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Kurzfassung 

Obwohl das Stranggießen heutzutage das am meisten verwendete Verfahren für das 

Vergießen von Stahl ist, wird der Hersteller nach wie vor mit mehreren Herausforderungen 

konfrontiert. Diese können unter anderem Produktfehler wie Risse oder nichtmetallische 

Einschlüsse sowie betriebliche Probleme wie Durchbrüche der Strangschale oder Clogging 

während des Gießens sein. 

Um Clogging und feuerfesten Verschleiß frühzeitig zu erkennen und damit 

schwerwiegendere Probleme wie zuvor genannte Durchbrüche zu vermeiden, wurde in dieser 

Arbeit eine neue Methode zur Detektion dieser beiden Probleme getestet. Das Ziel dieser 

Arbeit ist es, die Erkennung von Clogging und feuerfestem Verschleiß mithilfe der 

berührungslosen Temperaturmessung zu evaluieren. Hierfür wurde ein spezieller 

Laborversuchsaufbau entwickelt, um Messungen mit verschiedenen berührungslosen 

Temperaturmessmethoden gleichzeitig durchführen zu können. Dafür wurden eine Infrarot-

Kamera, ein Pyrometer und das BST (Broadband Spectral Thermometer) verwendet. Des 

Weiteren wurden Thermoelemente als Referenz für die kontaktlosen Messungen verwendet. 

Um die geeignetste Methode zum Nachweis von Ansatzbildung und feuerfesten Verschleiß zu 

finden, wurden die verschiedenen Methoden hinsichtlich der Endtemperaturdifferenz und der 

Aufheizgeschwindigkeit der verschiedenen Proben verglichen. 

Grundsätzlich ist die Detektion von Clogging und Verschleiß in einem Labormaßstab 

möglich. Das gilt sowohl für die Betrachtung der Endtemperaturdifferenz als auch für die 

Aufheizgeschwindigkeit. Dabei zeigte das Pyrometer die besten Ergebnisse. 
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Abstract 

Although continuous casting is the dominating casting process nowadays, the operators still 

face several challenges. These can be product defects and operational difficulties, like different 

cracks, non-metallic inclusions, breakouts or the appearance of clogging, respectively. 

To detect clogging and refractory wear at an early stage and thus avoid more severe 

problems, a new approach was tested in this work. The main objective was to answer whether 

the detection of clogging and refractory wear can be measured using contactless temperature 

measurement. Thus, developing a laboratory trial set-up was necessary to conduct 

measurements with various contactless temperature measurement methods, e.g., Infrared 

Camera, Pyrometer, and Broadband Spectral Thermometer. Furthermore, thermocouples 

were used as a reference. The different methods were compared concerning the end 

temperature difference and the heating rate of the different samples to find the most sufficient 

method to detect clogging and refractory wear. 

It was found that the detection of both, clogging and wear, is possible in a laboratory scale. 

This is true if the end temperatures are taken into consideration as well as in case of the 

comparison of heating rates. Whereat, the pyrometer showed the best results. 
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Acronyms 
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Glossary 

[1,2] Alumina Corundum, Al2O3 

[1,2] Chromia Chromic oxide, Cr2O3 

[1,2] Magnesia Chromite Chrome spinel, MgO · Cr2O3 

[1,2] Calcia Lime, Calcia, CaO 

[1,2] Doloma Dolomite, CaCO3 · MgCO3 

[1,2] Forsterite 2MgO · SiO2 

[1,2] Magnesia Periclase, MgO 

[1,2] Silica Cristobalite, SiO2 

[1,2] Spinel Magnesia Aluminate, MgO · Al2O3 

[1,2] Zirconia Baddeleyite, ZrO2 

[1,2] Zircon Zircon Silicate, ZrO2 · SiO2 

LS Ladle shroud Between ladle & tundish; pressed onto a collector 

nozzle using a LS manipulator 

SEN Submerged entry nozzle directly mortared into the bottom of the tundish 

SES Submerged entry shroud Between tundish & mould; pressed onto a collector 

nozzle using some manipulator (similar to ladle 

shroud) 
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MT Monotube Between tundish & mould; applied using an 

exchangeable nozzle system (compare to RHI 

Magnesita MNC-RSP system for open casting) 
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1 Introduction 

Nowadays the continuous casting process is primary used for the casting of steel. Some 

problems come along with this process like product defects and operational difficulties. Product 

defects include cracks, various porosities, or non-metallic inclusions, whereas operational 

difficulties can include breakouts or clogging during the continuous casting of steel. The build-

up of material can occur at various areas inside a continuous casting system. Some of them 

are shown in Figure 1-1. Additionally, clogging is also possible at the stopper nose. [3,4] 

 

Figure 1-1: Build-up of clogging material a) at the tundish slide gate, b) on the upper part of a 
submerged entry nozzle, and c) in the bore and the area of the exit ports of a SEN. [4] 

The early detection of problems as clogging or refractory wear can be essential to prevent 

more serious problems as for example breakouts. Thus, it should be clarified within this work 

if the detection of clogging and refractory wear using contactless temperature measurement is 
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feasible. Therefore, a literature study was conducted regarding refractory materials and types, 

clogging, as well as the principles of contactless temperature measurements and 

thermocouples. Afterwards, a laboratory trial set-up was developed to conduct temperature 

measurements with an infrared camera, a pyrometer, and a broadband spectral thermometer. 

Additionally, thermocouples were applied as a reference. The different contactless 

temperature measurement methods were compared, to find the most sufficient for the 

detection of clogging and refractory wear. 
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2 Refractory products for the continuous 
casting of steel 

In this chapter a short overview about the refractory products for the continuous casting of 

steel is given. The functional products, more precisely refractory tubes, are explained in more 

detail regarding structure and wear mechanisms, as well as wear detection and typical 

countermeasures. 

Refractory products are defined as non-metallic ceramic materials which have a 

refractoriness of ≥ 1500 °C. Refractory products are based on six raw materials or mixtures of 

these – SiO2, Al2O3, MgO, CaO, Cr2O3 and ZrO2. Also, carbon is often added. These materials 

can be divided according to their chemical reaction behaviour into acidic, basic and neutral, 

also see Table 2-1. [2] 

Table 2-1: Classification of refractory materials based on their chemical reaction 
behaviour. [2] 

chemical reaction 

behaviour 
reaction refractory material 

acidic oxide + H2O → acid 
silica, Al2O3-SiO2-products, 

zircon silicate 

basic oxide + H2O → base (hydroxide) 
products with magnesia and 

doloma base 

almost neutral reacts neither acidic nor basic 
alumina, chromite, 

picrochromite, spinel, forsterite 
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2.1 Types 

According to literature, there are four types of refractory products [2]: 

 shaped products, 

 unshaped products or monolithics, 

 functional products, and 

 heat-insulating products. 

This master thesis focuses on functional products, more precise on isostatically pressed 

products for the continuous casting of steel. Among this group are ladle shrouds and 

submerged entry nozzles which will be described more detailed in the following 

subchapters. [2] 

2.1.1 Ladle shroud 

The ladle shroud is a pipe made of refractory material and is used to protect the molten 

metal stream which is transferred from the ladle to the tundish. Primarily, it should shield the 

molten metal from contact with ambient air. Thus, preventing reoxidation, slag entrapment and 

air-pickup, which can lead to formation of inclusions. The shrouding furthermore has been 

adapted by argon injection or gaskets to minimize air suction into the nozzle through cracks or 

joints between the shroud and the collector nozzle (CN). The reduction of temperature losses 

during casting is a further benefit using a ladle shroud. [2,5] 

2.1.2 Submerged entry nozzle 

Just like the ladle shroud, the submerged entry nozzle (SEN) is a tube made of refractory 

material. For the use in the continuous casting of steel the following characteristics of SENs 

are among others favourable [6–8]: 

 stability in temperatures up to 1600 °C, 

 low chemical reactivity of the refractory material with molten metal, 

 erosion resistance, even at high flow rates, and 

 low porosity. 

A submerged entry nozzle is used to shroud the casting stream transferred from tundish to 

mould. Apart from protecting the molten metal from the contact with the ambient air, and thus 
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prevent re-oxidation, the SEN is also used to control the molten steel flow in the mould. In 

order to optimize this flow pattern different designs are used. [6–8] 

2.2 Material and shape concept 

For both, ladle shroud and submerged entry nozzle, in general the raw material concept is 

based on a mixture of alumina and graphite. Typically, the nozzles own a wall thickness of 

35 – 50 mm. In Table 2-2 an overview about the material concept as well as the production 

process is given. [1,5,8,9] 

Table 2-2: Overview about Al2O3-C refractory material. [2] 

material alumina-(silica)-graphite 

raw material component 
flake graphite, fused corundum, calcined alumina 

sometimes fused silica, sometimes antioxidants 

primary binder resin 

shaping isostatic pressing 

thermal treatment coking in reducing atmosphere at 800 to 1.000 °C 

bond after thermal treatment carbon 

application base material for continuous casting 

 

The used Al2O3-C material is a mixture of approximately 20 – 25 % graphite and 

approximately 70 – 75 % alumina. Furthermore, additions of 0 – 5 % zirconia and varying 

amounts of antioxidants (Al, Si, boron, etc.) to protect the carbon are possible. In Figure 2-1 

schematic drawings of isostatically pressed parts for the continuous casting of steel, including 

the most typical materials, are shown. Regarding SENs, an inner liner of various materials, like 

low silica or low carbon, as well as high free lime for example, is used in order to prevent or 

minimize clogging. Based on findings in operation and continuous product improvement, 

different material combinations are used today to withstand the given casting conditions in 

certain areas of the products like the stopper seat or stopper tip. Additionally, a slag line of 

different refractory material, which matches the present slag to reduce wear is used in case of 

the ladle shroud. A slag line of ZrO2-C is often applied in case of SEN. [1,5,8,9] 
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Figure 2-1: Schematic drawings of isostatically pressed refractory parts for the continuous casting 
of steel, including the most typical materials of these products. [2] 

2.3 Wear mechanisms 

The wear mechanisms of refractory tubes can be classified in three main mechanisms. 

These are as follows [1]: 

 thermal, 

 mechanical, and 

 chemical. 

Furthermore, also a combination of these three mechanisms is usually observed. As the 

various mechanisms take place in different locations of the ladle shroud, the combination effect 

is rather small. Contrary, in case of the submerged entry nozzles the combination of abrasion, 

corrosion, and thermal cycling leads to the usually low lifetime of 3 – 10 heats. In Table 2-3 an 

overview about main wear mechanisms, sub mechanisms, and examples for ladle shrouds 

and submerged entry nozzles is given. [1] 
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Table 2-3: Overview about wear mechanisms of refractory tubes. [1] 
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Inside the ladle shroud or SEN, the temperature of the molten metal is 

reached. Only very high temperature resistant materials can withstand these 

temperatures. 

th
er

m
al

 s
ho

ck
 (Δ

T)
 Due to the fact, that the ladle shroud typically is not preheated, thermal 

shock is a big problem. Also, during ladle change a significant thermal shock 

can possibly occur. In case of the submerged entry nozzles, this problem is 

not as big, due to preheating of the SEN before use. Since SENs are very 

sensitive regarding the cool down time they are rejected if not used directly 

after preheating. To increase the thermal conductivity and enhance the 

thermal shock resistance of refractory tubes, Carbon is added. 
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Usually, the impact on ladle shrouds or SENs is low and therefore it has only 

small influence on the wear. However, in case of the submerged nozzle 

flange cracks can occur from rough SEN changes, which can lead to air 

aspiration problems. 

ab
ra

si
on

 

The quantity of abrasion depends on the throughput rate of the molten 

metal, as well as on the bore diameter. This applies for both, ladle shroud 

and submerged nozzles. Regarding SENs, it must be stated that a too large 

bore diameter leads to clogging because of a stagnant boundary layer due 

to low velocity, whereas a too small diameter results in a lower throughput. 

Furthermore, the abrasion in case of the SEN is highest on the sliding 

surfaces at the top, which can lead to steel fins and therefore to a failure 

during SEN change, causing a casting stop. Coming back to the ladle 

shroud, abrasion is also a problem on the outside caused by the molten 

metal bath and slag inside the tundish. 
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Applied stresses are not a key factor regarding wear, because other than in 

the holding mechanism, the tubes are able to expand or contract as needed. 
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Wear by dissolution on ladle shrouds is only a factor on the outside, more 

precisely in slag line area. In contrast, with focus on submerged entry 

nozzles, dissolution not only occurs on the outside but also on the inside of 

the nozzle. Dissolution of the refractory material in the inner nozzle can lead 

to build-up of clogging material (alumina and/or spinel). 
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Low viscosity metals and/or slags or highly wetting metals/slags can 

penetrate porous refractory. For ladle shrouds especially oxygen lancing of 

the top can create high wear due to penetration. In case of SENs the 

penetration usually is a problem on the outside of the tube, where rapid wear 

due to penetration is observed because of mould flux inside the continuous 

casting mould. 

 

In Figure 2-2 a schematic drawing of a submerged entry nozzle is shown. Furthermore, the 

typical wear mechanisms in various areas can be seen. [1] 

 

Figure 2-2: Schematic drawing of a submerged entry nozzle including typical wear mechanisms in 
different areas. Redrawn after [1] 
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2.4 State-of-the-art in wear detection 

If focused on the wear detection on the inner surface of refractory shrouds, it must be stated 

that there is not really a measurement technique existing or state of the art. Usually, on the 

inner surface of submerged entry nozzles no wear is recognized. Instead clogging takes place, 

which is described in more detail later in this work. Besides that, the wear of the slag line is 

typically of much more interest than on the inner surface, which also applies in case of ladle 

shrouds. 

Since there is no detection method for the wear of refractory tubes, the corrosion is usually 

tested beforehand. For this practice, no standardized tests exist but typically there are three 

methods which are currently used [1]: 

 Crucible testing: slag samples are added in crucibles made of refractory material; the 

crucible is heated in a furnace until the slag melts. 

 Finger testing: long “fingers” are made of refractory material and rotated in a bath of 

steel and/or slag at typical operating temperatures for a specified time. 

 Rotary slag testing: a rotary kiln which is lined with refractory sample bricks is heated 

up to operating temperature, then steel or slag is inserted; then slag is added at 

varying intervals. 

After these tests, the depth of dissolution and infiltration determines the corrosion resistance 

of the refractory material. [1] 

Recently, a new method for refractory wear testing, the Continuous Wear Testing Device 

(CWTD) was developed. The exterior view and the furnace chamber of the CWTD at room 

temperature are shown in Figure 2-3. With help of this technique, in-situ wear rate 

measurements of refractory dissolution in slags are possible. [10] 
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Figure 2-3: Exterior view (left picture) and furnace chamber of the Continuous Wear Testing Device 
at room temperature during measurement of an Al2O3 specimen (right picture). [10] 

In literature, a method to characterize the wear of the slag line of submerged entry nozzles 

was established. With this technique it is not only possible to characterize the wear, but also a 

model to predict nozzle wear was developed. The wear profile of used SENs was measured 

with an automatic profilometer with digital acquisition, an example can be seen in Figure 2-4. 

On the left picture a typical wear profile of a used submerged nozzle is shown and on the right 

an example of the measurement results can be found. [11] 

 

Figure 2-4: Characterization of the wear profile of submerged entry nozzles, left picture: typical 
wear profile of a used SEN, right picture: profile measurement result. [11] 

2.5 Countermeasures 

Since the lifetime of refractory tubes is very limited, plenty of countermeasures were 

developed over time. Some techniques are listed here [5,12]: 

 Metallic additives (Al, Si) to reduce the CO formation due to oxidation, addition of Si 

reduces pore size, improves the permeability and abrasion resistance due to 

formation of SiC whiskers. 
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 ZrO2 in the slag line area to prevent excessive wear due to penetration of slag thus 

improving the corrosion resistance, as well as in other high wear zones (e.g., on the 

top of the ladle shroud) to lower the abrasion. 

 Increased wall thickness in the submerged part because this section is highly 

attacked by slag and molten metal. 

 Application of a carbon-free inner liner which acts as a heat insulator and thus 

reduces thermal shock, as well as thermal stress at steel contact area.  

 Optimising the cleaning technology by replacing the point cleaning (oxygen lancing) 

with face cleaning (oxygen shower) during ladle change. 
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3 Clogging 

A build-up of material in the continuous casting process is referred to as clogging. Clogging 

is a phenomenon which can lead to severe problems regarding steel quality and productivity. 

Generally, clogging can occur in different areas in the process of steel casting, but mostly 

“nozzle clogging” is addressed in literature. Thereby, a build-up of material takes place in the 

ladle shroud or the submerged entry nozzle, the casting shroud from the ladle to tundish and 

tundish to mould respectively. This build-up consists, among others, of an agglomeration of 

non-metallic inclusions, which can adhere on the inner nozzle wall, solid steel build-up or 

reaction products which can occur during the reaction of liquid steel and refractory materials. 

In Figure 3-1 an unused submerged entry nozzle, as well as a clogged SEN is shown. Another 

consequence is a decreasing nozzle diameter which leads to a decreasing flow rate. 

Furthermore, the flow pattern inside the shrouds is changed in such way that it can lead to a 

change in the flow inside the casting mould, resulting in slag inclusions and consequently in 

defects on the surface of the finished product. Additionally, a detachment of parts of the 

clogging material is possible, which can again lead to quality issues due to transportation of 

the detached clogging parts with the liquid steel into the finished product or by altering the 

chemical composition of the slag. [3,13–21] 
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Figure 3-1: Left picture: submerged entry nozzle after a short time of casting, right picture: clogged 
SEN. [19] 

As clogging is one of the biggest factors regarding lifetime of submerged entry nozzles, 

the following chapter deals with the mechanisms, the detection of clogging and 

countermeasures to minimize this problem. 

3.1 Clogging mechanisms 

In literature there are generally four types of clogging mechanisms mentioned. However, it 

is believed that clogging actually is a combination of two or more of these mechanisms. 

According to Rackers et al [3,13] and Thomas et al [14] these four clogging mechanisms can 

be named as follows [8,21,22]: 

 transport of particles to a boundary layer and agglomeration of them, 

 build-up of solidified steel, 

 aspiration of air into/through the casting nozzle, and 

 build-up of reaction products 

In the following subchapters a short description of each mechanism is given. 

3.1.1 Transport of particles to a boundary layer and agglomeration of these 

The agglomeration and disposal of particles already existing in the steel before entering the 

nozzle is believed to be the main source of nozzle clogging. These particles or solid inclusions 

can originate from various sources, among them deoxidation products or slag entrapments. 

Therefore, to minimize the build-up of material in the nozzle, a reduction of the number of non-

metallic inclusions is beneficial. Furthermore, it is advantageous to limit their transport and 
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attachment to the nozzle walls. This is possible by adjusting the flow pattern inside the nozzle. 

Misalignment of the shroud, turbulences, as well as fluctuations in casting speed are 

disadvantageous regarding the flow and should be avoided. Additionally, smooth nozzle walls 

were found to have a positive effect in increasing the thickness of the laminar boundary layer 

and therefore minimize the contact of particles with the nozzle wall. Detailed information 

regarding the formation of non-metallic inclusions (NMI) during steelmaking can be found 

elsewhere. [14,16] 

3.1.2 Build-up of solidified steel 

Another mechanism of nozzle clogging is the build-up of solidified steel. Steel can solidify at 

the beginning of casting if e.g., the preheating of the nozzle is insufficient, or the so-called 

superheat of the steel is low. Furthermore, if liquid steel gets trapped inside the clogging 

network it could possibly freeze due to a rather slow flow rate. These problems mostly occur if 

the superheat of the steel is rather low, as well as if the freezing range of the alloy is rather 

large. It has to be stated, that the solidification of steel on the nozzle wall at the casting start is 

not uncommon. This happens due to the temperature of the preheated nozzles, which is 

slightly below solidus temperature of the steel. Usually, this is not a big problem since the 

solidified layer is melting within a few minutes as the nozzle walls heat up. However, if another 

mechanism is initiated during this stage clogging may start. [3,13,14] 

3.1.3 Aspiration of air into the casting nozzle 

Through cracks within the refractory itself and joints between different parts of the flow 

control system a suction of air into the nozzle can occur. Hence reoxidation of steel takes 

place, which leads to a higher chance of nozzle clogging. The entered oxygen reacts with e.g., 

the dissolved aluminium present in the steel, forming solid aluminium oxide inclusions, which 

are the main source for nozzle clogging in steelmaking. Furthermore, the aspirated oxygen is 

believed to create a surface tension gradient near the wall, which can lead to a force 

accelerating non-metallic inclusions towards the nozzle wall. These tension forces are possibly 

the major effect of clogging in regions with low turbulences. The aspiration of air is more likely 

to occur, if the pressure inside the nozzle drops, creating a minimum pressure in some areas. 

This is also known as the “venturi effect”. [3,14,15] 
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3.1.4 Build-up of reaction products 

According to literature also clogging material which rather looks like a uniform film than a 

sintered network is found. These films are also composed of deoxidation products but are 

believed to come from reactions of the refractory material with the liquid steel. Thereby, the 

aluminium in the steel reacts with oxygen coming from the refractory material e.g., if carbon 

monoxide is formed by reaction of the carbon with impurities or binders. Thus, creating an 

initiating layer of alumina on refractory surface. Additionally, in case of ladle slags with high 

FeO or MnO contents, the oxygen potential may be high enough to react with the aluminium 

in the steel to form Al2O3. The modification of alumina inclusions with Ca (see also 

Chapter 3.3.3) can also deteriorate the clogging problems, if not conducted 

correctly. [3,13,14,17,22–25] 

3.2 State-of-the-art in clogging detection 

As clogging cannot be avoided completely in the steelmaking process it is no surprise that 

there are different methods to detect this phenomenon. Since there is no way to directly detect 

nozzle clogging several parameters are monitored on-line during casting. These are for 

example [14,18]: 

 mould level fluctuations, 

 argon back pressure if argon shrouding is applied within the casting system, 

 nitrogen pick-up, and 

 stopper rod movement or slide gate position. 

A short overview about these methods, except nitrogen pick-up, is given in the subsequent 

sections. An increasing nitrogen content is an indicator for reoxidation problems during casting, 

which can cause clogging. Since there is no online method to detect the nitrogen pick-up during 

casting, it is not dealt with this method in more detail. [14] 

3.2.1 Mould level fluctuations 

Clogging of the nozzle bore leads to an increase of fluctuations of the metal level in the 

continuous casting mould, see also Figure 3-2. These fluctuations are the outcome of the 

attempt to maintain a constant metal flow rate if something changes inside the casting nozzle. 

These changes are for example the decrease of the nozzle diameter due to clogging. [14] 
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Figure 3-2: Mould level fluctuations due to clogging (left picture clogged SEN, right picture 
unclogged SEN) [14] 

As small changes in the inner shape of the casting nozzle can lead to significant changes 

on the mould level, even initial clogging can be detected. Anyway it has to be stated, that this 

is not a reliable measurement method for clogging, as the mould level is prone to fluctuations 

caused by several other disruptions. [14] 

3.2.2 Argon back pressure 

Changes in argon back pressure indicate problems like the aspiration of air or blocking of 

the purging channel. Figure 3-3 shows the pressure distribution in a standard tundish nozzle, 

which was calculated by a computational flow model. As the suction of air into the nozzle 

through joints or cracks can lead to formation and build-up of aluminium oxides, this method 

is a good indicator for clogging. [14] 
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Figure 3-3: Pressure distribution in a standard tundish nozzle, which was calculated by a 
computational flow model. a) shaded contour plot, b) pressure profile along the centreline of the 

nozzle. [14] 

3.2.3 Stopper rod movement or slide gate position 

Clogging leads to a decrease of the nozzle inner diameter which limits the flow rate through 

this nozzle. In order to keep the flow rate constant during casting, the stopper rod or the slide 

gate must open up. This change of the position can be used to draw conclusions about the 

extent of the build-up of aluminium oxide inside the nozzle. An example of the change of the 

casting speed and the stopper rod movement can be seen in Figure 3-4. [14,26] 
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Figure 3-4: Casting speed and stopper rod position in case of an unclogged SEN (upper picture) 
and a clogged SEN (lower picture) [26] 

3.3 Countermeasures 

The most common methods to avoid or reduce the build-up of clogging material 

are [3,13,26]: 

 production of steel with higher cleanliness (secondary metallurgy processes), 

 argon purging of the nozzle or within the tundish to mould casting channel, 

 modification of inclusions via calcium treatment, 

 geometrical modifications of the nozzle, and 

 modification of the nozzle material. 

In the following subchapters these methods are described briefly. 

3.3.1 Production of steel with higher cleanliness 

As clogging material mostly consists of agglomerated non-metallic inclusions the most 

obvious way to reduce clogging is to increase the steel cleanliness in the liquid melt. Therefore, 

it is necessary to reduce the number of non-metallic inclusions which form during deoxidation 

or due to reoxidation. One method to reduce the number of NMI in the steel, is purging at very 

low flow rates in the ladle. This technique is called soft bubbling. Various types of purge plugs 
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are available in the market, among them the slot plug and the hybrid plug, for example. These 

purging plugs can be seen in Figure 3-5. [3,13,27,28] 

 

Figure 3-5: Two different purging plug types, (a) hybrid plug, (b) slot plug. [27] 

If these two purging plugs are compared, the hybrid plug is the better choice for NMI removal. 

Since the slot plug is not good controllable at low flow rates, creating less but bigger bubbles 

than the hybrid plug, it is a rather poor solution. The slot plug however, shows a perfect 

operation at higher flow rates, necessary for homogenization, desulphurization, and alloying. 

Nevertheless, it is very doubtful that a higher steel cleanliness will completely avoid nozzle 

clogging. [3,13,28] 

3.3.2 Argon purging within the casting channel 

Another widely used method to reduce the build-up of oxides inside of continuous casting 

nozzles is the purging with argon. Thereby argon is injected either through the nozzle wall or 

the stopper rod into the liquid melt. Different theories deal with the question why the injection 

of argon leads to an improvement regarding nozzle clogging. The two most mentioned in 

literature are stated here: 

 The argon gas is believed to form a film on the inner nozzle wall which prevents the 

contact between inclusions and wall. [3,13,14] 

 Argon reduces the chemical reactions between refractory and the liquid melt by 

reducing the negative pressure at the nozzle inlet. Thus, minimizing the risk of air 

aspiration, which has a beneficial effect on the formation of aluminium oxide build-

up. [3,13–15] 

However, argon purging also comes with various disadvantages including higher erosion of 

the nozzle slag line because of higher level fluctuations in the mould, bubble entrapment on 
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the steel surface, as well as crack formation in the casting nozzle due to higher pressure or 

reduced thermal shock resistance. [3,13–15] 

3.3.3 Modification of inclusions via calcium treatment 

A treatment of the liquid metal with calcium is deployed to convert solid NMI into liquid 

inclusions. In more detail the high melting alumina inclusions should be modified into low 

melting calcium aluminates. This is realized by a modification of their chemical composition, 

which is favourable in terms of formation of a sintered network of inclusions. The reaction path 

of the modification of clustered alumina inclusions to calcium aluminate inclusions is shown in 

Figure 3-6. Here, clustered alumina inclusions were formed after the deoxidation of steel. 

Directly after the calcium addition, CaS adhering to the unmodified alumina was found. After 

some time the inclusion morphology was completely transformed to a spherical calcium 

aluminate inclusion, obtained by the reaction of CaS with alumina. [3,13,21,29–34] 

 

Figure 3-6: Modification route of alumina inclusions modified by calcium. [29] 

Liquid non-metallic inclusions show a lower tendency to adhere to the inner wall of casting 

nozzles, thus a build-up of clogging material is reduced. Despite the benefits of calcium 

treatment, also some disadvantages can occur. Among them are for example the formation of 

CaS inclusions at higher sulphur contents, as well as the formation of CaC2 in case of high 

carbon steels. These inclusions can again lead to a higher clogging tendency. [3,13,21,29–34] 

3.3.4 Geometrical modifications of the nozzle 

Numerous geometrical modifications are applied to reduce clogging, including: 

 Improved sealing of joints and slide gate closures to reduce air aspiration into the 

casting nozzle and thus minimize clogging. [3,13] 
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 Rounded inlet of the casting nozzle optimizes the flow at this area and thereby 

reduces material build-up. [3,13,35] 

 Step nozzle design leads to a reduction of clogging in the lower part of the nozzle as 

well as a reduction of the influence of the flow pattern inside the mould. [3,13,16,25] 

 A variable inner nozzle diameter changes the flow pattern, thus avoids areas with 

low flow speeds. [3,13,35] 

 Insulation and preheating of the nozzle were also found to reduce the build-up of 

clogging material which can be caused by solidified steel. [3,13] 

3.3.5 Modification of the nozzle material 

There also have been several considerations regarding the modification of the refractory 

material of the casting nozzle. This is achieved either by changing the material of the whole 

nozzle or by addition of a special coating on the inside. Calcium addition to the refractory 

material as well as a carbon-free liner on the inside of the nozzle are examples for these 

approaches. Also, boron nitride was found to be beneficial regarding the decreasing of 

clogging. However, it is not clarified if this positive effect is due to decreased surface 

roughness, the development of a liquid boron oxide film, or another cause. In addition, coating 

the nozzle walls with pure alumina and the control of the composition of the nozzle (e.g.: avoid 

Na, K and Si impurities), as well as zirconia linings are also used. Thereby, either less wetting 

of the refractory material or more inert surfaces should be achieved. Also, a decrease of 

thermal conductivity is believed to reduce clogging. Furthermore, the absence of carbon was 

found to be advantageous in terms of anti-clogging solutions. [3,13,16,17,22,23,25] 
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4 Overview on temperature measurement 

In general, there are two methods to measure the temperature of an object [36]: 

 the contact temperature measurement e.g., thermocouples, and 

 the non-contact temperature measurement e.g., radiation thermometers. 

The types of radiation thermometers are manifold, including optical and photoelectrical 

pyrometers, total radiation thermometers, fibre optic thermometers, total radiation 

thermometers, infrared radiation thermometers, etc. [36] 

4.1 The principle of radiation thermometers 

In general, every object with a temperature above absolute zero is emitting electromagnetic 

radiation. This characteristic radiation is dependent on the temperature of the object and due 

to internal mechanical movement of the molecules. With rising temperature of the material, the 

intensity of the emitted radiation energy is also rising. The electromagnetic spectrum including 

the used range of the infrared radiation can be seen in Figure 4-1. [37–46] 
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Figure 4-1: Electromagnetic spectrum including the used range of the infrared area. [46] 

The measurement principle for all the used non-contact temperature measurement 

techniques is the same and is based on Planck’s law of radiation. For the electromagnetic 

radiation of a black body the Planck’s law can be described by 

Equation (4-1). [36,39,40,45,47–54] 

 Mλ= c1

λ5 * 1
exp� c2

λ*T�-1
 (4-1) 

Mλ………..…spectral radiance of the black body 

c1…………...first radiation constant (= 3,7418 * 104 W*cm-2*µm4) 

c2…………...second radiation constant (= 1,4388 * 104 K*µm4) 

T……………temperature of the measured black body 

λ……………wavelength in vacuum 

In Figure 4-2 the electromagnetic radiation of a black body at different temperatures over 

the wavelength is shown. As can be seen in this figure, materials are emitting electromagnetic 

radiation in the infrared spectrum also at very low temperatures. Furthermore, the maxima of 

the radiation curves are shifted towards lower wavelengths with higher temperature and the 

curves show no overlapping at any wavelength or electromagnetic radiation. At higher 

temperatures there is a small area where materials emit radiation in the spectrum of visible 

light, which appears as glowing in red to white colour. [37,40,41,46] 
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Figure 4-2: Electromagnetic radiation of a black body over the wavelength for different 
temperatures. [40] 

However, Figure 4-2 is only valid for black bodies. Many bodies only emit a fraction of the 

electromagnetic radiation at the same temperature compared to black bodies. The link 

between the real radiation and the radiation of a black body is defined as emissivity ε, which 

can have a value between 1 and 0. For black bodies ε reaches the maximum of 1. Grey bodies 

emit less radiation and are defined by a constant emissivity and an independence of the 

wavelength. Whereas the emissivity of real bodies, also called non-grey bodies, is dependent 

on temperature and wavelength. In Figure 4-3 the specific electromagnetic radiation at 

different emissivity can be seen. [38,40–42,46,50,55,56] 

 

Figure 4-3: Specific electromagnetic radiation at different emissivity for a black body, a grey body 
and a non-grey body. [46] 
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The emissivity ε of a real body can be calculated using Equation (4-2) [40,41]: 

 ε(λ,T)= Mreal
Mblack body

 (4-2) 

ε………..……emissivity of the real body 

Mreal…………radiation of the real body 

Mblack body……radiation of the black body 

It is common practice to treat non-grey bodies as grey bodies, as the emissivity can be 

considered as constant within short wavelength ranges. But this assumption is not valid for 

gases or liquids. [41] 

In this work, a pyrometer, an infrared camera, a broadband spectral thermometer (BST), as 

well as thermocouples were used. Therefore, the measurement principles of these devices are 

explained more detailed in the following subchapters. 

4.2 Pyrometer 

If speaking of pyrometers, it must be distinguished between optical and infrared pyrometers. 

Optical pyrometers measure the temperature by comparing the brightness of an object in the 

visible spectrum to a known brightness of an internal lamp. Whereas the latter is measuring in 

the range of the infrared spectrum. In both groups, the optical and the infrared pyrometers, two 

different types are available respectively. Photoscreenic wedge-type and disappearing-

filament pyrometers in the optical group, and single wavelength (also single colour) and 

multiple wavelength (also multicolour) in the infrared group. In this work an infrared pyrometer 

was used, therefore this group is described in more detail. [44,57] 

Infrared thermometers can measure a broad temperature range of approximately -

20 °C – 4000 °C and are therefore suitable for the usage in various application fields. These 

types of pyrometers are measuring typically in very broad or very narrow bandwidths. Usually, 

broad-bandwidth pyrometers can measure a much broader range of temperatures compared 

to narrow-bandwidth pyrometers. Unfortunately, this means that these pyrometers are affected 

by the emissivity to a greater extent. This is because the emissivity is dependent not only on 

the temperature but also on the wavelength. In Figure 4-4 the measurement spectrum of a 

broadband single colour pyrometer can be seen. Optical phenomena can affect the spectrum 

in different ways. Hence, atomic emission for instance can lead to peaks in the spectrum (see 

blue marked areas in Figure 4-4). On the other hand, absorption may result in minima (green 
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marked areas). The measured intensity is then used to determine the temperature of the 

object. In case of single colour pyrometers only one single segment of the spectrum or 

wavelength is measured. If a rather small segment is used for the measurement and the 

spectrum shows a lot of peaks and minima, there is a high risk for measurement inaccuracy. 

This method cannot only be used for broad-bandwidth pyrometers but also for narrow-

bandwidth pyrometers. [44,50,58] 

 

Figure 4-4: Measurement spectrum of a broadband single colour pyrometer. Red area shows the 
wavelength range which is measured. [58] 

In case of the narrow-bandwidth pyrometers, the variation of the emissivity is not the limiting 

factor. Indeed, the emissivity to measure the temperature with a narrow bandwidth pyrometer 

must also be known, but usually it stays nearly the same if only a very small range of 

wavelengths is measured. This can also be seen in Figure 4-5, where the measurement 

spectrum of a narrow-bandwidth dual wavelength pyrometer is shown. Here, the ratio of the 

two measured intensity values (Iλ1 and Iλ2) is used to identify the temperature. Multiple 

wavelength pyrometers (or in case of Figure 4-5 dual wavelength) are measuring in two or 

more segments of the spectrum. Hence, if the segments are close to each other, they should 

have theoretically the same emissivity value. Due to this, a ratio of 1:1 of the ε-values is 

reached, and it is possible to eliminate the emissivity mathematically and the measurement is 

no longer dependent on ε. In practice however, this is often not the case, which can lead to 

significant errors regarding temperature measurement. Again, if the intensity is measured at a 

peak or a minimum of the spectrum, measurement inaccuracies can occur. In contrast to the 

single colour pyrometer however, it is likely to reduce these errors since two or even more 

intensities are measured. Hence, there is the possibility that these maxima and minima are 

balanced. [44,48,50,52,54,58,59] 
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Figure 4-5: Measurement spectrum of a narrow-bandwidth dual wavelength pyrometer. Red lines 
show the wavelengths, at which the intensity was measured. [58] 

4.3 BST (broadband spectral thermometer) 

The broadband spectral thermometer (BST) represents an industry 4.0 initiative from RHI 

Magnesita to enable contactless temperature measurement, which is independent from the 

measured material, as well as from the emissivity coefficient ε. In Figure 4-6 the measurement 

spectrum of the BST, as well as the fitted or calculated black body curve at 1900 K are 

shown. [58] 
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Figure 4-6: Measurement spectrum of the BST (upper picture) as well as the calculated/fitted black 
body curve at 1900 K. [58] 

In contrast to standard pyrometers (see also Chapter 4.2), the BST measures the intensity 

at each wavelength, which leads to a calculated or fitted curve. Here, the whole shape of the 

spectrum is considered for the evaluation of the object temperature. Therefore, the before 

mentioned peaks and minima do not affect the measurement. [58] 

4.4 Infrared camera 

Infrared cameras have the same working principle as pyrometers. Both belong to the infrared 

thermography (IRT). However, infrared cameras are more sophisticated than pyrometers, as 

they are able to produce a detailed infrared image. These are established by converting the 

infrared radiation into a visible image, relating each infrared energy level to a colour. The 

outcome is a false colour image, which is also named a thermogram. The basic structure of an 

infrared (IR) camera is relatively similar compared to a conventional camera. The main 

difference is the detection of infrared radiation instead of visible light. Thus, different lenses 

are used for infrared cameras because normal glass is not permeable for infrared radiation. 

Typically, the glass lenses are replaced by germanium, for example. [37,40,41,43,45,60] 
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IR cameras are categorised according to their camera systems. There are two systems: the 

scanning cameras and the focal plane array (FPA) cameras. [40,45] 

Scanning cameras consist of only one detector unit. Therefore, an “optomechanical 

deflection system” is needed, which scans the whole area by scanning it like a grid. These 

camera systems have a high thermal resolution, but it takes long to produce a thermogram 

because the scanning of each pixel is quite time consuming. The functional principle of 

scanning cameras can be seen in Figure 4-7 on the left side. [40] 

FPA cameras have a detector matrix consisting of many receiver sensors. The whole 

infrared radiation is focused on this detector matrix, which leads to a quicker generation of the 

thermogram. Each sensor corresponds to one pixel in the thermogram. Since this system 

enables a very quick image sequence, it has recently become the dominating infrared camera 

system. In Figure 4-7 the functional principle of FPA cameras is shown. [40] 

    

Figure 4-7: Functional principle of scanning cameras (left side) and FPA cameras (right side). 
Redrawn after [61] 

Furthermore, it is distinguished between two different detectors. These are thermal detectors 

and quantum detectors. [40,45] 

Thermal detectors are heated directly by the incoming radiation. This leads to a change in 

the electrical signal, which can be evaluated with the help of a computer. Thus, a thermogram 

can be created. No cooling is needed for this kind of detector. It is mainly used for focal plane 

array cameras. A schematic of a thermal detector can be seen in Figure 4-8 on the left 

side. [40,45] 

Quantum detectors, however, use the interaction between the material and the radiation for 

signal evaluation. This means that this detector acts like photon counter. It has to be stated, 

that cooling is required, as quantum detectors operate at very low temperatures of 

approximately 77 K. Apart from that, with this type of detectors a very fast measurement is 

possible. In Figure 4-8 on the right sight the schematic of a quantum detector is shown. [40,45] 
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Figure 4-8: Schematic drawing of the functional principle of a thermal detector (left side) and a 
quantum detector (right side). Redrawn after [40] 

Several parameters can affect the measurement. Among them are, for example, the 

emissivity and the moisture of the object to be measured, the distance of the object from the 

IR camera, the measurement angle, the air quality, as well as other sources of radiation. To 

give some examples of other sources of radiation, heating elements e.g., the oven, or heat 

from lamps must be mentioned. [41,51,60] 

Nowadays, also affordable IR cameras are available. But they are still a very expensive 

measurement device. Furthermore, thermograms are rather difficult to interpret. Thus, a 

specific training is beneficial. [41] 

4.5 Thermocouples 

For contact temperature measurements thermocouples are very commonly used. This is 

due to their wide measuring range of -270 °C – 3000 °C, as well as their low cost, robustness, 

size, and simplicity. The measurement principle of thermocouple is attributed to the Seebeck 

effect. This effect describes the production of an electromotive force (EMF), if two dissimilar 

conductors in one circuit are exposed to a thermal gradient. It is distinguished between four 

different groups [62]: 

 noble metal, 

 base metal, 

 high temperature or refractory metal, and 

 nonmetal. 
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Noble metals are used because of their chemical stability, as well as their thermoelectric 

power. Although noble metals are known to be relatively inert, platinum oxidizes at 600 °C. 

Copper, nickel, aluminium, iron, and chromium, as well as their alloys, are in the group of base 

metals. These can be used to produce materials with preferable thermoelectric characteristics, 

e.g., constantan and chromel. This kind of thermocouples are used preferably for low and 

moderate temperatures. Whereas, refractory metals, e.g., tungsten, rhenium, some of their 

alloys, as well as molybdenum, are used for high temperature measurement. However, these 

metals tend to oxidize very easily. Carbon, boron, as well as carbide and boride compounds 

are typically brittle and belong to the group of nonmetals. Furthermore, they have low tensile 

strengths. Usually, nonmetal thermocouples result in quite big composite rods. An overview 

about a few well-established standardized thermocouples is given in Table 4-1, which can be 

found in Chapter 4.6. [62] 

For some applications, it can be necessary to isolate the thermocouples electrically or 

chemically from the surroundings. This is realized using different materials, including PVC, 

glass fibre polyimide, metal coatings with mineral insulation, and for higher temperatures, 

ceramic coatings. Measurement uncertainties can be promoted by cold junction temperature 

measurement, voltmeter sensitivity, and cable drift, among others. Cable drift is due to 

annealing of the thermocouple materials at high temperature applications and is known to be 

a usually occurring problem. [62] 

4.6 Summary of temperature measurement methods 

A summary of the key factors of the before mentioned temperature measurement methods 

is given in Table 4-1. More information can be found in the literature. 
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Table 4-1: Evaluation of temperature measurement methods. 

device IR camera pyrometer BST thermocouples 

absolute 

temperature 
no [58] yes / no [58] yes [58] yes [58] 

temperature 

range 
-20 – 3000 °C [63] 

-20 – 

4000 °C [44] 
above 

1000 °C [58] 
-270 – 

3000 °C [62] 

measurement 

principle 
optical [58] optical [58] optical [58] contact 

emissivity 

sensitivity 
yes [58] yes / no [58] no [58] no 

measurement 

quality 

indication 

yes / no [58] no [58] yes [58] no 

cost €€€ [38] €€ [38] n.a. € [38] 

limitations 

everything in line 

of sight disturbing 

the view [64] 

everything in 

line of sight 

disturbing the 

view [64] 

n.a. n.a. 

cleanness of 

optics [64] 
cleanness of 

optics [64] 
cleanness of 

optics [64] 
n.a. 

n.a. n.a. n.a. intrusive [64] 
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5 Experimental 

To evaluate a potential use of contactless temperature measurement set-ups to detect 

clogging or wear of refractory pipes a special experimental test procedure was developed. 

Therefor plates of a typical material (see also Table 2-2, later referred to as ISO material) for 

ladle shrouds and submerged entry nozzles were manufactured. The temperature of these 

plates was measured during heating up with the help of a pyrometer, an IR camera, and the 

BST. Additionally, thermocouples were used as a reference. 

5.1 Experimental set-up 

In Figure 5-1 a schematic of the experimental set-up for the laboratory trials is shown. On 

the left side the intersection of the furnace can be seen. Here, the sample of Clogging (later 

referred to as “C”) (see also Chapter 5.2) was used to explain the set-up. On the hot side a 

clogging layer was attached, the middle part consists of ISO material, and an insulation layer 

is placed on the cold side. The furnace door was replaced by a refractory frame, leaving an 

opening of 120 x 120 mm. During the preheating of the furnace a dummy-plate was used to 

close this opening and minimize heat losses. Furthermore, a hole was drilled into the frame to 

achieve a possibility to flush the furnace with argon during the tests. This can be seen on the 

right side of Figure 5-1. To ensure a minimum of oxygen suction into the furnace, an insulation 

layer was placed around three sides of the samples. The temperature of the sample was 

measured during heating up. All three measuring devices (IR camera, pyrometer, and BST) 

were focused on the middle of the sample, see also the red point on the right side of Figure 5-1. 
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Figure 5-1: Schematic of the experimental set-up for the laboratory trials. On the left side the 
intersection of the furnace is shown, on the right sight the front view of the refractory frame including 

the sample and the drilled hole for the argon supply can be seen. 

The used infrared camera was a FLIR A615 (see also [65]), whereas the pyrometer was 

from Sensortherm, model Metis M3 (two-colour pyrometer, more information can be found in 

[66]). The BST is, as mentioned before, is an industry 4.0 approach from RHI Magnesita. 

Additionally, three thermocouples were used during each trial. Originally, all of them were 

supposed to be type N thermocouples, but during the trials one of them was replaced by a type 

S thermocouple. This was necessary due to the temperature reached near the hot face of the 

sample, which was higher than expected. The used devices as well as the actual set-up can 

be seen in Figure 5-2. 

  

Figure 5-2: Experimental set-up for the laboratory trials. 

The key parameters of the experimental set-up can be found in Table 5-1. 
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Table 5-1: Key parameters of the experimental set-up. 

device distance from sample emission coefficient 

IR camera (FLIR) 1.7 m ε = 1 

pyrometer 2.4 m ε1/ε2 = 1 

BST 1.7 m - 

5.2 Sample design and instrumentation 

The samples were manufactured using an ISO material, which is typically used for ladle 

shrouds and submerged entry nozzles. In Figure 5-3, the design and dimensions of the plates 

are shown.  

 

Figure 5-3: Sample design and dimensions. Clogging (“C”) refers to a clogged submerged entry 
nozzle, Insulation (“I”) illustrates a SEN without clogging, Original (“O”) represents an original ladle 

shroud without wear, and Wear (“W”) should indicate wear in case of a ladle shroud. 

There are four different cases. Clogging (“C”) refers to a clogged submerged entry nozzle 

sample with insulation on the outside. Here, the dark blue area shows the build-up material, 

whereas the light grey area is the insulation. Between these two areas, the isostatically pressed 

body material of refractory tubes is illustrated. In case of Insulation (“I”), which should represent 

a submerged entry nozzle without clogging, again the grey area shows the insulation material. 

Original (“O”) represents an original ladle shroud without wear. Finally, Wear (“W”) stands for 

the measurement of wear and should illustrate a worn ladle shroud. This is realised by a thinner 

body material. For the simulation of a clogging layer, a refractory castable, which consists of 
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80 - 100% Al2O3, was used. The isolation material is a so-called AES wool, whereby AES 

means alkaline earth silicate. This type of insulation material is typically used for submerged 

entry nozzles. 

Furthermore, on the upper right and the lower left corner holes were drilled for the 

manipulation of the plates with the help of a calliper. Additionally, the drilling of smaller holes 

on the left side of the sample were necessary to insert thermocouples. These holes were drilled 

with different depths for each case, as can be seen in Figure 5-3, to measure the temperature 

inside the plates. Additionally, a thermocouple was placed on the surface of the sample. 

To ensure a good insulation around the sample and in addition a reduction of air ingress, 

insulating wool was adhered to three sides of the plates. This is illustrated in Figure 5-4. 

 

Figure 5-4: One sample of “W” with insulating wool on three sides, ready for laboratory trial. 

5.3 Test procedure 

The procedure of the laboratory test started by the preheating of the furnace to 1600 °C. 

After this, the dummy plates inside the refractory frame were removed to reopen the opening 

for the samples. The procedure can then be divided into six steps, which can also be seen in 

Table 5-2: 

1. Inserting of the sample into the opening of the refractory frame. 

2. Placing of the thermocouples in the holes and on the surface of the plate. 

3. The sample starts to smoke, which stops after approximately 2 minutes. 

4. The sample starts to glow. 

5. The sample glows at the maximum temperature. 

6. Removing of the sample from the furnace. 
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Table 5-2: Procedure of the laboratory tests. 
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6 Results and discussion 

After the laboratory trials a visual rough inspection of the samples was done at first. 

Furthermore, some pictures were made with the help of a reflex camera and a macro-object 

lens. Afterwards, one sample of each case was cut, to examine the material condition on the 

inside of the sample. Finally, the data of the temperature measurement devices was evaluated, 

resulting in temperature profiles. These results are summarized and discussed in the following 

subchapters. 

6.1 Physical sample analysis 

In Table 6-1 the samples before and after the laboratory trials can be seen. Additionally, 

pictures of the hot samples directly after the trial and the inside of the samples after the trials 

are shown. The pictures of each sample and case can be seen in Chapter A in the appendix. 
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Table 6-1: Overview of the samples before the laboratory trials. 

Clogging Insulation Original Wear 

Hot face, before trial 

Side face, before trial 

    

Cold face, before trial 
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Table 6-2: Overview of the samples after the laboratory trials. 

Clogging Insulation Original Wear 

Cold face, after trial 

  

Hot sample 

 

Cut sample 

 

In case of “C” and “I”, the images after the trial clearly show that the insulation of the samples 

had no perfect connection on the surface. However, it must be said that it did not fell off until 

the samples were removed and therefore no influence on the measurement is expected. Also, 

the clogging layer was detached from the samples, which can be seen in Figure 6-1, whereas 

is it not clear if it detached during the laboratory trial or during the sample exchange. In the left 

picture, the hot sample directly after the laboratory trial is shown, whereat the detached 

clogging layer is leaning on the left side. The right picture shows hot face of the cooled sample 

after the trial without the clogging layer. Here, it is not possible to give a statement about the 

time of the detachment. 
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Figure 6-1: Hot sample of case “C” directly after the laboratory trial with detached clogging layer 
besides (left picture). Hot face of the sample after cooling without the clogging layer (right picture).  

Furthermore, it is clearly visible because of the white surface colour, that during the 

laboratory trials at least some amount of decarburization occurred. But if a closer look is taken 

on the cut samples, it can be seen that the decarburization is limited to the surface. In 

Figure 6-2 details of the cut sample of “I” are shown. On the left side the cold face is pictured, 

whereas on the right side the hot face of the sample is depicted. It is clearly visible, that the 

layer of decarburization on the surface of the cold face is thicker than on the hot face, which is 

also illustrated with the red marked areas in Figure 6-2. Thus, it can be stated that the flushing 

of the furnace with argon worked as expected, whereas the constant contact with ambient air 

results in a higher decarburization, even if the temperature of the outer surface is lower. 

 

Figure 6-2: Details of the cut sample of “I”. On the left side the cold face is shown and on the right 
sight the hot face can be seen. In addition, to illustrate the difference in thickness, an area of the 

decarbonized layer is marked with red areas. 
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6.2 Temperature profiles 

In the following subchapters the temperature profiles of the different measurement systems 

are shown and discussed in detail. Generally, the profiles for each sample were plotted in a 

diagram, before summarizing them into one mean curve including the standard deviation for 

each case. Finally, the mean curves for all cases are compared in another figure to point out 

the differences between the cases. To check whether the measurement time was long enough 

to ensure a constant temperature, the gradient (ΔT/Δt) was calculated and plotted for the mean 

temperature curves obtained by the infrared camera FLIR A615. This can be seen in Table B-1 

in the appendix, Chapter B. 

6.2.1 Infrared camera (FLIR) 

Table 6-3 contains the thermographs at the start and the end of the laboratory measurement 

of one sample of “I”. The thermographs were obtained by measurement with the IR camera 

FLIR A615. 

 

Table 6-3: Example of thermographs at the start and end of the by measurement with the 
infrared camera FLIR A615. 

Thermograph of one sample of “I” 

Start End 

  

Here the area for the measurement as well as the point measurement (both marked red) 

can be seen. Only the temperature data of the point measurement were taken into 

consideration, the area measurement was dismissed because of a high similarity. On the other 
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hand, the use of data from point measurement leads to a better comparison with the other 

measurement systems, since they also only have point measurement.  

The temperature curves of each sample as well as the mean curve for “C” can be seen in 

Figure 6-3 as an example.  

  

Figure 6-3: Left picture: temperature curves for each sample of “C”, right picture: mean temperature 
curve including standard deviation of “C”, obtained by IR camera 

To calculate the mean temperature curve sample 2 was excluded because this sample 

started to burn immediately after it was inserted into the refractory frame. This can also be 

seen in the left picture of Figure 6-3 (red curve). Furthermore, a peak in the temperature can 

be seen at the temperature curves of all three samples, more or less in the same time period. 

This is because the insulation always did catch fire for a short period of time, which can also 

be seen in both pictures of Figure 6-3 (orange marked area). 

In Table 6-4 the mean temperature curves of all four cases including standard deviation are 

shown. The scale is purposely the same for all diagrams to ensure a good and easy 

comparability of the curves. The temperature curves for the individual samples can be found 

in the appendix, Chapter B.1. 

For “I” again a peak in temperature is visible, which is due to the inflammation of the 

insulation. If the mean values of “I” and “W” are taken into consideration, it can be stated that 

the standard deviation is at a very low level. For “O” the standard deviation is a bit higher, but 

at the end temperature it is again very low. This is due to the fact, that the temperature curve 

of sample 3 was shifted to higher temperatures compared to the other two samples (see also 

Table B-2, “O” in the appendix). A reason for these higher temperatures can be an insufficient 

insulation of the sample between the plate and the refractory frame. 
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Table 6-4: Mean temperature curves of all four cases including standard deviation, obtained 
by the infrared camera FLIR A615. 

  

  

The summary of the mean temperature curves of all four cases is pictured in Figure 6-4. 
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Figure 6-4: Summary of the mean temperature curves of all four cases, obtained by IR camera. 

Here, a clear difference in the end temperatures can be seen. If “O” and “W” are taken into 

account, the temperature difference (ΔT) at the end is 37 °C. This leads to the assumption that 

the detection of wear could be possible if the end temperatures are considered. If “C” and “I” 

are compared, the end temperatures also show a difference (ΔT ≈ 70 °C), but not as expected. 

“I” shows a higher end temperature than “C”, which would have been expected to be vice 

versa. This can be explained by the high standard deviation of “C” (see also Figure 6-3). 

Furthermore, a drop of the temperature is noticeable at the end of the mean temperature 

curve of “W”. This drop is also visible by measurement with the pyrometer and thermocouples 

(see also Figure 6-5 and Figure 6-8). Since the measurement with thermocouples also shows 

this drop, optical effects can be excluded. Hence, this drop is most likely due to a higher heat 

removal on the surface of the sample. However, this should be examined in more detail in case 

this topic is pursued in future work. 

The relation of the end temperatures for the curves obtained by the measurement with the 

infrared camera is summarized using Equation (6-1): 

 T"W", IR > T"O", IR > T"C", IR > T"I", IR (6-1) 
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6.2.2 Pyrometer 

The mean temperature curves including standard deviation, which were obtained using the 

pyrometer Metis M3 from Sensortherm, are shown in Table 6-5. It is remarkably that in 

approximately the first 400 seconds a constant temperature of 750 °C (the lower limit of the 

pyrometer) can be seen before it rises. 

Table 6-5: Mean temperature curves of all four cases including standard deviation, obtained 
by the pyrometer Metis M3. 

  

  

For the mean temperature curve of “C”, sample 2 was excluded because it started to burn 

almost immediately after inserting it into the furnace. The standard deviation of all curves is at 

a low level, indicating a good reproducibility. Furthermore, if these diagrams are compared to 

the ones obtained by the infrared camera (see Figure 6-3 and Table 6-4), the temperature is 

lower. This is a result of the emissivity dependence of the measurement systems, which is 

different for the pyrometer and the IR camera. 
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In Figure 6-5 the summary of the mean temperature curves of all cases can be seen. A 

more detailed diagram regarding the final temperature difference can be found in the appendix, 

Chapter B.2. 

 

Figure 6-5: Summary of the mean temperature curves of all four cases, obtained by pyrometer. 

What immediately stands out in this diagram is the fact that the insulated samples have a 

higher end temperature than those without insulation. This is most likely due to differences in 

the emissivity of the insulation material (white colour) and the ISO material (black colour). 

Comparing the red (“O”) and the black curve (“W”), a difference in the end temperature of 

around 11 °C can be observed. This can be additionally seen more detailed in Figure B-1 in 

the appendix. The end temperatures are as expected, “W” shows a higher temperature as “O”. 

Also, between the green (“C”) and the blue (“I”) curve, a temperature difference at the end can 

be seen (ΔT ≈ 34 °C). The temperature curve of “C” shows a lower maximum than the curve 

of “I” which is as anticipated. 

Equation (6-2) shows the summary of the end temperatures obtained with the help of the 

pyrometer: 

 T"I", Pyr. > T"C", Pyr. > T"W", Pyr. >T"O", Pyr. (6-2) 
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6.2.3 BST 

During the measurement with the BST some problems occurred. As the device is calibrated 

for temperatures above 1000 °C, some of the temperatures could not be recorded. 

Furthermore, the BST lost connection during the measurement of the samples of “C”. Thus, 

no data is available for this case. Due to the lack of data, the evaluation of the temperatures 

differs from the other devices. The results can be seen in Figure 6-6. Here, the temperature, 

the strength of the signal and the quality of the signal can be seen over time. Furthermore, the 

order of the testing procedure is shown here. 

 

Figure 6-6: Results of the measurement with the BST. 

For “W” (W1 – W3) the strength of the signal was rather high, but the signal quality too low 

to record any temperature. For “O” (O1 – O2) the quality of the signal was good enough to get 

at least some results. The temperature of sample 2 and 3 lies between 800 – 850 °C. The 

samples of “I” showed the best quality of the signal. Here, the temperature is again higher than 

for “O”, which can be explained by the difference in emissivity. Due to the lack of data, no 
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statement about the possibility of clogging or wear detection by temperature measurement 

with the use of the broadband spectral thermometer can be given. 

The end temperatures of “I” and “O” of the measurement with the BST is expressed through 

Equation (6-3): 

 T"I", BST > T"O", BST  (6-3) 

6.2.4 Thermocouples 

The samples were equipped with three thermocouples per sample acting as a reference 

temperature measurement. The positioning of the thermocouples can be seen in Figure 5-3. 

Additionally, one thermocouple was placed on the surface of the sample. During the testing 

procedure some of the thermocouples partially provided falsified values which are explained 

later within this chapter. The mean temperature curves of the thermocouples which were 

placed at the middle and near the hot face of the samples can be seen in Figure B-2 and 

Figure B-3 in the appendix. The measurement errors can most likely be explained due to 

interaction between the alloy of the thermocouples and the graphite inside the samples. 

Although the thermocouples were chosen correctly regarding the temperature range, it can be 

seen in Figure 6-7, that the tip of the thermocouples are partly melted or annealed. Thus, it 

happened that sometimes a piece of the thermocouples stayed inside the samples.  

 

Figure 6-7: Broken tip of the thermocouple in a sample of “I”. 

Only the thermocouples on the surface provided reliable and reproducible results. The mean 

temperature curves of the surface thermocouples can be seen in Table 6-6. More temperature 

curves for each sample can be found in the appendix, Chapter B.3. 
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Table 6-6: Mean temperature curves of all four cases including standard deviation, obtained 
by the surface thermocouples, type N. 

  

  

To calculate the mean temperature curve of “C”, sample 2 was again excluded because it 

did catch fire during heating up. The high standard deviation at the end of the temperature 

curve of “I” is a result of the attempt to change the placement of the thermocouple during 

measurement of sample 1. This was done, because the thermocouple poked through the 

insulation, resulting in the measurement of the higher temperature at the interface between the 

ISO material and the insulation, instead of the insulation surface temperature. 

The summary of the mean temperature curves of all four cases is shown in Figure 6-8. The 

mean temperature curves in more detail are shown in Figure B-4 in the appendix. 
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Figure 6-8: Summary of the mean temperature curves of all four cases, obtained by thermocouples. 

By measurement with thermocouples, the difference in the end temperature between “C” 

and “I” can be seen most clearly (ΔT ≈ 100 °C). On the other hand, there is no possibility to 

make a statement about the wear, if only the end temperature is taken into consideration. This 

is because the end temperature of “O” is higher than that of “W”, which is not as expected. 

This can be summarized with Equation (6-4): 

 T"I", TC > T"O", TC > T"W", TC >T"C", TC (6-4) 

Furthermore, in Figure 6-8 the duration of the laboratory trials is clearly visible. It can be 

seen that the measurement of “C” took the longest time, followed by “I”, then “O”, and lastly 

“W” took the shortest time. These measuring times are as expected, since the thickness of the 

samples is reducing from “C” to “W” (also see Figure 5-3). 

6.3 Comparison 

In this chapter, the mean temperature curves of each measurement method are reviewed in 

more detail. “C” and “I” are compared to get a conclusion about clogging detection. The 

comparison of “O” and “W” should lead to a better understanding if and how wear can be 

detected. Therefore, the slopes of the temperature curves are compared to give a statement 

about the difference in heating rates for each case. This could only be done for the infrared 
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camera and the thermocouples. Because the pyrometer started the measurement above 

750 °C, the heating rate cannot be observed. But if a closer look is taken on the starting point 

of the temperature curves, a similar trend can be detected. 

6.3.1 Wear 

To examine whether contactless temperature measurement is sufficient for wear detection, 

the slope of the mean temperature curves for “O” and “W” was calculated for the first 

300 seconds. Therefore, a straight line was fitted, and the slope of this line was calculated. 

The results for the mean temperature curves obtained by infrared camera and thermocouples 

can be seen in Table 6-7. 

In case of the infrared camera, it can be seen that the slope for “O” is around 2.36, whereas 

the slope for “W” is approximately 2.75. This clearly indicates that the thinner sample of “W” 

has a higher heating rate compared to the sample of “O”. The curves obtained by the 

thermocouples show a similar picture. The slope of “O” is about 1.05, and the slope for “W” is 

approximately 1.53. This means, that a detection of wear is possibly doable if the heating rate 

is considered, by measurement with an IR camera. This is also verified by the measurement 

using thermocouples. 

Equation (6-5) and (6-6) summarize the heating rates of “O” and “W”: 

 slope"W", IR > slope"O", IR > slope"W", TC > slope"O", TC (6-5) 

 2.75 > 2.36 > 1.53 > 1.05 (6-6) 
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Table 6-7: Calculated heating rate (slope of a fitted straight line) for “O” and “W” on the 
mean temperature curves obtained by measurement with IR camera and thermocouples. 

infrared camera 

  

thermocouples 

  

 

6.3.2 Clogging 

For “C” and “I”, the same procedure was done. A straight line was fitted in the area of the 

first 300 seconds to obtain the heating rate (slope of the straight line). The diagrams can be 

seen in Table 6-8. 
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Table 6-8: Calculated heating rate (slope of a fitted straight line) for “C” and “I” on the mean 
temperature curves obtained by measurement with infrared camera and thermocouples. 

infrared camera 

  

thermocouples 

  

 

In case of the infrared camera, the difference of the heating rate of “C” and “I” is not as big 

as for “O” and “W”. But still, it can be seen that the heating rate of “I” is slightly higher (around 

1.54) than for “C” (approximately 1.51). In case of the mean temperature curves obtained by 

thermocouples, the difference in the heating rate (slope of the fitted straight line) is also 

significant. For “C” the slope is about 0.68, whereas for “I” it is approximately 1.04. If the heating 

rate is taken into account, the detection of clogging via contactless temperature measurement 

is sufficient by using an infrared camera. The trend of the heating rate is also verified by the 

temperature curves obtained by thermocouples. 

Equation (6-7) and (6-8) shows the relation of the heating rates of “C” and “I”: 
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 slope"I", IR > slope"C", IR > slope"I", TC > slope"C", TC (6-7) 

 1.54  > 1.51  > 1.04  > 0.68 (6-8) 

6.3.3 Pyrometer 

A more detailed diagram of the mean temperature curves as well as the starting points of 

these curves obtained by measurement with the pyrometer can be seen in Figure 6-9. The 

starting points mark the points, where the temperature is a above the measurement limit of 

750 °C. 

The first mean temperature curve, which reaches a temperature above 750 °C is “W” after 

approximately 356 seconds. This indicates the highest heating rate of the four cases, which is 

in good accordance with the heating rates observed by IR camera and thermocouples. The 

next one is the mean temperature curve of “O” at about 357 seconds, which is as expected. 

“C” and “I” show a different picture. Here the mean temperature curve of “C” starts first (after 

approximately 401 seconds), leading to the assumption that this curve has a higher heating 

rate than the curve of “I”. The mean temperature curve of “I” starts at about 413 seconds, which 

is significantly later than in “C”. 

The starting times are summarized by Equation (6-9) and (6-10). 

 t"W", Pyr. > t"O", Pyr > t"C", Pyr. > t"I", Pyr. (6-9) 

 356 s > 357 s > 401 s > 413 s (6-10) 

If these are compared with Equation (6-5), (6-6), (6-7) and (6-8) more or less the same 

tendency is noticeable. Only the starting times of “C” and “I” are vice versa compared to the 

heating rates. As can be seen in the upper diagram of Figure 6-9, however, this changes after 

the sharp bend of the mean temperature curve of “I”. 
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Figure 6-9: Upper diagram: more detailed diagram of the mean temperature curves of all four cases 
by measurement with the pyrometer. Lower diagram: detailed section of the starting points of the 

mean temperature curves. 

Furthermore, as can be seen in both diagrams of Figure 6-9, each mean temperature curve 

shows a sharp bend (orange marked areas). If the curves of “O” and “W” are inspected in more 

detail, these curves show a similar slope before as well as after the sharp bend. The same is 

true for the curves of “C” and “I”. Only the sharp bends are occurring at different times and 

temperatures (also see the table in the upper diagram of Figure 6-9). The temperatures as 

well as the times of the sharp bends show the same trend. In case of the temperature curve of 
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“C” the bend occurs at the highest temperature and the latest time, whereas the curve of “W” 

bends at the lowest temperature but the earliest time. This is in good accordance with the fact 

that “W” is the thinnest sample and “C” the thickest (see also Figure 5-3). This leads to the 

assumption that the sharp bend comes from some changes inside the refractory material, 

which leads to changes of the heat transfer coefficient. 
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7 Summary and outlook 

In the course of this thesis, the question whether contactless temperature measurement is 

sufficient for clogging and refractory wear detection should be answered. Therefore, a 

comprehensive literature study regarding refractory topics, clogging, and temperature 

measurement methods was conducted. Furthermore, a laboratory test set-up was developed, 

to perform temperature measurements at typical operating temperatures. For this laboratory 

test samples were manufactured, which should reproduce four different cases: a clogged 

submerged entry nozzle, an un-clogged submerged entry nozzle, an unused ladle shroud, and 

a worn ladle shroud. For the measurement three different contactless temperature 

measurement methods were used. These are the infrared camera FLIR A615, the two-colour 

pyrometer Metis M3 from Sensortherm and the broadband spectral thermometer. As a 

reference also thermocouples type N and S were used to measure the temperature at three 

different spots of the samples. To verify if a detection of clogging and refractory wear is 

possible in principle, the end temperature of the obtained temperature curves, as well as the 

heating rate were examined.  

A general outcome of the trial procedure and the measurement results can be summarized 

as follows: 

 the laboratory trial set-up worked well, even without the incorporation of liquid steel, 

 measurement with thermocouples were sufficient as a reference, 

 the contactless temperature measurement devices show significant differences 

regarding the type of material (black ISO material vs. white insulating material), 

 for further trials it is recommended to  

o optimize the trial set-up,  

o rethink the selection and design of the thermocouples,  
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o the way of placing the thermocouples like using a ceramic protection capillary 

to avoid the diffusion of carbon, as well as  

o have a further look into contactless temperature measurement devices 

regarding emissivity and other calibration parameters 

The results showed that the detection of both, clogging and wear, is possible in a laboratory 

scale. This is true if the end temperatures are taken into consideration as well as in case of the 

heating rates. If Clogging (“C”) and Insulation (“I”) are compared, the end temperature of the 

samples of “I” is higher than the end temperature of “C” for the pyrometer and the 

thermocouples. By the use of the IR camera this is vice versa, in case of the BST no data for 

“C” is available.  

For the comparison of Original (“O”) and Wear (“W”), a similar picture can be seen. In case 

of the infrared camera and the pyrometer the end temperature of “W” is higher than of “O”, 

which is as expected. Just the temperatures obtained by measurement with thermocouples 

show different results. Here the end temperature of “O” is higher than the end temperature of 

“W”. If the measurements with the BST are taken into consideration, again a statement is not 

possible since no data for “W” is available.  

The evaluation of the heating rates (slopes) for two different measurement systems, IR 

camera and thermocouples, show that the heating rate of “I” is higher than “C” with both 

measurement devices. Just like the heating rate of “W” is higher than the heating rate of “O”. 

All these findings are summarized in Table 7-1, including a colour code. Bright yellow indicates 

the highest end temperature (Tend), the fastest heating rate (ΔT/Δt) as well as the lowest 

starting time (tstart). The darker the colour gets, the lower the temperature, the slower the 

heating rate and the longer the starting time. 

Table 7-1: Summary of the outcome of this thesis.  

case 
IR camera Pyrometer BST Thermocouples 

Tend ΔT/Δt Tend tstart Tend Tend ΔT/Δt 

“C” 1.160 °C 1,51 °C/s 1.106 °C 401 s - 670 °C 0,68 °C/s 

“I” 1.099 °C 1,54 °C/s 1.140 °C 413 s 1.030 °C 770 °C 1,04 °C/s 

“O” 1.864 °C 2,36 °C/s 882 °C 357 s 850 °C 751 °C 1,05 °C/s 

“W” 1.885 °C 2,75 °C/s 893 °C 356 s - 725 °C 1,53 °C/s 
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The best results in case of the contactless temperature measurement systems were 

obtained using the pyrometer. Here, the mean temperature curves are as expected, showing 

quite remarkable differences in the end temperature for each case. The only discrepancy is 

the fact, that the samples with insulations (“C” and “I”) show higher temperatures than the ones 

without insulation (“O” and “W”). The BST did not work as expected, which is most likely due 

to the lack of a new calibration for lower temperatures and the system still in a development 

stage. The calibration of the BST for lower temperatures was not possible prior to this thesis 

because of a damaged calibration furnace. 

During the laboratory trials some problems in case of the thermocouples were noticeable. 

The placement of the thermocouples inside the drilled holes of the sample was not controllable 

in a sufficient way during sample placement. It could not be ensured, that the thermocouples 

are always placed in the defined same depth. If future trials should be conducted, it should be 

taken care that the thermocouples are fixed inside the samples before inserting them into the 

furnace. Furthermore, the carbon inside the refractory material disturbed the measurement 

and seems to damage the thermocouples. Thus, it would be recommended to isolate the 

thermocouples from the surrounding refractory material if such trials are repeated. Also, the 

calibration and handling of the contactless temperature measurement devices must be taken 

care of in more detail. It would be recommended to consult an expert regarding contactless 

temperature measurement. 

If this topic is pursued in further work, enhanced laboratory trials or field tests should be 

carried out to clarify whether it is possible to detect clogging and wear even if these phenomena 

only occur locally.
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A. Physical sample analysis 

In this chapter the remaining pictures of the samples are shown. In Table A-1 the samples 

of Clogging (“C”) can be seen. 

Table A-1: Overview of the samples of “C” before and after the laboratory trials. 

Hot face, before trial 

 

Side face, before trial 
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Cold face, before trial 

 

Cold face, after trial 

 

Hot face, after trial 

 

Table A-2 shows the samples of Insulation (“I”). 

  



PHYSICAL SAMPLE ANALYSIS 

Master Thesis Polatschek Patricia  page A-3  

Table A-2: Overview of the samples of “I” before and after the laboratory trials. 

Hot face, before trial 

 

Side face, before trial 

 

Cold face, before trial 

 

Cold face, after trial, without insulation 
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Cold face, after trial, with loose insulation 

 

The samples of Original (“O”) can be seen in Table A-3 

Table A-3: Overview of the samples of “O” before and after the laboratory trials. 

Hot face, before trial 

 

Side face, before trial 
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Cold face, before trial 

 

Cold face, after trial, without insulation 

 

Finally, Table A-4 shows the samples of Wear (“W”). 
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Table A-4: Overview of the samples of “W” before and after the laboratory trials. 

Hot face, before trial 

 

Side face, before trial 

 

Cold face, before trial 

 

Cold face, after trial, without insulation 
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B. Temperature profiles 

In the following subchapters the individual temperature curves of each sample for all four 

temperature measurement methods are shown. 

Additionally, in Table B-1 the gradients (ΔT/Δt) of the mean temperature curves obtained by 

measurement with the IR camera can be seen. 

  



TEMPERATURE PROFILES 

Master Thesis Polatschek Patricia  page B-2  

Table B-1: Mean temperature curves of all four cases including standard deviation and the 
gradient (ΔT/Δt), obtained by the infrared camera FLIR A615. 

  

  

It is obvious, that in all four cases the gradient at the end of the measurement is around 

zero. This indicates that the temperature was constant when the measurement finished. 

B.1 Infrared Camera 

Table B-2 shows the temperature curves for the individual samples of the four different 

cases obtained by measurement with the IR camera. 
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Table B-2: Individual temperature curves of each sample for all cases, obtained by 
measurement with the IR camera 

  

  

B.2 Pyrometer 

In Table B-3 the temperature curves for the individual samples of the four different cases 

obtained by measurement with the pyrometer can be seen. 
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Table B-3: Individual temperature curves of each sample for all cases, obtained by 
measurement with the pyrometer 

  

  

Figure B-1 shows the differences in the end temperatures of the mean temperature curves 

of each case in detail. 
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Figure B-1: Detailed diagram of the differences in the end temperatures of the mean temperature 
curves obtained by measurement with the pyrometer. 

B.3 Thermocouples 

The mean temperature curves which were placed in the middle and near the hot face of the 

samples can be seen in Figure B-2 and Figure B-3. 
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Figure B-2: Mean temperature curves obtained by thermocouples placed in the middle of the 
sample. 

 

Figure B-3: Mean temperature curves obtained by thermocouples placed near the surface of the 
sample. 

The temperature curves for the individual samples of the four different cases obtained by 

measurement with thermocouples on the surface can be seen in Table B-4. 
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Table B-4: Individual temperature curves of each sample for all cases, obtained by 
measurement with thermocouples placed on the surface. 

  

  

In Figure B-4 a detailed diagram of the mean temperature curves obtained by measurement 

with thermocouples can be seen. 
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Figure B-4: Detailed diagram of the differences in the end temperatures of the mean temperature 
curves obtained by measurement with thermocouples. 
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