Thus, an increase in the argon flow rate always 

results in a net increase of the pressure in the model. 

The effect of the tundish level on the modelled pressure is in the same way:  

 

∂pm

∂h𝑡𝑢𝑛
= 𝑘𝑡𝑢𝑛 + 𝑞𝑎𝑟𝑔𝑘𝑎𝑟𝑔,𝑡𝑢𝑛 .       (9) 

 

In a similar way as for argon, the inclination constant for the tundish level (ktun) is 

negative for the PRPS, which results in a reduction in pressure from an increase in the 

tundish level. This applies until an argon flow rate of approximately 0.85 dm3/min, at 

which point the positive contribution surpasses the negative one. A possible 

explanation could be that without argon the gas line at the stopper tip starts to fill up 

with metal which solidifies and accordingly increases the pressure measured. Addition 

of liquid metal in the tundish would lead to higher velocities which may clear the metal 

in the argon line, leading to a reduction in pressure. The FOPS isn’t affected in the same 

way, which is expected considering the probe is mounted flush at the tip. 

The other two inclination constants behave in a way that is expected, where an increase 

in casting speed or immersion depth, gives an increase in pressure. The constant 

pressure at the beginning of the equation takes a negative value for both cases, it is not 

necessary to rationalize the exact value for the different cases since all the other flow 

variables won’t be zero within the region in which this model is valid. 

When analyzing the residuals, it is seen that the PRPS’ measured values somehow 

deviate from the model as is expected, but the residuals appear random in their position 

leading to that no clear systematic error of the model could be found. The Radj
2 -value 

of 0.79 is high for a complex empirical regression model of this type, and this is 

matched with a very low P-value. This leads to the conclusion that the model can 

interpolate the pressure with an acceptable accuracy at the tip of the stopper.   

The FOPS’ measured values deviate less from its model compared to the PRPS, 

thereby, any systematic model error from the residuals can be discarded. The fact that 

the overall residuals are closer to zero shows that the accuracy of the FOPS model is 

even higher than the PRPS. This can be confirmed with a Radj
2 -value of 0.83 combined 

with an even lower P-value. Conclusively, this model can interpolate pressure values 

at the side of the tip of stopper with an acceptable accuracy. 
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3.2 VIVES probes 

3.2.1 Calibration rig  

Tests in the calibration rig quickly showed that the first VIVES probe’s voltage output 

started to decay even as the velocity was kept constant, making it unreliable for further 

use. The second VIVES probe was capable of measuring for shorter durations as the 

measurement signal was replaced with a noise spike after couple of minutes. However, 

it was possible to recover the original signal for another couple of minutes by striking 

the probe with a moderate force until the next noise spike. The third VIVES probe could 

measure velocities reliably over longer time periods without any issues such as noise 

spikes or decaying signals. The fourth VIVES probe was only capable of measuring in 

one direction, and measurements in that direction had the same issues with noise spikes 

replacing the output signal as the second VIVES probe. 

The data from the functioning VIVES probes was processed through a series of filters, 

see Appendix C for more details regarding filters used, and the values for each voltage 

peak was matched to the respective velocity at the time of the peak which enabled the 

creation of linear interpolation equations to calculate future voltage outputs from 

respective probes to velocity according to the following equation: 

𝑢 = ku ∙ 𝑉 + 𝑢0.        (10) 

Here 𝑢 is the velocity [m/s], ku is the inclination constant [m/(mV∙s)], 𝑉 is the voltage 

[mV] and 𝑢0  is the constant velocity offset from zero when there is no voltage 

output [m/s]. The measured voltage outputs matched with their respective velocities for 

each probe are plotted together with the linear interpolation in the upper part of  Figure 

34 through Figure 38, with the residual plots presented in the lower part of each figure.  

 

Figure 34. Output and error of the first velocity component of the second VIVES 

probe compared to a linear interpolation. 
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Figure 35. Output and error of the second velocity component of the second VIVES 

probe compared to a linear interpolation.  

 

Figure 36. Output and error of the first velocity component of the third VIVES probe 

compared to a linear interpolation.  
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Figure 37. Output and error of the second velocity component of the third VIVES 

probe compared to a linear interpolation.  

 

Figure 38. Output and error of the first velocity component of the fourth VIVES probe 

compared to a linear interpolation. 
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All the values for each probe’s respective inclination constant and constant velocity 

offset are presented together in Table 6 to enable comparison.  

Table 6. The respective 𝑘𝑢- and 𝑢0-values of the equations for each VIVES probe. 

VIVES probe 𝑘𝑢-value [103 ∙m/Vs] 𝑢0-value [m/s] 

1 Red n/a n/a 

1 Blue n/a n/a 

2 Red -1.93 0.0356 

2 Blue -2.01 0.00369 

3 Red -0.991 0.0244 

3 Blue -0.965 0.00696 

4 Red -0.890 0.00434 

4 Blue n/a n/a 

 

3.2.2 Calibration rig – Discussion  

The figures above show that the R2-value is high for all cases, with no value below 0.9. 

The residuals show some resemblance to being systematic, which can be explained by 

looking at the graphs and seeing that the measured lines are not completely linear. 

Despite this, the linear interpolation is seen to be able to accurately describe the voltage 

as a function of the velocity within the velocity interval measured. There are some signs 

of the voltage curve leveling out towards the highest measured velocities, especially for 

the third VIVES probe, however, there is no possibility to measure at higher velocities 

due to limitations in keeping the liquid metal within the bounds of the calibration rig. 

When analyzing the values of the constant in Table 6 it can be seen that the inclination 

constants (𝑘𝑢) for the different components in the same probe retain similar values, 

whilst the offset (𝑢0) varies. It is reasonable that the inclination constant remains the 

same as the permanent magnet used in a single probe is the same for both components. 

The offset difference can depend on anything from measurement errors, minor changes 

in contact conditions between the measurements (e.g. wetting, presence of oxides, dirt, 

etc.) of the different components and slight positional mismatch between the electrode 

pairs during the construction of the probe.  

The offset should ideally be zero so that no signal is registered at zero velocity so that 

symmetry takes place around the origin when the direction is reversed. It can be seen 

in Table 6 that the offset for all of the functional probes is separated from zero by 

4 mm/s or more, which will affect the results considering the velocities to be measured 

in the Continuous Casting Simulator are expected to be in the order of magnitude 

of cm/s. For the trials in the Continuous Casting Simulator, it was decided that the third 

VIVES probe was to be installed in the robot arm to be used for the bulk of the velocity 

measurements as it had the highest reliability. The second and fourth VIVES probes 

were mounted at stationary positions as presented in Section 2.2.3 to measure surface 

velocities.  
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3.2.3 Velocity measurement in Continuous Casting Simulator 

Measurements in the Continuous Casting Simulator using the VIVES probe were 

performed during two trial days. The second probe made reliable measurements during 

the entire first trial. Results are presented in the velocity graph of Figure 39 and the 

power spectra of Figure 40. The concept of power spectra is explained in Appendix B. 

 

Figure 39. Measured velocity of the first trial from the second VIVES probe which 

was mounted near the SEN.  

 

Figure 40. Power spectra of the second VIVES probe's data. 
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It was thought during the trials that the third probe was unable to make any useful 

measurements, thus, it was unnecessary to move it with the robot arm and it remained 

at a stationary position at the upper edge of its measuring region. However, a velocity 

could be detected after filtering the velocity data with fluctuations as presented in 

Figure 41. Following is also the power spectrum of the probe, Figure 42. 

 

Figure 41. Measured velocity of the first trial from the third VIVES probe which was 

mounted in the robot arm.  

 

Figure 42. Power spectra of the second VIVES probe's measurement data. 

 

The fourth probe was incapable of measuring anything other than noise and the 

resulting velocity after filtering was a flat line. All VIVES probes were incapable of 

making processable measurements during the second trial.   
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3.2.4 Discussion of velocity measurements in Continuous Casting Simulator 

It is difficult to draw any reliable conclusions from the velocities measured by the 

VIVES probes since there were no secondary velocity measurements to compare with. 

In addition, there were plenty of uncertainties arising from the fact that the probes’ 

performance is completely different in the Continuous Casting Simulator and the 

calibration rig.  

The third VIVES probe was clearly the most reliably choice during the tests in the 

calibration rig whilst the second VIVES probe was capable of stable measurements in 

the Continuous Casting Simulator. The other two probes gave mainly signals of noise. 

It is possible to distinguish some useful information from the VIVES measurements, 

such as investigating the order of magnitude of velocities at the surface and the 

occurrence of turbulence. 

The second VIVES probe measured velocities in magnitudes up to approximately 

1.5 dm/s, in addition to registering multiple flow direction reversals. The first hour of 

measurements in the graph were under stationary conditions as the trial was set. During 

the second hour the probe’s measurements started to vary significantly in both direction 

and magnitude. The cause for the directional changes is most likely due to the cleaning 

of the surface of the mold to remove the oxide layer that had formed during operation. 

Cleaning took place regularly throughout the second measurement hour to keep the 

oxide layer from interfering with other measurements. Since all the VIVES probes 

measured at a depth of 1 cm beneath the liquid metal surface, any disruption of the 

surface velocities would affect the measurements. A major cleaning session took place 

around the elapsed time of 1.25 hours, and in the VIVES 2 graph this corresponds well 

with the abrupt reversal of the flow direction seen in the graph.  

When it comes to the power spectrum of this probe it is seen that it follows the line 

𝑓−5/3  which indicates the occurrence of turbulence in the flow according to 

Kolmogorov’s 5/3 law, which is explained briefly in Appendix A. It is logical that 

turbulence occurs considering the high Reynolds numbers that occur in a flow of liquid 

metal. For the conditions during measurement with a velocity of 1 dm/s using the mold 

width as the characteristic length the Reynolds number is near 18000 which is far into 

the turbulent flow regime.  

During the trials it was difficult to distinguish any real data from the noise for the third 

VIVES probes, and therefore it was decided to not move it around with the robot 

program but rather focus on other measurements instead. However, after post 

processing it was discovered that it had been able to register a velocity during mainly 

the second half of the measurement (although it revealed significant fluctuations even 

after the data had been filtered). This could be due to the probe’s location as it was 

placed more central than the other probes, which makes it more vulnerable to any 

disturbance from cleaning of the surface. The direct effect of setup changes was minor, 

as between 1- and 1.5-hours elapsed times a gradual increase of casting speed and 

variation of argon flow rate gave no consistent effect. An increase in both the casting 

speed and argon flow led to an increase in the measured velocity at the beginning of 

this time interval, but later an increase of the same two variables gave a reduction of 

the measured velocity. The power spectrum of the third probe follows the 𝑓−5/3 line 

well, indicating the presence of turbulence at the point of measurement as well. The 

fourth probe was unable to measure any velocity, resulting in a flat line after filtering 

as the only signal that had been registered was noise. The overall source for the 

unreliability and erratic behavior of the VIVES probes is worth further investigation.  
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There have been tests with VIVES probes previously at Swerim where they worked 

well in the calibration rig and in the Casting simulator without using argon. However, 

the addition of argon made these probes unreliable when put in the Simulator. Possible 

explanations to this could be the thicker layer of silicone oil in the Continuous Casting 

Simulator is attaching itself to the surface of the probe as it is inserted, where this oil 

layer prevents the VIVES probes’ electrodes coming into direct contact with the liquid 

metal. Argon worsens this situation by creating a foaming effect which makes difficult 

the immersion of the probes without contact with the oil. Furthermore, argon bubbles 

could also remain attached to the probe surrounded by oil and other impurities which 

disturb the contact with the metal. Additionally, the metal could form a thin layer of 

oxide at the tips of the VIVES probes preventing direct contact. It is possible that this 

could have occurred after the calibration rig measurements where they performed well. 

The repetitive dipping, cleaning and lifting procedures in the Casting Simulator could 

also play in detriment of the measurements as the probes were lifted out and exposed 

to the air, oil and foam.  

3.3 Accelerometer 

3.3.1 Stopper frequency analysis 

The accelerometer measured continuously during both trial days without any issues. An 

amplitude spectrum from an idle period of the dry test was subtracted from all 

amplitude spectra to remove the background noise in the results. The vibration 

measurements from the accelerometer from the two trial days and the dry test was then 

presented in the form of the three spectrograms shown in Figure 43 through Figure 45. 

Spectrograms are amplitude spectra plotted against time, as is briefly explained in 

Appendix B. 

 

Figure 43. Spectrogram of the stopper accelerometer for the first trial day. 
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Figure 44. Spectrogram of the stopper accelerometer for the second trial day. 

 

 

Figure 45. Spectrogram for the dry test of the stopper accelerometer to investigate the 

frequencies when the stopper is only exposed to air. 
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The three highest amplitudes in each of the amplitude spectra and their corresponding 

frequencies was isolated and plotted against a normalized time for comparison, which 

resulted in Figure 46 

 

Figure 46. Comparison between the three highest amplitudes in each spectrogram 

from the stopper accelerometer over the three measurement days. 

3.3.2 Discussion of stopper frequency analysis 

The stopper was submerged in the liquid metal during the two trial days, any structural 

vibrations would be damped compared to the dry test case where only air surrounded 

the stopper. Cavitation and other flow effects could’ve only occurred during the trial 

days, meaning that any frequencies that coincide between the dry test and the trial days 

are unlikely to be related to the flow of liquid metal. 

When identifying the structural frequencies, it is clear from the spectrogram 

comparison that there are some distinct frequencies that are shared between either one 

or both trial days and the dry test. The higher frequencies in the region of 9500 and 

8700 Hz and the frequencies of 2730 and 500 Hz are all shared between the trial days 
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and the dry test. These can be concluded to be structural frequencies independent on 

the conditions of the flow of liquid metal.  

The most distinct frequency of the dry test is at approximately 900 Hz, this frequency 

does however not have an amplitude that is one of the three highest amplitudes during 

any of the trial days. After inspection in the spectrograms it is possible to identify this 

amplitude peak in the trial day spectrograms where it takes a lower value, likely due to 

dampening. The amplitude value at this frequency is 53.0 mV in the dry test, 35.0 mV 

during the first trial day and 38.7 mV during the second trial day. It can here be 

concluded that the damping of the liquid metal has a large effect on some frequencies. 

It can be seen in the spectrograms that all the amplitude peaks that occurred during the 

first trial day occurred also during the second trial day. The main difference between 

these peaks that occurred during both the trial days is that the lower frequencies are 

larger in magnitude during the first day, whilst the higher frequencies are larger in 

magnitude during the second day. It can also be seen that there is a higher quantity of 

amplitude peaks present during the second day, some of which can be explained by the 

higher frequency resolution of trial day two, 1024, compared to trial day one, 512. It 

must also be considered that there was a leakage during trial day one, which led to an 

overall higher pressure and reduced occurrence of cavitation or other low-pressure 

effect. 

It is possible to identify an amplitude peak of interest at the frequency of 6440 Hz. This 

frequency was often excited during the second trial day whilst only at rare occasions 

for the first trial day. The experimental conditions from the second trial day can be 

matched to the spectrogram. From the start of the measurements until 1.6 hours the 

casting speed was kept at 0.6 m/min, the tundish level varied slightly but remained close 

to 80 mm and there was no argon flow. Putting in these conditions in the regression 

pressure model of the FOPS in Section 3.1.3 gives a pressure of -74 mbar at the side of 

the tip of the stopper. While the exact number isn’t reasonable to be experienced due to 

its negative value, the model is accurate enough to show that the pressure is likely to 

be near zero and that cavitation can occur. At 1.6 hours the argon flow rate was 

increased to 2 dm3/min, a level it was held at for about a third of an hour. Afterwards 

the argon flow was alternated between 0 and 2 dm3/min in periods with durations in the 

regions of one sixth of an hour as measurements went on for the rest of the trial day. 

The spectrogram of the second trial day clearly shows how the amplitude of this 

frequency follows these changes, it is reduced as argon flow is added to the system, 

giving a clear indication that this frequency is related to low-pressure effects such as 

cavitation. 

It is also possible to detect some amplitude peaks near the frequency of 6440 Hz for the 

first trial day, as seen in the zoomed in version of the spectrogram, Figure 47.  
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Figure 47. A zoomed in view of the first trial day’s spectrogram around the amplitude 

peak of 6440 Hz 

  

One peak occurs at 1.6 hours and another at 3.2 hours in. The first peak at 1.6 hours 

coincides with the time when cavitation noise, similar in sound to popping popcorn, 

was heard and noted down in the trial log, see Appendix F for trial log. The 

experimental conditions at this time was a casting speed of 1 m/min, a tundish level 

around 60 mm and no argon flow. The second peak at 3.2 hours into the experiments 

was during a lunchtime idle period, the conditions that was maintained during this 

period was a casting speed of 0.6 m/min, a tundish level mainly close to 70 mm with 

no argon flow. Putting in the values for the time of these respective peaks in the pressure 

model for the FOPS from Section 3.1.3 gives the two estimated pressures of 113 and  

-77.4 mbar, indicating low pressures at the side of the tip of the stopper. It is thus likely 

that these frequencies are due cavitation or other low-pressure effects. 

Two more frequencies which could be related to low-pressure effects in the same way 

are the ones at 3790 and 3600 Hz. These frequencies have the same behavior during 

both the trial days as the one at 6440 Hz, which can be seen for the first trial day in 

Figure 48. 
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Figure 48. A zoomed in view of the first trial day’s spectrogram around the amplitude 

peaks of 3790 and 3600 Hz.  

 

Combining the results from both spectrograms at these frequencies with the 

experimental conditions that was presented for the previous frequency makes it very 

likely that these frequencies are connected to the presence of low-pressure effects. 

It can be of great interest to investigate this further to see if it is possible to relate certain 

frequencies to low pressure, as identifying a low pressure through accelerometer 

measurements is considerably easier than having to use pressure sensors installed at the 

low-pressure regions near the stopper tip which likely would cause leakages. 

The remaining frequencies in the comparison of the spectrogram peaks that have not 

been mentioned yet are likely damped natural frequencies or frequencies excited by 

disturbances from the pump, which pumps at frequencies between 17.5 and 23.5 Hz, 

from electrical apparatus or other sources of disturbances. 
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4 Stopper Pressure Model (SPM) 

A pressure distribution model was created as an application in Matlab based on 

previous work by Yang et al. for sliding gates.44 The SPM can be used to calculate the 

pressure distribution across the tundish, SEN and mold to give theoretical values to 

compare with measurements. The model calculates the pressure distribution for 

different casting speeds, stopper positions, liquid metal level in the tundish and stopper, 

tundish and nozzle dimensions.  

4.1 SPM calculations procedure 

4.1.1 Definition static- and dynamic pressure 

The SPM calculates the static- and dynamic pressure for several points in the caster. 

These are defined in the Bernoulli’s equation which states that the energy content of a 

system is conserved for a steady, incompressible flow along a streamline with no energy 

losses, which in pressure form is described as45: 

𝑝 +
𝜌𝑢2

2
+ ρgℎ = 𝐾.       (11) 

 

Here 𝑝 is the static pressure, ρ is the density, 𝑢 is the velocity, g is the gravity, h is the 

height and K is a constant. The second part of the equation is the dynamic pressure 

which is seen to depends on the square of the velocity.  

4.1.2 Algorithm and calculation of pressure distribution 

The SPM application calculates the static pressure distribution at seven points as shown 

in a tundish-SEN-mold setup in Figure 49. 

 

Figure 49. Different points where pressure is calculated in the SPM. 

  

                                                
44 (Yang, 2018) 
45 (Princeton, 2019) 



44 

 

Using Bernoulli’s principle, the location and static pressure at these respective points 

is: 

1. The liquid metal surface of the tundish, where the static pressure, 𝑃𝑠𝑡𝑎, is simply 

the atmospheric pressure, 𝑃𝑎𝑡𝑚: 

𝑃𝑠𝑡𝑎,1 = 𝑃𝑎𝑡𝑚.         (12) 

 

2. The bottom of the tundish, where the static pressure has increased from the 

metallostatic pressure, which is a function of density (𝜌), gravity (𝑔) and the 

tundish height (ℎ): 

𝑃𝑠𝑡𝑎,2 = 𝑃𝑎𝑡𝑚 + 𝜌𝑔ℎ2.       (13) 

 

3. The narrowest point between the stopper and SEN, where part of the static 

pressure is converted into dynamic pressure with a flow velocity, 𝑈, which is 

equal to the flow rate divided by the flow area at this point: 

𝑃𝑠𝑡𝑎,3 = 𝑃𝑎𝑡𝑚 + 𝜌𝑔ℎ3 −
𝜌𝑈3

2

2
.       (14) 

 

4. The top of the SEN, where the SEN cross-section area has taken a constant 

value. Here, the static pressure partly recovers as the dynamic pressure reduces. 

Pressure losses depending on the velocity at the previous point and the loss 

constant (𝐾𝑝) take place as the flow passes the stopper: 

𝑃𝑠𝑡𝑎,4 = 𝑃𝑎𝑡𝑚 + 𝜌𝑔ℎ4 −
𝜌𝑈4

2

2
− 𝐾𝑝

𝜌𝑈3
2

2
.     (15) 

 

5. The port of the SEN, where the static pressure increases from the metallostatic 

pressure, but also decreases by friction loss. The losses are assumed to be in the 

form of friction and directional change of the flow. The friction losses are 

modelled in the form of the Darcy-Weisbach equation and are thus related to 

both the friction coefficient (𝑓) and the ratio between the SEN length (𝐿) and 

diameter (𝐷). The friction coefficient is calculated according to the Moody 

formula and depends on the depends on the roughness (𝜖) of the SEN pipe.46 

The directional change over the SEN is assumed to be directly proportional to 

the dynamic pressure and the loss coefficient (𝐾𝑏) which for a simple rounded 

bend takes a value of 0.2547: 

𝑃𝑠𝑡𝑎,5 = 𝑃𝑎𝑡𝑚 + 𝜌𝑔ℎ5 −
𝜌𝑈5

2

2
− 𝐾𝑝

𝜌𝑈3
2

2
− 𝑓

𝜌𝑈4
2

2
∙

𝐿5

𝐷5
− 𝐾𝑏

𝜌𝑈4
2

2
 .  (16) 

 

6. The side of the mold at equal height as the SEN port, where the dynamic 

pressure is assumed to dissipate as the flow leaves the ports into the mold: 

𝑃𝑠𝑡𝑎,6 = 𝑃𝑎𝑡𝑚 + 𝜌𝑔ℎ6 − 𝐾𝑝
𝜌𝑈4

2

2
− 𝑓

𝜌𝑈4
2

2
∙

𝐿5

𝐷5
− 𝐾𝑏

𝜌𝑈4
2

2
 −

𝜌𝑈5
2

2
.  (17) 

 

                                                
46 (University of California, Santa Barbara) 
47 (Cengel & Cimbala, 2014) 
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7. The top of the mold liquid metal surface, where the static pressure reduces 

slightly due to the absence of metallostatic pressure: 

𝑃𝑠𝑡𝑎,7 = 𝑃𝑎𝑡𝑚 + 𝜌𝑔ℎ7−𝐾𝑝
𝜌𝑈4

2

2
− 𝑓

𝜌𝑈4
2

2
∙

𝐿5

𝐷5
− 𝐾𝑏

𝜌𝑈4
2

2
 −

𝜌𝑈5
2

2
.  (18) 

 

The only unknown in the equations is the stopper loss coefficient, 𝐾𝑝 , which the 

algorithm sets to balance the pressure across the setup, ensuring that 𝑃𝑠𝑡𝑎,1 = 𝑃𝑠𝑡𝑎,7 =

𝑃𝑎𝑡𝑚. This is shown by the simple algorithm sketch of Figure 50 

 

Figure 50. Algorithm for calculating the pressure distribution in the SPM. 

 

4.1.3 Setup and variables in SPM 

The main variables that affect the pressure distribution of the system are: a) stopper 

position, b) the tundish level, c) casting speed and d) Material properties. 

Stopper position 

The stopper position affects the flow area at the stopper region. A change of the stopper 

position affects the flow area between the stopper and the tundish, which in turn alters 

the dynamic- and static pressure of the third point.  

Tundish level  

The tundish level decides the amount of energy in the system. A change in the tundish 

level affects the amount of potential energy which is dissipated in the system to reach 

equilibrium between the atmospheric pressures in point one and seven at a certain flow 

rate.  

Casting speed  

The casting speed decides the flow rate of the system by division with the mold area. 

Any change directly affects the velocity throughout the system which in turn changes 

the dynamic pressure and pressure losses.  

Material properties 

It is also possible to change the material and system properties, such as density, gravity 

and atmospheric pressure. The dimensions of the setup are variable, namely the radius 

and height of the stopper, tundish and SEN. The immersion depth of the SEN and the 

radius of the port are also variable.  
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Some assumptions of the setup are presented below: 

• The stopper consists of cylindrical rod with a half sphere tip with radius (𝑟𝑠𝑡𝑝).  

• The tundish is cylindrical with a radius 𝑟𝑡𝑢𝑛. 

• The SEN is divided into two parts,  

o In the first part the radius gradually goes from 𝑟𝑆𝐸𝑁,1 to 𝑟𝑆𝐸𝑁,2 over the 

length ℎ𝑆𝐸𝑁,1. The gradual transition is assumed to follow the path of a 

quarter of a circular arc where the radius is ℎ𝑆𝐸𝑁,1. 

o The second part of the SEN has a constant radius 𝑟𝑆𝐸𝑁,2 and ends in two 

circular ports with the radius of 𝑟𝑝𝑜𝑟𝑡. 

4.1.4 SPM interface 

The SPM graphical interface gives the following outputs: 

• The pressure distribution at the seven points of interest, calculated as 

mentioned in Section 4.1.1. 

• The maximum flow velocity, which takes place between the stopper and 

SEN/tundish transition, that is the velocity at point three.  

• The minimum static pressure, which takes place at either point three or four 

depending on the stopper position.  

• The minimum gap size, which is the minimum distance between the stopper 

and the SEN/tundish at point three, or the radius of the SEN, whichever is 

smallest. 

The graphical interface is presented in Figure 51 and Figure 52. Figure 51shows the 

input of variables and Figure 52 shows the interface for entering the dimensions.  

 

Figure 51. The main page of the graphical interface with the three main changeable 

variables to the left and the results to the right. 
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Figure 52. The setup page of the graphical interface with the changeable dimensions 

of the setup to the left and the resulting setup to the right.  

4.2 SPM results and discussion 

The flow conditions for each setup case with no argon flow was inserted into the SPM 

and compared with the measure pressure data, resulting in Table 7. Here ℎ𝑠𝑡𝑝 and ℎ𝑡𝑢𝑛 

are the stopper position and the liquid metal level in the tundish, respectively, 𝑢𝑐𝑠𝑡 is 

the casting speed, 𝑝𝑠𝑡𝑎,𝑚𝑒𝑎𝑠 , 𝑝𝑠𝑡𝑎,𝑡ℎ𝑒𝑜  and Δ𝑝𝑠𝑡𝑎  are the measured static pressure, 

theoretical static pressure and difference between these two, respectively. 

Table 7. Comparison between measured static pressure in Section 3.1.2 and SPM with 

a stopper offset of 10 mm. 

Flow conditions Static pressure 

ℎ𝑠𝑡𝑝 ℎ𝑡𝑢𝑛 𝑢𝑐𝑠𝑡 𝑝𝑠𝑡𝑎,𝑚𝑒𝑎𝑠  𝑝𝑠𝑡𝑎,𝑡ℎ𝑒𝑜  Δ𝑝𝑠𝑡𝑎  

[m] [m] [m/min] [mbar] [mbar] [mbar] 

0.01549 0.9012 1 116 1126 1010 

0.01555 0.8924 1 149 1134 985.0 

0.01541 0.8766 1 84.3 1083 998.7 

0.01549 0.8812 1 140 1109 794.0 

0.01427 0.8646 0.6 30.6 1365 1334 

0.01731 0.91 0.65 37.2 1647 1610 

 

It can be seen in the table above that the difference between the measured values and 

the theoretical values from the SPM differ considerably. This is likely due to the 

measurement of the stopper position relative to the tundish/SEN which leads to a gap 

size that is too wide. It is assumed from previous trials in the Continuous Casting 

Simulator that the tundish is fully closed when the stopper is at the position of 0.01 m, 

corresponding to a stopper offset of 10 mm in Figure 52. However, using an offset of 

12 mm instead for the first case in Table 7 results in a value for SPM of 𝑝𝑠𝑡𝑎,𝑚𝑜𝑑 =

116 mbar, which matches well with pressure measurements. Table 8 present the results 

if this offset is used to compare with pressure measurements. 
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Table 8. Comparison between static pressure in Section 3.1.2 and SPM with a stopper 

offset of 12 mm. 

Flow conditions Static pressure 

ℎ𝑠𝑡𝑝 ℎ𝑡𝑢𝑛 𝑢𝑐𝑠𝑡 𝑝𝑠𝑡𝑎,𝑚𝑒𝑎𝑠  𝑝𝑠𝑡𝑎,𝑡ℎ𝑒𝑜  Δ𝑝𝑠𝑡𝑎  

[m] [m] [m/min] [mbar] [mbar] [mbar] 

0.01549 0.9012 1 116 116 0.00 

0.01555 0.8924 1 149 169 20.0 

0.01541 0.8766 1 84.3 10.1 -74.2 

0.01549 0.8812 1 140 99.1 -39.9 

0.01427 0.8646 0.6 30.6 418 387 

0.01731 0.91 0.65 37.2 1501 1460 

 

It can be seen for this case that the pressure values for each different setup are much 

closer together for most setups, except for the two measurements at lower casting 

speeds where the difference is considerable. This shows the importance of determining 

the offset between the stopper and the tundish/SEN so that the gap size can be 

accurately predicted/measured to enable the SPM application to be able to be used as 

comparison. 

4.3 Industrial application 

It is possible to use the SPM application to get a rough estimate of the pressure 

distribution of a continuous casting system. This can be used to test different geometries 

and experimental conditions to partly optimize the process beforehand, which can save 

a considerable amount of time and money. 

It is possible to make the application more versatile by adding different geometries and 

calculation methods. The code was created with modular functions that are easy to 

replace, for instance, the stopper geometry was generated as in an individual function 

where the output is in x- and y-coordinates so any way of representing the stopper can 

be used as a replacement as long as the output is in the form of coordinates.  
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5 Conclusions 

• Pressure: Both pressure sensors were capable of measuring in the flow of liquid 

metal without any major issues. The first pressure sensor, the PRPS, was able 

to indirectly measure the pressure at the tip of the sensor through the trial days 

with no interruptions. The second pressure sensor, the FOPS, had some initial 

issues with measuring the pressure correctly, after this had been resolved it was 

capable of continuously measure pressure directly at the side of the stopper rod. 

The data from both probes correlated well with changes in the setup and was 

able to be analyzed and used in regression models to model the pressure at 

respective measurement location in addition to being used as comparison for 

the theoretical SPM application. 

• Velocity: Three out of four VIVES probes could make reliable measurements 

in the calibration rig’s annular flow of liquid metal. Only one out of four was 

capable of reliably measuring in the Continuous Casting Simulator. It was 

possible to identify the onset of turbulence through the power spectra of the 

VIVES probe and Kolmogorov’s 5/3 law. Much uncertainty remains on the 

reason behind this considerable difference in reliability under similar 

conditions, but it is believed to depend on the oil foaming, argon and oxides 

preventing wetting of the metal to the sensors tip. 

• Vibrations: The accelerometer could reliably make continuous vibration 

measurements at the top of the stopper rod without any interruptions. From the 

gathered data it was possible to identify structural frequencies in addition to 

three oscillation frequencies related to cavitation or other low-pressure effects 

at 3600, 3790 and 6440 Hz. 

• SPM: The accuracy at which the SPM application can predict the pressure 

distributions over the Continuous Casting Simulator is highly dependent on the 

stopper position’s offset from zero, if this value is provided accurately then it 

can be used to predict the order of magnitude of the pressure at the stopper with 

reasonable accuracy.  

 

Overall it can be concluded that there are difficulties that must be overcome when 

attempting to measure directly on liquid metal, and there is a necessity to investigate 

these difficulties further in order to allow measurements of higher reliability. However, 

major steps have been taken towards reliable measurements of pressure and vibrations 

in areas such as the flow regulation area with extreme gradients of velocity and 

pressure. This opens the door for future implementation as benchmark for different 

stopper and nozzle designs as well as increasing the understanding of the phenomena 

occurring in the continuous casting process with the aid of an analogous system (i.e. 

Continuous Casting Simulator). 
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6 Future work 

• The regression model for the pressure in Section 3.1.3 was unable to register 

the stopper position as a distinct contributing factor for the measured pressures. 

However, the SPM application in Section 4 shows that the pressure differs 

considerably as the stopper position changes at small gap sizes. The inability of 

the measurements to capture this was due to the stopper being limited to 

maintain a stable level and position did not change to investigate the pressure 

evolution. A larger tundish should be installed to handle flow fluctuations, then 

it would be possible to change the stopper position over a larger range which 

would allow a multitude of measurements at different tundish heights and 

stopper positions which likely would lead to a regression model identifying the 

stopper position to have a high contribution on the pressure. 

• The VIVES probes reliability requires further investigation. Specific tests with 

varying degrees of tip cleanliness, such as tips dipped in oil and tips covered 

with a layer of oxide would give valuable information to create procedures to 

improve reliability in future measurements.  

• Further investigations in the frequencies that occur at low pressures with 

accelerometers is of interest, as it may lead to use accelerometers to detect low 

pressures in the casters. 

• It is of interest to add more functionalities to describe the geometries of the 

various parts for the SPM application. For instance, the stopper is currently 

represented as a half sphere at the tip of a cylindrical rod, however, the stoppers 

have a more complex tip shape. Distinguishing dimensions of these stoppers 

would increase the flexibility and accuracy of the model. It can also be of 

interest to add support for multiphase flows so addition of argon can be 

considered. To further improve the accuracy of the model, a closer analysis of 

each of the points where pressure is calculated can be done so that the model 

can be compared with measurements and updated with more advanced 

theoretical models if necessary. 

• There are multiple types of probes that have not been tried in this thesis that are 

of interest to measure with. Examples of which are vane probes, force reaction 

probes and probes that operate on the principle of convection. 
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Appendix A. Fluid mechanics 

Dimensionless numbers 
The Reynolds number is the dimensionless ratio between the inertial forces and viscous 

forces of a flow, specifically48:  

𝑅𝑒 =
𝑈𝐿

𝜈
.         (A.1) 

Here 𝑈 is the velocity [m/s], 𝐿 is a characteristic length [m] and 𝜈 is the kinematic 

viscosity [m2/s]. 

When the Reynolds number is small the viscous forces are dominating and the fluid 

particles are kept in line, leading to a laminar flow regime where there is little 

interaction between particles in the direction perpendicular to the flow. When the 

Reynolds number is large the inertial forces are dominating as the viscosity is 

insufficient to keep the particles in line. This indicates a turbulent flow where fluid 

particles are colliding and mixing across the flow. The extra mixing from turbulence 

leads to an increased homogenization of the velocity and temperature over the flow. It 

is generally accepted that a flow is laminar up until a Reynolds number of 2100, then 

there is a transition region until the flow can be assumed to be turbulent at Reynolds 

values above 4000.49  

Since the kinematic viscosity of liquid metals generally is low, the Reynolds number 

tends to be high, meaning that most liquid metal flows are turbulent. 

The dimensionless Prandtl number is the ratio between the momentum diffusion, that 

is the rate at which momentum is transported through the fluid, to the thermal diffusion, 

which is the rate heat is transported through the fluid, defined as50: 

 𝑃𝑟 =
𝜇∙𝑐𝑝

𝜆
.        (A.2) 

Here 𝜇 is the dynamic viscosity [Pa ∙ s/m2], 𝑐𝑝 is the thermal conductivity [J/(kg ∙ K)] 

and 𝜆 is the thermal conductivity [W/(m ∙ K)]. 

When the Prandtl number is large, Pr >> 1, the momentum transport dominates the 

fluid, which for heat transport case means that convective heat transport dominates the 

flow. In the same way, for small Prandtl numbers, Pr << 1, the heat conduction 

dominates in the fluid. The Prandtl number of most liquid metals is low, with values 

below 0,06.51 This means that heat conduction is the dominating heat transfer force in 

most liquid metal flows.  

Cavitation 
In continuous casters there is a region where low pressures frequently occur near the 

stopper, which can lead to the occurrence of cavitation. Cavitation is the when gas 

bubbles form and collapse inside the liquid phase, leading to disruptions of the flow 

and shockwaves in the liquid.  

                                                
48 (National Aeronatics and Space Administration, 2019) 
49 (Cambridge University, 2019) 
50 (Nuclear Power, 2019) 
51 (Nuclear Energy Agency NEA, 2015) 
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The formation of gas phase in liquids can be explained by Bernoulli’s equation. In 

steady state non-compressive liquid flows where potential energy change and energy 

losses are assumed to be negligible, Bernoulli’s equation states the following 52: 

𝑝 +
1

2
ρ𝑢2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡.       (19) 

Here 𝑝 is the pressure [Pa], ρ is the density [kg/m3] and 𝑢 is the velocity [m/s]. It can 

thus be seen that in regions where the flow is accelerated, that is the velocity increases, 

the pressure must drop for the value to remain constant. This is what drives cavitation, 

where gas bubbles form as the pressure drops to levels lower than the vaporization 

pressure, 𝑝𝑣 , of a certain constituent of the liquid. When the pressure is recovered later 

in the flow, the bubbles implode which causes shockwaves in the surrounding fluid as 

it rushes in to fill the void left behind by the gas bubbles, as illustrated by Figure A.1. 

 
Figure A.1. Cavitation, the formation and implosion of gas phase bubbles in a liquid.  

This wave of fluid leads to a disruption of the flow pattern as fluid is redirected from 

its original path and can lead to high pressure collisions with solid materials such as 

walls, pumps and turbines which over time can lead to wear.53 

The vapor pressure, pv, for the EBT alloy has not been widely investigated but is of 

interest when looking into the occurrence of cavitation. In the interest of knowing the 

vapor pressures that may be necessary to vaporize the metal, Figure A.2 gives the 

vaporization pressure for the two elements used in the alloy at certain temperatures, 

where the alloy’s vapor pressure can be expected to be in the same region. 

 

                                                
52 (Princeton, 2019) 
53 (Encyclopaedia Britannica, 2019) 
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Figure A.2. The temperature required to vaporize the alloy at a certain pressure. 

Figure is made using data from the American Institute of Physics Handbook.54 

 

  

                                                
54 (Stull, 1972) 
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Appendix B. Fast Fourier Transform 

Some data that is periodic of nature or that is difficult to analyze regularly might have 

an easier analyzed profile in the frequency spectrum. The Fourier transform (FFT) is 

the method of transforming data from the regular time dependent domain, where the 

data is described as a function of time, into the frequency domain, where the data 

instead is represented in the form of an amplitude spectrum. 55  Fourier’s theorem 

describes that any periodic physical function 𝑦(𝑡) can be described as the sum of a 

number of sine waves with different amplitudes, 𝐴𝑖, frequencies, 𝑓𝑖, and phases, 𝜙𝑖, in 

accordance to: 

𝑦(𝑡) = ∑ 𝐴𝑖 ∙ sin(2π𝑓𝑖 ∙ 𝑡 + 𝜙𝑖)𝑖 .      (B.1) 

To visualize this, for the case when a periodic function is hidden underneath a layer of 

noise, as seen in Figure B.1. 

 
Figure B.1. A periodic function that has been corrupted with random noise when 

represented in the time domain. 

It is difficult to distinguish any exact information from the time graph even though there 

are clear signs of a period sine wave within the data. To further investigate and be able 

to decide the exact nature of this sine wave, the function is represented in the frequency 

domain using a FFT, resulting in Figure B.2. 

                                                
55 (Figliola & Beasley, 2015) 
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Figure B.2. The period function corrupted with noise when presented in the frequency 

domain. 

From the amplitude spectrum it is seen that there is a very distinguishable peak with an 

amplitude of approximately 1 at the frequency of 1 Hz. The corresponding sine wave 

with this amplitude and frequency is then plotted into the noise graph of Figure B.1, 

resulting in Figure B.3. 

 
Figure B.3. The previously hidden periodic function, the red line, plotted against the 

previous noise graph. 

The previously hidden sine wave correlates well to the periodicity of the graph and it 

is seen that the Fourier transform can be a useful tool when it comes to analyzing data 

that is periodic of nature or contaminated by noise. 

It is possible to plot the power spectrum from the amplitude spectrum, which is 

constructed by plotting the square of the amplitudes of the amplitude against the 
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frequencies to further analyze the data. 56  The power spectrum for the amplitude 

spectrum in Figure B.2 gives the power spectrum shown in Figure B.4. 

 
Figure B.4. The logarithmic plot of the power spectrum of the FFT in Figure B.3. 

The power spectrum shows which frequency that contains most of the signal’s “power”. 

For this spectrum which analyzes a set of randomly generated data with a single sine 

wave inserted the power is uniformly spread out across the frequencies. The one 

exception is at the frequency of 1 Hz where the sine wave has amplified the power 

considerably.  

The power spectra will be used in this thesis to analyze the occurrence of turbulence as 

it has been shown in that the velocity power spectrum for turbulence is be proportional 

to the frequency in accordance to57: 

𝑃𝑜𝑤𝑒𝑟 ∝ 𝑓−5/3.        (B.2) 

This relationship is called Kolmogorov’s 5/3 law and describes the turbulent energy 

dissipation in fluid motion for smaller and smaller length scales, until such a scale 

where all energy has been dissipated to heat by viscous forces, and the velocity power 

accordingly has reached zero.58 

Another way of presenting data in the frequency domain that is used in this thesis is 

through using spectrograms. A spectrogram is constructed by plotting several 

amplitude spectrums against time and viewing the graph from above with time on the 

x-axis and frequency on the y-axis. The spectrogram is a heatmap, meaning that the 

resulting surface is colored in accordance to the magnitude of the amplitude which 

makes it easy to see distinct frequencies over time. 

  

                                                
56 (WaveMetrics, 2019) 
57 (Ecke, 2005) 
58 (Borovik, 2019) 
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Appendix C. Data filtering 

All the measured data from the VIVES probes was filtered prior to being presented in 

the report. The unfiltered data has a large degree of noise and variance which makes it 

difficult to extract useful data out of the results.  

The data was filtered in Matlab using three types of filters, the first being a rough filter 

that removes any values above a certain threshold value, the second being a derivative 

filter that removes any value that has a derivative larger than a certain threshold to both 

of its adjacent data points and the third filter, a moving average filter, being a simple 

averaging of the data points by giving it the mean value of the n nearest data points. 

Each of these methods are now explained more thoroughly. 

Rough threshold filtering 
This filter finds any data point with a value above a certain specified threshold and 

below the negative value of the same threshold and sets it to zero. This can be described 

with the following logic operator: 

𝑖𝑓 𝑥𝑖 > 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑜𝑟 𝑥𝑖 < −𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, 𝑠𝑒𝑡 𝑥𝑖 = 0.  

This threshold has been selected to be above the absolute values of the maximum and 

minimum values of the measured quantity underneath the noise. 

Derivative filtering 
This filter finds any data point which has an absolute derivative value that is above a 

certain threshold to both of its adjacent data points and sets it to the mean value of its 

adjacent cells. This can be described with the following logic operator: 

𝑖𝑓 𝑎𝑏𝑠(𝑥𝑖 − 𝑥𝑖−1) > 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑎𝑛𝑑 𝑎𝑏𝑠(𝑥𝑖+1 − 𝑥𝑖) > 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, 

𝑠𝑒𝑡 𝑥𝑖 =  
𝑥𝑖+1+𝑥𝑖+1

2
 .  

The derivative threshold value is set to be sufficiently high to remove any noise spikes 

while being small enough not to prevent any high derivative movements in the curve 

resulting from, as example, direction changes of the flow. 

Smoothing filter 
The smoothing filter simply gives a data point a value corresponding to the average 

value of the n closest data points. This can be described with the following equation: 

𝑥𝑖 =
1

𝑛
∑ xk

𝑛
𝑘=𝑖−

𝑛

2

.       (C.1) 

The number of points to be averaged over is set to be large enough to smooth out small 

fluctuations around a constant level, but also small enough not to average away 

important magnitude data. Selecting a high value leads to large increases in 

computational time. In the report there are some occurrences where it is mentioned that 

“a less filtered version” of the data is used, in these cases this smoothing filter is omitted 

whilst the other two are still used. 

Combined filter effect visualized 
Figures C.1 through C.4 shows the effect of having a filter by plotting the unfiltered 

data, in black, with the filtered data, in color, in the same figures. The conditions used 

is a rough threshold of 1.75 ∙ 10−5V, a derivative threshold of 0.005 ∙ 10−5V/n and the 
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number of data points over which averaging takes place is 500. As a reminder, the 

sampling rate is 100 Hz. 

 
Figure C.1. Filtered and unfiltered data compared for the first VIVES probe. 

 

 
Figure C.2. Filtered and unfiltered data compared for the second VIVES probe. 
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Figure C.3. Filtered and unfiltered data compared for the third VIVES probe. 

 
Figure C.4. Filtered and unfiltered data compared for the fourth VIVES probe. 
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Appendix D. Regression analysis 

Multiple sets of data are analyzed using regression analysis in this thesis. This is the 

process of fitting a model to predict a dependent variable, 𝑌, by using a set of measured 

data and some predictor variable or variables, 𝑋𝑖, which gives an equation taking the 

form of:  

𝑌 = β0 + β1 ∙ 𝑋1 + ⋯ + βi ∙ 𝑋𝑖 + ϵ.      (D.1) 

Here, in addition to the two variables mentioned beforehand, βi  are regression 

coefficients and ϵ is the error. The most common type of regression type used is that of 

ordinary least squares, which predicts the regression coefficients so as the sum of the 

square of the residuals is minimized, where a residual is defined as the difference 

between the observed value and the modelled value. 

To verify that the model predicts reality with a reasonable accuracy one can test each 

variable’s significance with the null hypothesis test. In statistics, the null hypothesis is 

the hypothesis that two investigated cases are not related nor dependent on each other, 

which can be translated for this case is a hypothesis that the variables 𝛽𝑖 are all equal 

to zero. This hypothesis is assumed to be true until proven otherwise. Any hypothesis 

can only be proven untrue to a certain level of certainty, for instance one can decide to 

reject it only if it can be proven that it is false within a probability of 0.95. If the null 

hypothesis is rejected at this level, then the remaining probability of 0.05 handles the 

case where the null hypothesis has been rejected but still is true. This remainder 

probability is defined as the significance level, 𝛼, of the test.  

In a similar way the P-value is defined as the significance of a statistical model which 

is defined as the probability for finding the null hypothesis true when it is discarded.59 

If this value is coinciding or is smaller than the significance level, then the model can 

be assumed to be true within the set level of significance. As a clarification, the main 

difference between the significance level, 𝛼, and the significance, P, is that one is the 

required accuracy of the model whilst the other is the actual accuracy of the model 

which is compared to the required accuracy. 

To quantify how well a regression model predicts a set of data, the R2-value is used. To 

define this value one first needs to define the total sum of squares, 𝑆𝑆𝑡𝑜𝑡 , which is 

defined as the sum of the square of the difference between the observed value at each 

point in the data set, 𝑦𝑖, and the mean value of the data set, �̅�, that is:  

𝑆𝑆𝑡𝑜𝑡 = ∑ (𝑦𝑖 − �̅�)2
𝑖 .        (D.2) 

In addition to this, the sum of the square of the residuals, 𝑆𝑆𝑟𝑒𝑠 , is necessary to define 

the R2-value, which is defined as the difference between the observed value at each 

point in the data set and the modelled value, �̂�, which gives:  

𝑆𝑆𝑟𝑒𝑠 = ∑ (𝑦𝑖 − �̂�)2
𝑖 .        (D.3) 

Using the two sum of square values it is then possible to define the R2-value in 

accordance to: 

𝑅2 = 1 −
𝑆𝑆𝑟𝑒𝑠

𝑆𝑆𝑡𝑜𝑡
.        (D.4) 

The R2-value varies between 0 and 1 and it describes the ratio between the variance that 

is explained by the model to the total variance. A value of 1 means that the model 

                                                
59 (StatsDirect Limited, 2019) 
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completely coincides with the data points and a value of 0 means that the model fails 

to predict any of the variance.60 A problem with the R2-value arises when more and 

more predictor variables are added, as this leads to a steady increase of its value even 

if the added variables have very little correlation to the model. The adjusted 𝑅2-value, 

𝑅𝑎𝑑𝑗
2 , is used to consider that all additions of predictor variables may not be relevant in 

modelling the data set. The 𝑅𝑎𝑑𝑗
2 -value is defined in accordance to: 

𝑅𝑎𝑑𝑗
2 = 1 − (1 − 𝑅2)

(𝑛𝑠−1)

𝑛𝑠−𝑘𝑣−1
.      (D.5)61  

Here 𝑛𝑠 is the number of data points in the data set and 𝑘𝑣 is the number of predictor 

variables. It can be seen that addition of more predictor variables will lead to lower 

values of the 𝑅𝑎𝑑𝑗
2 -value unless they contribute to a higher 𝑅2-value, which leads to a 

more reliable method of deciding the accuracy of the regression model as additions of 

low contributing variables can be detected.  

  

                                                
60 (Hayes, 2019) 
61 (Stephanie, 2019) 
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Appendix E. Optical probe measurements 

Operating principle of the chromatic confocal light probe and 
blue line laser 
A chromatic confocal light probe measures distance using the difference in wavelengths 

of the spectra of light that can be retrieved from a white light source. 

White light, which as example can originate from LEDs, is a combination of multiple 

different lights of varying wavelengths. When it is chromatically dispersed through 

lenses or prisms it gives rise to light in a wide range of colors, representing different 

wavelengths in the visible spectra. The difference in wavelength leads to that the focal 

point, which is where each of the different waves of light converges to a single point, 

occurs at different distances away from the dispersing lens. This difference in distance 

to focal points leads to different reflection distributions. 

In a chromatic confocal light probe a white light source is chromatically dispersed into 

a spectrum with different focal points. A surface is then exposed to the light which leads 

to the different wavelengths of light being reflected into the detector. The out of focus 

beams are filtered away leaving only an in focus wavelength of known focal distance, 

which directly translates to the distance to the surface that is measured.62 Figure E.1 

below shows a rough sketch of the principle of a chromatic confocal light sensor, where 

a surface is exposed to a wide spectrum of light. 

 
Figure E.1. A chromatic confocal light probe used to measure distance by using light 

of different wave lengths.  

The blue line laser used in this report is based on the principle of position triangulation. 

A laser beam is widened into a line using a lens, this line is then projected on the surface 

to be measured from which it is reflected onto an image sensor.63 The relative position 

to all the points exposed to the line laser can be found by triangulating of the reflected 

image with the relative positions of the image sensor and the laser beam source.64 

Figure E.2 shows the principle behind the blue line laser, where the beam is reflected 

across the line at different angles depending on the distance to the surface of reflection. 

                                                
62 (Nanovea, 2019) 
63 (Micro-Epsilon, 2019) 
64 (Stemmer Imaging, 2019) 
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Figure E.2. To the left, a blue line laser projecting on a surface where the reflection is 

picked up by an image sensor. To the right, an image sensor and the effect of different 

distances on the measured angle. 

The chromatic confocal light probe (“Light probe”) and the blue line laser (“Blue 

laser”) were installed so as their working distance, that is the distance to the midpoint 

of the sensors working range, coincided with the surface of the liquid metal. The 

working distance of the light probe was 76.5 mm and it had a working range of 25 mm. 

The blue laser had a working distance of 240 mm, and at this distance it was capable of 

measuring over a line length of 100 mm. The setup is visualized in the sketch of Figure 

E.3 after which is Figure E.4 in which the setup is seen at it was during the trials, where 

the two light sensor’s protective boxes are seen above the liquid metal bath. 
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Figure E.3. Placement of the light beam and blue laser in the mold of Continuous 

Casting Simulator. Figure is not up to scale. 

 
Figure E.4. To the left in the image is the light beam sensor, covered in a protective 

coat and placed in a metal holder. To the right is the blue laser, safely held inside a 

protective box. 

Since the data storage space is limited and the size of the data out of the 3D blue line 

laser is large it was decided that the blue line laser, and for consistency also the light 

beam, is to measure only for bursts of 1 minute for each set of conditions. 

The surface measurements of the light probe consisted of two measurements at a 

specific casting speed, where one of the measurements was without argon flow rate and 

one was with an argon flow rate of 2 dm3/min. During the first trial day the 

measurements was done for four different casting speeds, these were 0.7, 0.8, 0.9 and 

1 m/min, respectively. During the second trial day there was five casting speeds, these 

were the same as for the first trial day except for the addition of the 0.6 m/min casting 

speed at the lower end of the range. 
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Results - Chromatic confocal light probe 
The resulting measurements at the different casting speeds specified in the previous 

section is presented below for trial day one in Figure E.4 through Figure E.7, and for 

trial day two in Figure E.8 through Figure E.12. Each figure consists of an upper part 

with a surface height plot for two different argon flow rates along with the same casting 

speed and a lower part with an amplitude spectrum for the two lines. The distance 

specified is the distance from the furthest point in the probe’s measurement range. 

 
Figure E.4. The measured liquid metal surface height and its’ amplitude spectrum at a 

casting speed of 0.7 m/min. 

 
Figure E.5. The measured liquid metal surface height and its’ amplitude spectrum at a 

casting speed of 0.8 m/min. 
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Figure E.6. The measured liquid metal surface height and its’ amplitude spectrum at a 

casting speed of 0.9 m/min. 

 
Figure E.7. The measured liquid metal surface height and its’ amplitude spectrum at a 

casting speed of 1 m/min. 

 
Figure E.8. The measured liquid metal surface height and its’ amplitude spectrum at a 

casting speed of 0.6 m/min. 
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Figure E.9. The measured liquid metal surface height and its’ amplitude spectrum at a 

casting speed of 0.7 m/min. 

 
Figure E.10. The measured liquid metal surface height and its’ amplitude spectrum at 

a casting speed of 0.8 m/min. 

 
Figure E.11. The measured liquid metal surface height and its’ amplitude spectrum at 

a casting speed of 0.9 m/min. 
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Figure E.12. The measured liquid metal surface height and its’ amplitude spectrum at 

a casting speed of 1 m/min. 

Discussion – Chromatic confocal probe 
There was a continuous buildup of oxides on the surface of the liquid metal throughout 

the trials, especially during trial day one due to the previously mentioned leakage. To 

attempt to minimize the effect from this on the measurement, cleaning was done 

regularly and the distance of the probe to the surface had to be readjusted at multiple 

occasions. The probe was tested prior to the trials and was shown to be capable on being 

able to measure both the distance to the silicone oil layer on a metallic surface and the 

distance to the metal surface itself, but the fouling of the oil due to oxides prevented 

measurement of two surfaces during the trials.  

One interesting thing that can be seen in the distance graphs is that the blue lines with 

no argon flow behaves much more erratically. Before these lines were filtered a large 

part of the data points were measurements where the probe hadn’t been able to measure 

a distance and instead registered the default zero value as the probe had difficulty to 

measure when there is no argon flow. To see why this is the case one can analyze how 

the flow changes with addition of argon. The argon flows through the tundish pipe 

down through the SEN after which it rises to the surface, and it is when it does this that 

it changes the flow of the adjacent liquid metal which displaces the silicone oil layer to 

the outer regions of the mold, as seen in Figure E.13. As the thick silicone oil layer is 
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displaced away from the light beam’s measuring point it can measure the surface at a 

much higher accuracy.  

 
Figure E.13. Sketch of how the flow in the mold is affected by argon. 

The displacement could be seen happening on the surface during the trials, as is 

presented in the right part of Figure E.14 and Figure E.15 where the oil layer is 

displaced towards the narrow face of the wall, on the right side in the pictures, as the 

argon flow rate is alternated between no argon flow and 2 dm3/min at a constant casting 

speed of 0.8 m/min.  

 

Figure E.14. The liquid metal surface at a casting speed of 0.8 m/min and no argon 

flow rate, there is a region of liquid metal mostly exposed to the air at the right side of 

the picture. 
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Figure E.15. The liquid metal surface at a casting speed of 0.8 m/min and an argon 

flow rate of 2 dm3/min, the previously exposed region of liquid metal has been 

covered with a displaced layer of silicone oil.  

It is worth noting that the oil is still present at the point of measurement from the light 

probe, but that the oil layer has become thinner and smoother.  

When it comes to analyzing the value of the height in the surface height plot, it is 

difficult to read out any useful information from the distance to the surface, as the 

distance from the probe to the surface differs between measurements due to the probe 

adjustments or the removal of floating oxide islands from beneath the probe. As the 

average value of the surface height in a measurement is the value that is shown as the 

first column in the amplitude spectra, that is the amplitude corresponding to the 

frequency of zero, the amplitude spectra presented in the results section were 

accordingly set with axis limits that focuses on maximizing visibility for frequencies 

other than this zero-frequency. 

Two reoccurring amplitude peaks throughout most of the amplitude spectra other than 

the ones at the frequencies lower than 0.5 Hz are located at or near the frequencies 

0.754 and 1.171 Hz. The amplitude values at these peaks and the exact frequencies are 

presented for the case with and without argon flow rate for the first and second trial 

days in Table E.1 and Table E.2. 
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Table E.1. The exact frequency, 𝑓, and amplitude values, 𝐴, with and without argon 

for all casting speeds, 𝑢, the first trial day of the peaks in the region of the two 

frequencies detected to commonly have peaks. 

 First trial day 

𝑓 ≈ 0.754 𝐻𝑧 𝑓 ≈ 1.171 𝐻𝑧 

u 𝑓 𝐴 𝑓𝑎𝑟𝑔  𝐴𝑎𝑟𝑔 𝑓 𝐴 𝑓𝑎𝑟𝑔  𝐴𝑎𝑟𝑔 

[m/s] [Hz] [mm] [Hz] [mm] [Hz] [mm] [Hz] [mm] 

0.6 - - - - - - - - 

0.7 0.7667 0.1046 0.7543 0.1688 1.2 0.1481 1.204 0.1613 

0.8 0.7626 0.1009 0.754 0.1132 1.203 0.06305 1.187 0.09906 

0.9 0.75 0.09059 0.7544 0.06596 1.167 0.04768 1.171 0.1422 

1.0 0.75 0.11 0.7707 0.1879 1.167 0.04643 1.171 0.143 

 

Table E.2. The exact frequency, 𝑓, and amplitude values, 𝐴, with and without argon 

for all casting speeds, 𝑢, for the second trial day of the peaks in the region of the two 

frequencies detected to commonly have peaks. 

 Second trial day 

𝑓 ≈ 0.754 𝐻𝑧 𝑓 ≈ 1.171 𝐻𝑧 

u 𝑓 𝐴 𝑓𝑎𝑟𝑔  𝐴𝑎𝑟𝑔 𝑓 𝐴 𝑓𝑎𝑟𝑔  𝐴𝑎𝑟𝑔 

[m/s] [Hz] [mm] [Hz] [mm] [Hz] [mm] [Hz] [mm] 

0.6 0.7704 0.0425 0.7547 0.2606 1.156 0.01733 1.155 0.09142 

0.7 0.7333 0.05987 0.7709 0.1073 1.217 0.06059 1.171 0.1046 

0.8 0.7332 0.136 0.754 0.1317 1.183 0.08917 1.171 0.3058 

0.9 - - 0.754 0.08982 - - 1.171 0.278 

1.0 0.736 0.09348 0.6873 0.1069 1.121 0.05057 1.171 0.1362 

 

It is difficult to distinguish specific peaks at these frequencies for the cases when no 

argon is supplied as the amplitude spectrum profile at these frequencies is then much 

more uniform, except for the dominating frequencies lower than 0.5 Hz where the major 

portion of the amplitude peaks are present. The addition of argon affects the surface 

flow in the way as was visualized in the figures above where it could be seen that the 

surface’s oil layer is displaced, and it is seen that this oil layer travels in waves 

dominated primarily by the lower frequencies beneath 0.5 Hz and the two higher 

frequencies of 0.754 and 1.171 Hz. 

Overall, there was great difficulty in making this probe capable of measuring in the 

Continuous Casting Simulator.    
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Results – Blue line laser 
During the trial days the measured data was gathered in the form of coordinates in the 

x-, z- and t-direction. This was converted for each t into representing the z-value as a 

function of x by first using a linear equation to represent the mean surface level at that 

time,  𝑚(𝑡), and then eight sinewaves with the highest amplitudes from an amplitude 

spectrum to represent the fluctuations from the average, 

𝑧(𝑥, 𝑡) = 𝑚(𝑡) + 𝑘(𝑡) ∙ 𝑥 + ∑ 𝐴𝑖(𝑡) ∙ sin(2𝜋𝑓𝑖(𝑡) ∙ 𝑥 + 𝜙𝑖(𝑡))8
𝑖=1 .  (E.1) 

The resulting surface height plots using this modelled equation is presented for six 

different cases at which the blue laser was capable of measuring, with casting speeds 

ranging from 0.6 to 0.9 m/min and argon flow rates of 0 or 2 dm3/min, in Figure E.16 

through Figure E.21.  

 
Figure E.16. The surface profile of the, by the blue laser, measured region of the mold 

over one minute of measurement at a casting speed of 0.6 m/min and no argon flow. 

 
Figure E.17. The surface profile of the, by the blue laser, measured region of the mold 

over one minute of measurement at a casting speed of 0.7 m/min and no argon flow. 
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Figure E.18. The surface profile of the, by the blue laser, measured region of the mold 

over one minute of measurement at a casting speed of 0.7 m/min and an argon flow of 

2 dm3/min. 

 

 

  

Figure E.19. The surface profile of the, by the blue laser, measured region of the mold 

over one minute of measurement at a casting speed of 0.8 m/min and an argon flow of 

2 dm3/min. 

   

Figure E.20. The surface profile of the, by the blue laser, measured region of the mold 

over one minute of measurement at a casting speed of 0.9 m/min and no argon flow. 
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Figure E.21. The surface profile of the, by the blue laser, measured region of the mold 

over one minute of measurement at a casting speed of 0.9 m/min and an argon flow of 

2 dm3/min. 

The measured data from day two was not useable as the sensor was unable to measure 

any signal during most of the measurement time. 

Discussion – Blue line laser 
The data files from each blue line measurement were large, in the sizes of 

approximately 10 MB of data per second measured. This made it difficult to process 

and analyze the data and made it desirable to find some alternate way to represent the 

data, which led to the decision of representing the data in the form of sinewaves. It is 

inevitable that some information is lost from this conversion, mainly low frequent, but 

the overall macro-structure of the surface was well reflected by this representation, as 

shown in the comparison of one of the surfaces in Figure E.22. For instance, it is seen 

that the bottom in the lower left corner and the peak in the upper right corner are well 

represented.  

 
Figure E.22. Comparison between the simplified representation of the surface, the 

upper part, and the actual measured surface, the lower part. 
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Looking at the figures presented in the result section above it is possible to distinguish 

that that the surface profile throughout the measurements has one side of the width that 

is approximately 10 mm higher than the other. This offset isn’t due to any flow 

conditions as the measurement range is centered at the symmetry-axis of the mold, and 

the flow is symmetric across the mold. It is also very unlikely that this depends on an 

uneven distribution of the oil layer across the measurement range, as the offset is 

constant through the measurements and the increase in height from one side to the other 

is gradual with no signs of passing over the viscous boundary of the oil layer. This 

leaves the probable reason being that the probe was installed with a slight inclination 

relative the surface, which would result in a gradual offset across its measuring range 

as the one experienced. It was very difficult to align the probe exactly during the trials, 

as firstly it needs to be positioned at a very specific distance relative the surface and 

any angle measurements after this on the blue laser would be done on it indirectly as it 

is housed in a protective box, and this box does not necessarily have the same 

inclination as the sensor.  

In a similar way as the height offset of the width, it is possible to identify a steeper 

change in height offset in the length direction, where the height increases at points in 

the surface profile as time goes by. This is expected and can be explained by the 

movement and growth of oxide “islands” and the displacement of the oil layer at the 

surface at the points of measurement.  

During the first day the measurements took place while a layer of oxide was covering 

the uppermost part of the surface, allowing the probe to continuous measure without 

any major issues as the oxide formed a surface that was distinct. During trial day two 

the amount of oxide was reduced leading to the uppermost part of the surface being 

covered mainly by oil which proved very difficult for the blue laser to measure in. 

Bubbles had formed in the oil layer in the absence of oxides that caused the laser’s 

beam to be dispersed, as seen in Figure E.23, effectively making the sensor unable to 

measure. 

 
Figure E.23. In the absence of oxides, bubbles forms in the upper oil layer. 
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Appendix F. Complete trial day logs 

08 April 2019 

Time 

(HH:MM) 

Pump 

RPM 

Casting 

Speed 

(m/min) 

Argon 

injection 

in 

stopper 

(l/min) 

Argon 

injection 

in Nozzle 

(l/min) 

Tundish 

level 

(mm) 

Stopper 

rod 

position 

(mm) 

9:20 Start of measurements 

9:27 1210 0.8 2.03 0.38 90 15.04 

9:32 1350  2.03 0.38 45 15.4 

9.40 1180  2.04 0.38 70 15.12 

9.43 1010  2.04 0.38 80 14.43 

9.47 900  2.04 0.38 80 13.84 

9.48 Stopper rod move up and down 

9.49 900  2.04 0.38   

10:02 Computer times synchronized  

10:03 900  2.04 0.38 65 13.88 

Immersion depth 700mm  

10:05 900  2.04 0.38 67 13.88 

Immersion depth change to 600mm (0-700mm range) 

10:11 900  2.04 0.38 55 13.64 

Change of casting speed to 0.6m/min (1050RPM) 

10:13 1050 0.6 2.05 0.38 55 14.86 

10.17 1130 0.7 2.05 0.38 55 14.86 

10:20 1230 0.8 2.04 0.38 65 15.18 

10.24 1340 0.9 2.04 0.38 25 15.44 

Tundish level changing rapidly up and down. Oscillation clearly noticeable at 10.31. 

The tundish almost overflows at 10:37 and the level display in the graph is outside 

of measurable region. 

10:37 1410  2.04 0.38 33 15.54 

10:40 1410  1.03 0.38 46 15.51 

10:43 1410  1.03 0.01 41.80 15.51 

10.45 1410  0.53 0.01 64.20 15.48 

10.48 1410  0.00 0.01 66.20 15.49 

Air pressure 1020 mbar  
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Pressure at stopper -941.41 mbar and at the nozzle -113.88. 

Sound occurring detected like popcorn roasting when the pressure at stopper reaches 

-930mbar. 

10:50 Cleaning of oxide layer and oil addition 

11.02 Going down in immersion depth. Depth reached 700mm 

11:03 1410  0.00 0.01 57.4 15.55 

11:13 Setting up of camera. Immersion depth changed to 600mm 

11:20 1410  0 0.01 41.6 15.41 

11:22 1410  1.03 0.01 52.40 15.41 

11:25 1410  2.03 0.01 60.20 15.41 

11:27 1410  3.02 0.01 65.86 15.44 

11:31 1410  4.03 0.01 93.00 15.83 

11:34 Planning to fix laser beam, scanners, VIVES probes. Switching to 

installation parameters. 

Pressure sensor detected to operate. Continue to test pressure sensor 

11:51 Increase/decrease argon rate to check detection.  

11:53 Increase in casting speed to 1m/min 

11:55 1410  4.02 0.01 43.00 15.83 

11:55 1410  2.04 0.01 37.00 15.49 

11:56 1410  0.00 0.00 46.20 15.49 

11:58 1410  2.04 0.00 54 15.52 

12:00 1410  4.03 0.01 89.89 15.85 

12:01 1410  6.03 0.01 39.60 16.13 

12:04 Switching to installation parameters 

12:04 1050 0.6 0.00 0.00 29.60 14.27 

12:10 1080  1.04 0.01 80 14.35 

12:11 1080  0.00 0.01 75 17.31 

12:12 1080  0.01 0.01 83.20 14.27 

12:13 – 14:57 Cleaning oxides + Lunch + Installation of VIVES probes + scanners 
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 08 April 2019 

Time 

(HH:MM

) 

Pum

p 

RPM 

Castin

g 

Speed 

(m/min

) 

Argon 

injectio

n in 

stopper 

(l/min) 

Argon 

injectio

n in 

Nozzle 

(l/min) 

Tundis

h level 

(mm) 

Stoppe

r rod 

positio

n (mm) 

Name of 

saved file 

14:57 Recording of light beam sensor and blue laser sensor. Blue laser scanner 

is fixed in a way that the laser beam is parallel and 200mm away from 

the narrow face of the mold. 

14:57 1230  0.00 0.01 70 15.00 0d8_0 

15:08 1230  2.05 0.01 73 15.10 0d8_2 

15:14 1340  2.04 0.01 50 15.41 0d9_2 

15:17 1340  0.00 0.01 78 15.41 0d9_0 

15:21 1410  0.00 0.01 84 15.60 1d0_0 

15:24 1410  0.00 0.38 77.70 15.62 No scans 

15:30 Cleaning of oxide films 

15:34 1410  2.05 0.38 81.40 15.66 1d0_2_0d

4 

15:37 1130  2.04 0.38 89.60 15.03 0d7_2_0d

4 

15:42 1130  0.00 0.39 32.00 14.76 0d7_0_0d

4 

15:45 1050  0.00 0.38 74.00 14.24 0d6_0_0d

4 

15:47 Removal of sensors, probes and other equipment. End of trial day 1 

 

11 April 2019 

Time 

(HH:M

M) 

Pum

p 

RPM 

Castin

g 

Speed 

(m/min

) 

Argon 

injectio

n in 

stopper 

(l/min) 

Argon 

injectio

n in 

nozzle 

(l/min) 

Tundis

h level 

(mm) 

Stoppe

r rod 

positio

n (mm) 

Name of 

saved file 

10:07 Setup of the miscellaneous 

10:07 Startup of pump, overpressure of 1575.79 mbar in stopper, -212.59 mbar 

in nozzle and 1029 mbar atmospheric 

10:17 All systems stopped to fix the stopper 

12:04 Starting up, fixing the blue laser and the light beam, light beam 

displaying a static level 

12:40 Cleaning of oil surface 
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12:50 Light beam showing surface levels 

12:56 1050 0.6 0.01 0.01 79.4 12.17 
 

12:56 Attempt to fix light beam measurement 

12:56 Making a blue laser measurement, 0d6_0_All 

13:09 Attempts to fix VIVES probes 

13:06 1050 0.6 0.01 0.01 79 12.17 0d6_0_trial

1 

13:37 1050 0.6 0.01 0.01 79 12.14 0d6_0_trial

2 

13:39 1050 0.6  2.04 0.01 97.6 12.50 0d6_2_trial

1 

13:41 1050 0.6 2.04 0.01 84.2 12.79 0d6_2_trial

2 

13:54 1130 0.7 2.04 0.01 ~80 12.79 0d7_0_trial

1 

13:57 1130 0.7 0.01 0.01 ~80 Varies 0d7_2_trial

2 

13:59 1230 0.8 0.01 0.01 ~80 Varies 0d8_0_trial

1 

14:04 1230 0.8 2.04 0.01 ~80 Varies 0d8_0_trial

2 

14:06 1340 0.9 2.04 0.01 ~80 Varies 0d9_0_trial

1 

14:09 1340 0.9 0.01 0.01 ~80 Varies 0d9_0_trial

2 

14:11 1410 1 0.01 0.01 ~80 Varies 1d0_0_trial

1 

14:13 1410 1 2.04 0.01 ~80 Varies 1d0_0_trial

2 

 

 


