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1. Zusammenfassung 

Rayleigh Optical Frequency Domain Reflectometry (OFDR) DOFS ermöglichen ortsaufgelöste 

Temperaturmessungen im Subzentimeterbereich und sind daher besonders interessant für 

Anwendungen, bei denen Hot- oder Coldspots (bspw. Hitzestau) und thermische Gradienten 

berücksichtigt werden müssen. Die Implementierung von DOFS in einem kontinuierlichen 

Rohrreaktor im Labormaßstab (3 m Länge, 6 mm innerer Reaktordurchmesser) wird im 

vorliegenden Text gezeigt, und die Überwachung von Hotspots wird für die mathematische 

Modellierung von Belagsablagerungen im Reaktor während der Reaktion verwendet. Die 

kalorimetrische Messung einer exothermen Reaktion wurde aus den DOFS-Daten über eine 

Wärmestrommessung ermöglicht. Das Prinzip beruhte auf der Platzierung der DOFS in 

unterschiedlichen Abständen zum Reaktorinnenraum. Der Wärmeverlust durch die 

Reaktorwand kann auf diese Weise berechnet werden. 

DOFS sind optische Glasfasern, und ihre Handhabung unterscheidet sich daher erheblich von 

der herkömmlicher Temperatursonden. DOFS, die auf Rayleigh- und Brillouin-Streuung 

basieren, messen systematisch Dehnungs- und Temperaturänderungen. Je nach Anwendung 

kann es daher von Interesse sein, DOFS zur Messung der Dehnung robust an ein zu prüfendes 

Objekt zu binden oder die physische Anhaftung an Objekte zu vermeiden, um eine 

Temperaturmessung zu ermöglichen. Dehnungsmessungen mit DOFS werden im Bereich der 

Bauwerksüberwachung routinemäßig durchgeführt, und es finden sich DOFS eingebettet in 

Eisenbahnschienen, in den Wänden von hohen Gebäuden oder in Brücken. Für diese 

Anwendungen werden die DOFS mit Beton oder Stahl verbunden, z. B. durch die Verwendung 

von Polymerharzkleber. Das DOFS-Signal unterscheidet nicht zwischen Dehnung und 

Temperatur. Um eine präzise Temperaturmessung zu ermöglichen, muss daher eine Dehnung 

der Faser vermieden oder kompensiert werden. 

Die Kalibrierung eines räumlich verteilten Sensors ist ebenfalls nicht trivial, insbesondere wenn 

der Sensor über Abschnitte mit unterschiedlichen physikalischen Bedingungen (Feuchtigkeit, 

Dehnung, Biegungen und Verdrehungen) eingesetzt wird. Es wurde experimentell gezeigt, dass 

dies dazu führt, dass die Online-Kalibrierung von DOFS während der Reaktionsüberwachung 

mit den verwendeten Methoden der Faserintegration nicht realisierbar ist. Die zuverlässigste 

Kalibrierung wurde erreicht, wenn die DOFS in den endgültigen Reaktoraufbau integriert 

wurden und der Reaktor selbst auf verschiedene bekannte Temperaturen als Grundlage für die 

Kalibrierung aufgeheizt wurde. Später zeigte sich auch, dass innerhalb dieses Reaktoraufbaus 

eine individuelle Kalibrierung für verschiedene Reaktorabschnitte sinnvoll ist. Dies ist 
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wahrscheinlich darauf zurückzuführen, dass die Biegungen zwischen den Abschnitten die 

Dehnung, die die DOFS lokal erfahren, verändern. 

Die Reaktoren wurden aus Polylactid (PLA) 3D-gedruckt und die Kanäle für die DOFS wurden 

bereits im CAD-Programm integriert. Als beste Beschichtung für die Robustheit der DOFS 

erwies sich Polyimid, und als flexibelste Art der Faserterminierung wurde die Verwendung von 

indexangepassten Lösungen aus Wasser und Glycerin ermittelt. Mit Hilfe eines Spleißgeräts 

konnten mit Polyimid beschichtete Fasern mit faseroptischen Steckern verbunden werden. Auf 

diese Weise konnten DOFS vor Ort hergestellt werden, was eine große Kostenreduzierung 

bedeutete und die Flexibilität bei der Integration der Fasern in Reaktorkonfigurationen erhöhte. 

Im Inneren der DOFS-Kanälen in den 3D-gedruckten Reaktorteilen aus PLA wurde eine 

Wärmeleitpaste eingetragen, um die wärmeisolierende Wirkung von Luft zu vermeiden. Dies 

diente der Vereinfachung von Berechnungen für die Überwachung von Wärmeverlusten durch 

die Reaktorwand. Im Hinblick auf die langfristige Stabilität der Fasern wurde festgestellt, dass 

die Verwendung eines nicht hygroskopischen Gels als Kanalfüllstoff von Vorteil sein könnte. 

Der prototypische Charakter des Reaktor-DOFS-Aufbaus führte dazu, dass die DOFS der 

Feuchtigkeit der Umgebung und mechanischen Störungen ausgesetzt waren. Dies führte zu 

einem Signaldrift und erforderte häufige Kalibrierung der Sensoren. Es werden Methoden 

erörtert, um dies in Zukunft zu vermeiden, sowie Möglichkeiten zur Integration von DOFS in 

Aufbauten, die für Hotspot-Messungen oder Strömungskalorimetrie optimiert sind. Diese 

Vorschläge werden im Abschnitt Diskussion dieser Dissertation erwähnt und illustriert. 

Das reaktionstechnische Problem, das mit der DOFS-Technologie untersucht werden sollte, war 

die Emulsionscopolymerisation von Vinylacetat und Vinylneodecanoat. Die Reaktion wurde 

bei einem Monomergehalt von 24 Gew.-% unter Verwendung eines Redox-Initiatorsystems 

durchgeführt, das aus tert-Butylhydroperoxid, Ascorbinsäure und Ammoniumeisen(III)-sulfat 

bestand. Als Emulgator und Stabilisator wurde Polyvinylalkohol verwendet (Mowiol 4-88®). 

Diese Reaktion wurde unter anderen von der Forschungsgruppe von Dr. Pauer der Universität 

Hamburg, der Gruppe von Dr. Ing. W. Augustin der Universität Braunschweig und der Gruppe 

um Prof. Dr. Asua vom Polymat im Baskenland untersucht. Sie wurde als Modellreaktion für 

eine belagsintensive Emulsionspolymerisationsreaktion und als Herausforderung für die 

Prozessintensivierung durch kontinuierliche Synthese verwendet. Informationen über die 

Belagsbildung dieser Reaktion sind bekannt und konnten als Bezugspunkte für die auf den 

DOFS-Daten basierenden Erkenntnisse verwendet werden. 
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Durch die exotherme Polymerisationsreaktion bildete sich in dem mit DOFS ausgestatteten 

Rohrreaktor ein überwachbarer Hotspot. Der Hotspot wanderte während der Reaktion 

stromabwärts, während der gravimetrisch gemessene Monomerumsatz am Auslass abnahm. 

Dies war darauf zurückzuführen, dass die Ablagerungen im Laufe der Zeit mehr Volumen im 

Reaktor einnahmen und die Reaktion stromabwärts drängten. Es wurde ein mathematisches 

Modell entwickelt, um den Volumenverlust innerhalb des Reaktors geometrisch über die Zeit 

und entlang der Reaktorachse zu beschreiben. Dieses Basismodell wurde auf verschiedene 

Arten der räumlichen Ablagerung angewandt (stärkere Ablagerung zum Ende oder zur 

Vorderseite des Reaktors hin, gleichmäßige Ablagerung entlang der Reaktorachse, 

unterschiedliche Gradienten der Belagsdicke vom Einlass zum Auslass). Der relevante freie 

Radius (z. B. der Auslassradius für die Ablagerung von Fouling mit einer linearen Zunahme 

entlang der Reaktorachse ab einer Dicke von 0 am Einlass) wurde als Funktion der 

Reaktionszeit definiert. 

Die DOFS-Daten der Polymerisationsreaktion wurden als Heatmap mit der Reaktionszeit und 

der Reaktorlänge als x- und y-Achsen und der Temperatur als z-Achse (Farbe) dargestellt. Die 

z-Achse wurde verwendet, um den Hotspot zu definieren und ihn zu einem beliebigen Zeitpunkt 

entlang der y-Achse zu lokalisieren. Dieses x-y-Diagramm der Hotspot-Position in Zeit und 

Raum wurde zur Parametrisierung der Modellfunktionen verwendet. Die Modelle, die die 

Bewegung des Hotspots am besten beschrieben, betrachteten die Belagsablagerung als 

gleichmäßig über die gesamte Reaktorlänge und die Ablagerungsrate als linear oder kubisch 

(eine stark gestreckte kubische Funktion, die der linearen Rate im betrachteten Intervall sehr 

nahekam). Sowohl die lineare als auch die kubische Ablagerungsrate konnten in der Literatur 

wiedergefunden werden. Die Modelle mit den besten Übereinstimmungen waren auch in der 

Lage, die Zeit zu berechnen, zu der der Reaktor verstopfen würde, wenn nur 30 Minuten an 

Daten vorlagen. Die Verstopfungszeiten wurden in einem Bereich von 0.89 bis 1.28 berechnet, 

wobei 1 eine perfekte Übereinstimmung mit den experimentellen Daten darstellt, wenn nur die 

ersten 12 % (ca. 30 min) der Reaktionszeit mit den Modellen betrachtet werden (100 % sind 

vom Start bis zur Verstopfung). 

Die Kanäle für die DOFS wurden in drei verschiedenen Abständen entlang der radialen Achse 

des Reaktors innerhalb der Reaktorwand positioniert. Dies geschah, um das radiale 

Temperaturprofil entlang des Reaktors zu messen und den Wärmestrom durch die Wand zu 

berechnen. Erhitztes Wasser wurde mit einer konstanten Durchflussrate durch den Reaktor 

geleitet. Der Rektor wurde nur durch natürliche Konvektion der Umgebungsluft bei 
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Raumtemperatur gekühlt. Die resultierende Abkühlungsrate wurde als Basis für die 

Kalibrierung der DOFS verwendet, da die Wärmemenge, die das Wasser entlang der 

Reaktorachse verliert, direkt aus dem Temperaturunterschied, der Wärmekapazität der Wassers 

und der Flussrate berechnet werden kann. Die Experimente mit erhitztem Wasser wurden 

genutzt, um die Wärmeübergangskoeffizienten α an der inneren und äußeren Reaktorwand über 

die Ähnlichkeitstheorie und die Korrelation zwischen der Nußelt-Zahl Nu und α zu bestimmen. 

Mit sechs im Reaktorkanal befindlichen Thermoelementen konnte der axiale Wärmeübergang 

durch den Reaktor berechnet werden. Wärmeverluste von 2 bis 9 W konnten in diesem Aufbau 

mit einer Genauigkeit von 0,39 W gemessen werden. 

Die gleichen Messungen und Berechnungen wurden für die Copolymerisation von Vinylacetat 

und Vinylneodecanoat im Rohrreaktor durchgeführt. Die Reaktion ist autotherm und der 

Reaktor ist isoperibolisch, daher wird die gesamte erzeugte Wärme als Reaktionswärme 

angenommen. Anhand des vorherigen Kalibrierungs- und Berechnungsprozesses wurde die 

freigesetzte Wärme ermittelt und durch die theoretisch freigesetzte Wärme bei vollständiger 

Umwandlung geteilt, um den thermischen Umsatz zu ermitteln. Der thermische Umsatz wurde 

mit dem gravimetrischen Umsatz, der auf Proben, die am Auslass entnommen und sofort in 

einer Mikrowellenwaage vermessen wurden, basierte. Die beiden Reaktionszeit-Umsatzkurven 

wurden verglichen und zeigten in bestimmten Zeiträumen eine gute Übereinstimmung. 

Daraus wurde abgeleitet, dass die geringe räumliche Auflösung der sich im Strom befindlichen 

Temperatur dazu führte, dass die axial transportierte Wärme unterschätzt wurde, wenn das 

Temperaturmaximum nicht mit einem Thermoelement zusammentraf. Da dies während der 

meisten Zeit der Fall war, zeigte sich die Auswirkung deutlich in einer Unterschätzung des 

thermischen Umsatzes. Während Zeiten der örtlichen Übereinstimmung des 

Temperaturmaximums mit einem Thermoelement betrug die berechnete thermische 

Umwandlung 79 % ± 3 %, während die gravimetrische Umwandlung 78 % ± 2 % betrug. Dies 

zeigt, dass die Methode gut funktioniert, wenn die Hotspot-Temperatur korrekt gemessen wird. 

Die Integration eines DOFS im Fluss würde das Problem der geringen räumlichen Auflösung 

im Reaktorinneren beseitigen, doch dies ist ein technisches Problem, das weiter untersucht 

werden muss. Dieses Thema wird auch im Abschnitt Diskussion der Dissertation erörtert, in 

dem Probleme und Lösungen dargestellt werden. 
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2. Summary 

Distributed Optical Fiber Sensors (DOFS) are currently not part of the traditional chemical 

engineering toolkit. Rayleigh Optical Frequency Domain Reflectometry (OFDR) DOFS allow 

spatially resolved temperature measurement on a sub-centimeter scale and are therefore 

particularly interesting for applications during which hot- or cold spots and thermal gradients 

need to be considered. The implementation of DOFS in a laboratory-scale continuous tubular 

reactor setup (3 m length, 6 mm inner reactor diameter) is shown in the present text and hotspot 

monitoring is used for mathematical modelling of fouling deposition in the reactor during 

reaction. Calorimetric data of an exothermal reaction is calculated from DOFS data via heat 

flow measurement based on the placement of DOFS at different distances to the inner reactor 

space. The heat loss through the reactor wall can be calculated in this manner. 

DOFS are optical fibers, and their handling is therefore considerably different from traditional 

temperature probes. Rayleigh and Brillouin scattering-based DOFS simultaneously read strain 

and temperature changes. Depending on the application, it may therefore be of interest to 

robustly bind a DOFS to an object under test to measure strain or avoid physical adherence to 

any objects to enable temperature measurement. Strain measurements using DOFS are carried 

out in the field of structural health monitoring routinely and DOFS can be found embedded in 

train tracks, the walls of skyscrapers or in bridges. For these applications the DOFS are bound 

to concrete or steel e.g. by use of polymeric resin glue. The DOFS signal does not inherently 

distinguish between strain and temperature. Therefore, to allow for precise temperature 

measurement, strain on the fiber must be avoided or compensated for. 

The calibration of a spatially distributed sensor is also not a trivial issue especially if said sensor 

is used over sections of different physical environment (moisture, strain, bends and twists). It 

was experimentally shown that this causes online calibration of a DOFS during reaction 

monitoring to be non-feasible with the employed methods of fiber integration. The most reliable 

calibration was achieved with the DOFS integrated in the final reactor setup and the reactor 

itself being heated to different known temperatures as basis for calibration. Later, it was also 

shown that within this reactor setup individual calibration for different reactor sections made 

sense. This was likely due to bends in between the sections changing the strain the DOFS 

experienced locally.  

Reactors were 3D printed using polylactide (PLA) and channels for the DOFS were integrated 

in the CAD program. The best coating for DOFS ruggedization was found to be polyimide and 
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the most flexible way of fiber termination was determined to be the use of index-matched 

solutions of water and glycerol. With the use of a splicer, bare polyimide coated fiber could be 

coupled with fiber optical connectors. In this way, DOFS were created in-house at a large cost 

saving and increased flexibility in fiber integration into reactor setups. Inside the DOFS 

channels in the PLA 3D-printed reactor parts a thermal paste was applied to avoid the thermal 

insulating effect of air. This was done to simplify calculations and enable the monitoring of heat 

loss through the reactor wall. Considering long term fiber stability, it was deduced that use of a 

non-hygroscopic gel as a channel-filler may be beneficial. 

The prototypical nature of the reactor-DOFS setup led to DOFS being subject to moisture from 

the environment and mechanical disturbance. This caused signal drift and required frequent 

calibration of the sensors. Methods to prevent this in the future and ways of DOFS integration 

into setups optimized for hotspot measurement or flow calorimetry are discussed. These 

suggestions are mentioned and illustrated in the Discussion section of this dissertation.  

The reaction engineering problem that was chosen to be elucidated with DOFS technology was 

the emulsion copolymerization of vinyl acetate and vinyl neodecanoate. The reaction was 

carried out at a 24 w% monomer content using a redox initiator system consisting of tert-butyl 

hydroperoxide, ascorbic acid and ammonium iron(III) sulfate. As emulsifier and stabilizer 

polyvinyl alcohol was used (Mowiol 4-88®). This reaction has been studied by the research 

group of Dr. Pauer and the University of Hamburg, the group of Dr. Ing. W. Augustin at the 

Technical University of Braunschweig and by the group surrounding Prof. Dr. Asua from the 

Polymat in Basque country. It has been used as a model reaction for a fouling-heavy emulsion 

polymerization reaction and as a challenging choice for process intensification by synthesis in 

a continuous manner. Therefore, fouling information about this reaction is known and has been 

used as reference points for the findings based on the DOFS data.  

The exothermal polymerization reaction caused a monitorable hotspot to form in the tubular 

reactor equipped with DOFS. The hotspot wandered downstream during the reaction while the 

gravimetrically measured monomer conversion at the outlet decreased. This was caused by the 

fouling deposition taking up more volume inside the reactor over time and pushing the reaction 

downstream. A mathematical model was devised to describe the volume loss inside the reactor 

geometrically over time along the reactor axis. This basic model was applied to different modes 

of spatial fouling deposition (more deposition towards the end or front of the reactor, even 

deposition along the reactor axis, different gradients of fouling deposition from inlet to outlet). 
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The relevant free radius (e.g. outlet radius for fouling depositing with a linear increase along 

the reactor axis from a thickness of 0 at the inlet) was defined as a function of the reaction time. 

The DOFS data from the polymerization reaction was visualized as a heatmap with the reaction 

time and the reactor length as the x and y axes and the temperature as the z axis (color). The 

z axis was used to define the hotspot and locate it at any time along the y axis. This x-y plot of 

the hotspot position in time and space was used to parameterize the model functions. The 

models which best described the motion of the hotspot considered the fouling as an even 

deposition along the entire reactor length and the fouling rate as linear or cuboid (a stretched 

cuboid that was very close to the linear rate in the observed section). The linear and cuboid 

fouling rates could both be corroborated by literature findings. The models with the best fits 

were also able to calculate the time at which the reactor would clog when given only 30 min of 

data. The clogging times were calculated within a range of 0.89−1.28 with 1 being a perfect fit 

with experimental data from data describing only the first 12 % of reaction time (100% being 

from start to clogging).  

The channels for the DOFS were positioned at three different distances along the radial axis of 

the reactor inside the reactor wall. This was done to measure the radial temperature profile along 

the reactor and calculate the heat flow through the wall. Heated water was conveyed through 

the reactor at a constant flow rate and the cooling caused by heat transport from the reactor 

channel to the environment at room temperature via natural convective cooling was monitored 

using DOFS. These measurements were used to calibrate the DOFS and the heat loss 

calculation, as the temperature difference between inlet and outlet corresponded directly to the 

feed rate and heat capacity of water. The experiments with heated water were used to estimate 

the heat transfer coefficients α at the inner and outer reactor wall via similarity theory and the 

correlation between the Nußelt number Nu and α. With six instream thermocouples, the axial 

heat transfer through the reactor could be calculated. Heat losses from 2 to 9 W could be 

measured with an accuracy of 0.39 W in this setup. 

The same measurements and calculations were carried out for the copolymerization of vinyl 

acetate and vinyl neodecanoate in the tubular reactor. The reaction is autothermal and the reactor 

is isoperibolic, therefore all created heat is assumed to be reaction heat. With the previous 

calibration and calculation path, the released heat was calculated and divided by the 

theoretically released heat at full conversion to give the thermal conversion. The thermal 

conversion was compared to the gravimetrical conversion based on samples collected at the 

outlet and immediately processed in a microwave scale to determine solid content. The two 
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reaction time-conversion curves were compared and showed good agreement during certain 

timeframes. It was deduced that the low spatial resolution of the instream temperature caused 

the axially transported heat to be underestimated when the temperature maximum did not align 

with a thermocouple. As this was the case during the majority of the time, its impact was seen 

clearly in the thermal conversion by an underestimation. During time of alignment with a 

thermocouple the calculated thermal conversion was 79 % ± 3 % while the gravimetrical 

conversion was 78 % ± 2 %. This exemplifies that the method works well if the hotspot 

temperature is correctly measured. The integration of a DOFS instream would eliminate the low 

spatial resolution problem, but it is an engineering problem that needs further studying. This 

topic is also explored in the Discussion section of the dissertation where problems and solutions 

are illustrated. 

 

  



9 

 

3. Introduction 

3.1. Emulsion polymerization 

Heterophase polymerization is a process resulting in a polymer dispersion. Dispersion, 

suspension, emulsion, micro-emulsion and inverse emulsion systems are part of the heterophase 

polymerization modes. They can be distinguished using their continuous phase, monomer 

solubility, initiator type and resulting particle diameter. There is no hard rule for sorting 

polymerizations into these categories.[1] Commonly and in the scope of the presented work, 

emulsion polymerization is defined as a polymerization reaction in an aqueous continuous 

phase with dispersed monomer which possesses a low water-solubility. An amphiphilic 

stabilizer (e.g. surfactant, polymeric) is used together with a mode of agitation to disperse the 

organic in the continuous phase. The radical initiator is typically miscible with the continuous 

phase. Monomer droplets form during dispersion and upon reaction active particles are created. 

By the end of the reaction polymer particles are suspended in the aqueous phase. The resulting 

product is called polymer latex. Resulting particles have a diameter of 5 nm to 10 μm.[1,2] Due 

to the aqueous continuous phase, the reaction temperature range is 0 to 100 °C. 

Polymer dispersions are used in water-based coatings, inks, adhesives and additives. They are 

used in the paper, leather, automotive and construction material (concrete, asphalt, adhesives) 

industry.[3] Advantages of emulsion polymerization are the direct production of polymer 

dispersions, the improved thermal safety of the reaction (lowered viscosity and large heat 

capacity of the aqueous continuous phase) and the high molecular weight of products.[3,4] The 

water-based polymerization has the benefit of being low in volatile organic compounds (VOCs) 

in comparison to solvent-based polymerization, therefore addressing environmental 

concerns.[5] 

The product and reaction characteristics can be influenced by a plethora of factors, such as 

choice of stabilizer, monomers, additives, initiator, (order of) mixing, temperature, respective 

concentrations of components, oxygen presence and the chosen reactor. The changes in reaction 

and kinetics are reflected in the number and type of particles, initiator activity, distribution of 

active species between phases, monomer conversion and rate of termination.[1,2,6] The link 

between reactor variables and the final product properties can be defined as the polymer 

microstructure, including e.g. copolymer composition, particle morphology, crosslinking and 

branching, molecular weight distribution (MWD) and particle size distribution (PSD). Models 

with these factors are being created to explain and optimize product properties.[5] The number 
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of variables and heterogeneity of the polymerization system complicates mechanistic and 

kinetic descriptions and modelling substantially. Industrially, emulsion polymerization has been 

serviceable and is being continuously improved since before 1945.[7] However, the 

understanding of the mechanism and kinetics of emulsion polymerization is still being defined, 

and new ideas are introduced to the present day.[1,7,8] 

To gain a deeper understanding of the mechanisms and kinetics of emulsion polymerization and 

therefore enable process optimization and intensification, different methods of (online) analysis 

have been suggested in literature. An overview of literature concerning e.g. spectroscopic, light 

scattering, chromatographic, spectrometric online analysis can be found in chapter 4.4 ‘Process 

Engineering’ in Heterophase Polymerization (2021, Hernandez and Tauer).[1] Due to the 

complexity of the system, meta-models/soft sensors and predictive models are a subject of 

further study concerning process variables and optimization. An example of an inferred 

measurement (soft sensor) is the calculation of particle size using an inline turbidity 

sensor.[9,10] The use of computational model-based process description has been the basis for 

the development of nonlinear model predictive control, which has been successfully 

demonstrated in a pilot plant-scale semi-batch reactor.[11] 

3.2. Emulsion polymerization of vinyl acetate 

Vinyl acetate is a fairly water-soluble monomer (20 g ∙ L−1) and PVAc can be hydrolyzed to 

create polyvinyl alcohol (PVA), which is how products such as Mowiol 4-88 are created (the 88 

refers to the mol-percent of hydrolyzation from PVAc).[12] To increase hydrophobicity VAc is 

often copolymerized with lass water-soluble monomers. Another function of the 

copolymerization is the decreasing of the glass transition temperature Tg of PVAc (pure PVAc 

has an approximate Tg of 30 °C). As the resulting dispersions are often used for coatings, it is 

preferrable to lower the glass transition temperature of the polymer to improve film 

formation.[6,13] The homo- and copolymers of vinyl acetate and comonomers such as butyl 

acrylate, long chain vinyl esters or ethylene account for 32 % of global emulsion polymerization 

products.[14]  

Germany and Italy are the leading producers of VAc-based polymers in aqueous dispersions 

with 58 and 19 % of the annual production quantity in the EU.[15] In 2023 the EU share of this 

PVAc product sector accounts for approximately 17 % of the global VAc-based product 

market.[15,16]  
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Figure 1: Annual production quantities of vinyl acetate (VAc)-based polymers for the countries 

of the European Union (EU) as of 2020 (27 countries).[16,17] 

Emulsion and mini-emulsion copolymerization of VAc and vinyl neodecanoate (VV10) 

(VeoVa10® or Versa10®) has been carried out using ionic and nonionic surfactants, such as 

sodium lauryl (ether) sulfate, PVA and hydroxymethyl/ethyl cellulose.[13,18] Common 

methods of reaction initiation are the use of thermal peroxide initiators, such as potassium 

persulfate, or initiator and redox component systems, such as potassium persulfate with sodium 

metabisulfate, or tert-butyl hydroperoxide with ascorbic acid. A room temperature initiator 

system using tert-butyl hydroperoxide, ascorbic acid and ammonium iron(III) sulfate has been 

examined in detail in literature.[19,13,20] It has been shown that the emulsion characteristics 

in PVA-stabilized polymerizations are impacted by particle coagulation and degree of grafting 

of polymer and PVA.[13,21,22] For indoor applications the VAc:VV10 weight ratio is often 9:1 

to 8:2. Outdoor applications call for a higher protection from hydrolysis, therefore ratios of 8:2 

to 7:3 are employed. Industry-like solid contents for VAc-VV10-copolymer dispersions are 40-

60 w%[13,23] The high dependence of product characteristics on the properties of PVA 

stabilizer and the formation of precipitate and fouling on reactor surfaces are challenges that 

are mentioned since the inception of VAc emulsion polymerization.[19] Nowadays, there are 

PVA products with narrow property ranges, ensuring reproducibility of reactions. The formation 

of coagulate and fouling are problems which are still being studied in literature.[16,13,24] 
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3.3. Continuous polymerization reactors 

At present, emulsion polymerization is most commonly carried out in semi batch processes.[25] 

While the operation of batch reactors is straight forward, flexible and well-studied, there are 

some disadvantages. For reactions requiring pre-heating, getting the entire reactor up to 

temperature during every reaction start period is more energy consuming than keeping a reactor 

at a constant elevated temperature. Many batch reactors are stirred tanks, which have a low 

surface to volume ratio, increasing the energy needed for temperature control. This latter point 

is of special interest for polymerization reactions, as they are exothermal. The reaction enthalpy 

of vinyl acetate is ΔHR = 88.8 kJ ∙ mol−1. In continuous reactors new and intensified modes of 

mixing, heat transfer and monitoring are possible.[4,6] 

The goals of process intensification in chemical reaction engineering are improved 

sustainability and safety of reactions as well as maximizing profitability. Methods to achieve 

this involve the integration of several devices and functionalities into one apparatus, online 

optimization and monitoring, minimization of reaction volumes and improved throughput, 

static mixing and heat transfer technology, the shortening of diffusion paths and the use of novel 

synthesis routes (electrochemistry, microwave etc.). Continuous reaction engineering is a large 

part of process intensification.[4,26] Continuous reactors enable passive mixing, and tubular 

reactors have a large surface to volume ratio, allowing for improved heat transfer. Continuous 

analysis methods such as chromatography can be used inline and separation and further 

processes can be used in series to the continuous reactor in an automated manner.[26] 

The transfer of a process from batch to a continuous reactor can cause reaction kinetics and 

selectivity to change.[27] Reaction calorimetry is an important tool to study such effects and 

their impact on the safety of the process. To this end, continuous calorimeters are needed, 

however, not many exist on the market. For continuous reactors which are not continuous 

stirred-tank reactors (CSTRs), spatially resolved measurements are needed.[28] Continuous 

calorimeters using a series of thermo- or Seebeck elements can be found in literature, as well 

as the implementation of Infra-Red (IR) thermography.[29,29-34] 

With regards to emulsion polymerization, the use of series of CSTRs, tubular (bent or coiled) 

and loop reactors have been reported.[35-40] The copolymerization of VAc and VV10 has been 

carried out in a loop reactor and similar oscillating behavior with regard to the particle size and 

conversion as observed in CSTR operation has been reported.[40] In a two CSTR cascade a 
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controlled product with dampened oscillation has been achieved by Agirre and Asua, and a 

mathematical model for the intensified process is provided.[39] 

The improved heat transfer properties of continuous reactors due to the high surface to volume 

ratio are a fundamental advantage over batch and semi-batch reactors. However, for reactions 

with precipitation and the formation of a fouling layer, additional surface can be a disadvantage. 

In process intensification many favorable technologies such as high surface to volume ratio, 

short diffusion paths and static mixers are also prone to fouling.[4,6] 

3.4. Fouling during emulsion polymerization 

Fouling is the unwanted deposition of solid material on a surface or the change of said surface 

in a disadvantageous way. A way to describe fouling by nature of its creation process is the 

distinction into five categories: crystallization fouling, particulate fouling, reaction fouling, 

corrosion fouling and biofouling.[41] If a process is prone to fouling from multiple of these 

categories at once, it is composite fouling.[24] The reactive mixture of an emulsion 

polymerization can lead to reaction fouling and particulate fouling, therefore it is a composite 

system. Chemical reaction fouling has been defined by Watkinson in 1997 as the subsequent 

synthesis of a fouling precursor, followed by formation of soluble and then insoluble fouling 

precursors, followed by the formation of foulant.[42] Particulate fouling in colloidal systems is 

dependent on particle sedimentation or diffusion to surfaces. These processes are influenced by 

the coagulation of the particles.[41,43,44] Surface deposition of particles in colloidal systems 

can be described with van-der-Waals and electrostatic forces using DLVO theory.[45] 

In the context of emulsion polymerization fouling, there is often a focus on coagulation and 

stability of the dispersion.[18,24] Across multiple studies many factors influencing fouling 

during emulsion polymerization fouling have been identified: Initiator (degree of initiation, 

rate), emulsifier (concentration, characteristics), temperature (heat exchange characteristics and 

heated/cooled surfaces), pH and ionic strength of the aqueous media, stirrer speed, viscosity 

and solid content.[6,24,46-51] In regard to the influence of stirrer speed, viscosity and collision 

frequency of particles, shear-induced coagulation appears to be an overarching factor.[52-54] 

During experiments with active polymer reaction mixture and dead polymer dispersion, it was 

shown that polymer and polymerization fouling (the particulate and reaction fouling in this 

system) appear simultaneously, but at different rates during different times in the reaction.[24] 

Based on findings in literature it can be summarized that for the emulsion copolymerization of 

VAc and VV10 using PVA as stabilizing agent fouling is increased by raised (wall) temperature, 
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higher solid content, higher initiator content, higher emulsifier content and higher ratio of 

monomers (VAc:VV10).[6,24] 

Methods for fouling prevention are the use of additives, surface preparation and coating and 

technological methods such as the use of specialized reactor geometries.[6,51,55-62] In 

emulsion polymerization the use of polydimethylsiloxane, wax and titanium dioxide as surface 

treatments and electropolished surfaces have been studied for fouling reduction.[6,51] Effective 

fouling prevention and removal is based on understanding of the fouling process. In comparison 

to emulsion polymerization fouling, fouling formation on membranes and crude oil pipelines 

has been discussed to a high degree in literature. For example, it has been determined that in 

wastewater treatment membrane fouling can be traced back to the use of cationic polymer 

sludge treatment chemicals. Time dependence and fouling removal options for this and other 

membrane fouling problems have been explored, and irreversible and reversible fouling could 

be distinguished and modelled mathematically.[63,64] For crude oil fouling, the definition of 

descriptive and predictive models has been carried out using threshold fouling, and 

deterministic models. The threshold model works for systems where fouling does not occur if 

certain conditions are not met. A fouling activation energy is usually defined in this type of 

model, however the use for the term activation energy in this context is not comparable to the 

activation energy of a chemical reaction.[65] Deterministic models are based on empirical data 

and conditions and the deposition of fouling, forgoing the threshold fouling’s activation energy. 

Fouling is correlated to multiple conditions, such as surface roughness, flow pressure drop, 

mass transfer, surface temperature and surface shear stress.[66-68] 

Fouling monitoring and analysis can be subdivided into online and offline techniques. Offline, 

the fouling deposit can be analyzed regarding its microstructure (e.g. gel content, crosslinking), 

composition (e.g. SEC, NMR) and physical mass and appearance.[69] Online methods require 

a way to directly or indirectly measure fouling during reaction. This has been achieved with an 

ultrasound method, electrochemical impedance spectroscopy and a quartz microbalance in the 

context of emulsion polymerization.[70-73] These methods have proven to be useful for the 

early stages of fouling, while the film thickness is still small. Weighing the entire reactor after 

reaction is less precise than these methods but is applicable for all stages of fouling.[69,74] A 

method measuring the increase in thermal resistance of the reactor walls caused by the fouling 

deposit has been used to study different factors influencing the intensity of fouling for the 

emulsion copolymerization of VAc and VV10.[24,75] 
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3.5. Distributed Optical Fiber Sensors 

Fiber Optical Sensors (FOS) have been used for many decades for a plethora of applications. 

They can be divided into extrinsic and intrinsic sensors. Extrinsic sensors are such where the 

fiber optic cable is used as a device to transfer an optical signal from e.g. the detector to an 

electronic measuring device. These sensors are traditional and can be found in many 

applications with optical signals in labs all over the world. The probe is at the end of the fiber 

optic cable and the cable is used in transmission. Intrinsic sensors use the fiber cable itself as 

the probe and transmission simultaneously. 

The intrinsic FOS can be sorted into the categories Distributed Optical Fiber Sensors (DOFS) 

and non-distributed FOS (point sensors). The latter uses a few altered sections along a fiber 

optic cable as a series of point sensors (gratings). This sensor type includes Fiber-Bragg-

Gratings (FBGs) and fiber optic Fabry-Perot interferometry (FFPI). FOS can be made of optical 

glass or polymer, which is another distinction commonly made in the field of FOS. 

DOFS are FOS in which the entire fiber cable length is used as the sensor. Using Optical Time 

Domain Reflectometry or Optical Frequency Domain Reflectometry, DOFS provide a spatially 

distributed measurement. The scattering mechanisms inside the fibers which are used in DOFS 

technology are Brillouin, Raman and Rayleigh scattering. Distinction between single mode, 

multimode, polarization-sensitive or -compensated DOFS can also be made. The criteria by 

which DOFS are compared are measurand resolution, range, spatial resolution (number of 

sensing points per range) and measurement time. The different combinations of backscatter 

mechanism, mode of reflectometry and other specifications give rise to a variety of different 

types of DOFS with varying (measurand and spatial) resolution, measuring range and 

measurement time. The amount of different FOS types, initial cost of technology, as well as the 

application and sensing mechanism differing considerably from traditional sensors, are part of 

why this sensing technique is not more widespread and understood. However, within certain 

fields a variety of DOFS have become important sensing techniques within the last decades, 

due to their characteristics and range. Amongst such applications are the monitoring of 

boreholes and oilwells, high voltage transmission cables, some fire detection applications, 

structural health monitoring (SHM) and biomedical applications such as intra-aortic catheters. 

The beneficial characteristics of DOFS sensors are spatially resolved data acquisition, the small 

form-factor and therefore thermal mass of the sensor itself, the tolerance to a large temperature 

range (cryogenic to over 1000 °C) and immunity from electromagnetic interference due to the 

optical character of the data.[72,76-79] 
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The DOFS technology used in the presented work is Rayleigh-backscatter-based OFDR 

measurement using telecommunications-grade fiber optic sensors. The following explanation 

of sensing setup, mechanism and method characteristics are intrinsic to this method.  

Figure 2 shows the setup for Rayleigh backscatter sensing in a distributed manner and is based 

on the work of D. K. Gifford et al. (2007).[80] In this setup, a tunable laser source (TLS) is 

used to send swept wavelength pulses of laser light into the optic fibers. This is the basis for 

OFDR measurement. In OTDR, the spatial resolution is created by sending out laser pulses at 

a known frequency and interpreting the backscattered signal’s temporal delay from travelling 

through the glass medium. In OFDR, the swept-wavelength incident signal enables the 

inference of spatial information from the mixing of the backscattered light with the light from 

the reference interferometer. In OTDR a shorter pulse enables a higher spatial resolution 

(smaller gage length), but at the cost of worsening signal-to-noise ratio (SNR). Rayleigh OTDR 

can interrogate long distances (kilometers) with a spatial resolution in the meter range, and 

Rayleigh OFDR can interrogate small distances (meters) with a sub-millimeter spatial 

resolution.[76,77] 

 

Figure 2: Schematic explaining the interferometric setup to measure Rayleigh backscatter for 

distributed sensing applications, using a TLS (tunable laser source). 
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The backscattering inside the cores of optical fibers is caused by any local changes in refractive 

index (RI). Therefore, every physical fiber has a different backscatter signature, and it can be 

inferred that fibers with more defects and impurities can enable better SNR by causing more 

backscatter.[76] Rayleigh-based DOFS measurement is based on the elastic process of Rayleigh 

scattering. Due to Brillouin and Raman scattering being inelastic processes, a higher probing 

energy is needed, and the SNR is typically lower than that of Rayleigh measurements.[77] 

Figure 3 shows how the scatter centers (impurities/inhomogeneities) are physically distributed 

in a fiber core, and how the change in their relative positions to each other via fiber stretching 

alters a DOFS measurement signal. The pictured measurement is merely a graphical aid and not 

a real measurement. 

 

Figure 3: Visual explanation of how an external force can impact the physical arrangement of 

backscatter centers in a fiber core and therefore create signal that can be measured in a spatially 

distributed manner along the fiber length. 

Based on the mechanism of signal generation it can be understood how the two main 

measurands of DOFS impact the fiber. Strain, being the introduction of physical deformation 

to a fiber in compression or tension, is pictured in Figure 3. Temperature causes material to 

expand or contract and therefore secondary strain is introduced in the fiber core and signal is 

generated. Raman is a non-elastic thermal scattering process and is therefore only influenced 

by temperature changes and not by strain. Brillouin and Rayleigh scattering are both influenced 

by strain and temperature. This can be an advantage, if monitoring for any event is the goal. If 

the goal is to measure strain exclusively, the DOFS not only needs to be robustly bonded to the 

object under test, but temperature compensation needs to be performed.[81-83] 
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In the present work, Rayleigh OFDR DOFS were used for temperature measurement. In the 

context of these sensors, temperature can only be measured in a relative manner. The physical 

conformation of the fiber optic sensor cable is very important in minimizing strain from 

disturbing the temperature measurement (avoidance of tight bends and avoiding bonding to any 

surfaces to enable free slipping of the fiber).[84,85] 

The implementation of FOS in chemical engineering applications can be illustrated via the 

publications and patents which exist in literature. The most common type of publication in this 

category is about point FOS.[86] Work has been done on the creation of distributed chemical 

sensors, which use the monitoring of temperature and strain as a basis for chemical sensors, for 

example by using special chemo-responsive fiber coatings.[87] DOFS have been used in 

reactors for hotspot tracking in a fixed bed reactor and there are multiple patents regarding the 

implementation of various DOFS in reactor components for temperature monitoring or flow 

measurement.[88-91] Raman-based DOFS have been used in the detection and prevention of 

corrosion under insulation (CUI) by the company Fluves and their systems can for example be 

found in the pipelines of the BASF plant in Antwerpen.[92] 

For the integration of DOFS in a chemical reactor at laboratory scale, fiber degradation needs 

to be considered. Silica glass can absorb small molecules, which alter optical properties over 

time. This has been reported in optical fibers in contact with hydrogen.[93] Mechanical and 

chemical degradation of optical fibers with and without protective coatings has been studied by 

Corning Incorporated extensively, and their research is published in white papers.[94,95] A 

common polymeric coating for fiber protection in FOS is polyimide (PI). PI is relatively 

hygroscopic, and this causes the coating to exert stain onto the fiber, as well as enable the 

penetration of moisture into the glass, especially via microcracks.[94,96,97] The two most 

common types of primary fiber optic cable coatings are PI and polyacrylic resins (PA). Both 

materials can absorb organic molecules and swell upon contact with solvent. Furthermore, it 

has been shown that acetone degrades not only coatings substantially, but also the glass fiber 

itself.[98] 
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4. Motivation 

The spatially distributed nature of DOFS measurement is attractive for use in continuous 

chemical setups. DOFS are thin, lightweight and have a small thermal mass. Depending on the 

installation, they have the potential to be used in flow reactors and even microreactors, 

especially OFDR Rayleigh DOFS with their high spatial resolution. Multiple thermal sensors 

can be replaced with a single DOFS, which has the potential to simplify setups. In a typical 

chemical reactor setup, there are often multiple sources of electromagnetic interference present, 

e.g. magnetic stirring and electro-magnetic valves. Sensors based on thermoelectric effects can 

be adversely affected. This is not a problem for optical sensors such as DOFS. 

Continuous calorimetry’s need for spatially resolved temperature and heat measurement has 

been met with series of thermocouples or Seebeck elements, as stated in literature.[27-34] There 

is potential in the exchange of a series of point sensors for spatially distributed DOFS, especially 

if the spatial resolution is increased during the exchange. The DOFS interrogator system 

available during the creation of the present work is stated to have a spatial resolution of 0.26 cm, 

which is higher than any series of sensor-based calorimetry systems in literature. Furthermore, 

the small thermal mass and diameter of a DOFS is thought to enable the parallel use of multiple 

DOFS inside a reactor wall. With DOFS at different distances to the inside of the reactor, the 

radial temperature distribution in the reactor wall can be monitored and used for heat 

calculations. 

Polymerization fouling decreases the heat transfer capabilities of a reactor wall significantly, 

and therefore it is possible to monitor fouling via measurement of the thermal resistance of the 

surface. This has been shown in the work of Hohlen and Klinkert in the setting of emulsion 

polymerization.[24,75] The radial temperature distribution in a reactor wall can reflect the 

increase in thermal resistance inside the reactor, and therefore it is hypothesized, that this can 

be realized with DOFS. 

Spatially distributed temperature sensing enables hotspot monitoring in a chemical reactor.[88] 

Fouling decreases the available reaction volume in the reactor and therefore shortens residence 

time.[73] This leads to a downstream propagation of a reaction hotspot for an exothermal 

reaction. Therefore, it may be possible to make judgements on the state of the fouling and the 

volume lost to the foulant by monitoring hotspot position. 

To enable achievement of any of these goals, research on using DOFS in a laboratory-scale 

continuous reactor is needed. For this, 3D-printing techniques can be used to manufacture 
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reactor geometries with channels for DOFS. Optimization of DOFS coating choice, sensor 

integration method and physical arrangement of the fiber, as well as protection from solvents 

and other chemicals will be studied. Due to the high cost of dedicated DOFS and the inevitable 

breaking of multiple sensors in a non-optimized laboratory setting, the in-house manufacture 

of DOFS out of commercially available and cheap telecommunications fibers will be carried 

out.  

5. Unpublished work 

5.1. Different reactor geometries and sensor implementation 

All reactors were created using an Ultimaker 2+ with a 0.4 mm brass nozzle and black died or 

natural PLA as filament. For the reactors the infill was set to 100 %. The channels for the DOFS 

and the majority of the reactor channel have been printed in horizontal orientation, as this has 

given best results with minimal warping.  

 

Figure 4: The basic bracket reactor shape (reactor variant 1 = RV 1) inherited from previous 

work with two different placements of DOFS channels, the first 3D render with the channels 

parallel to the back section of the reactor and the latter 3D render with the channels in parallel 

to the reaction channel along all straight sections and the two major bends.  

The first iterations of reactor geometries have been directly based on previous work by S. 

Rust.[6] The basic reactor shape with the two 90° bends and the in- and outlet being vertical to 
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the plane of the reactor, and the inner channel being 6 mm in diameter and the four walls of the 

square cross section being 12 mm were all directly inherited from previous works. This reactor 

shape is shown in Figure 4. Two versions of DOFS channel placement are shown. The upper 

version has three channels for the DOFS along the back section of the reactor. The lower version 

has two DOFS channels running in parallel to the inner reaction channel along all straight 

sections and the two major bends, and two more holes allowing access into the reaction stream. 

 

Figure 5: Photograph of the second reactor shown in Figure 4 with DOFS (protected with the 

first and second acrylic coatings) equipped, and DOFS data measured in this reactor using hot 

water and natural convective cooling. 
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In Figure 5 data from DOFS measurements in the bracket reactor is shown. In this instance, the 

reactor was fed with heated water while the reactor was exposed to natural convection at room 

temperature. It is expected that the temperature of the water falls along the reactor length. In 

the frequency shift data, that means the negative shift becomes smaller. This expected trend is 

seen for DOFS B, though the spatially distributed data is full of artefacts introduced by internal 

stress from the bends and the protective fiber coating. DOFS A displays artefacts so large that 

the general downwards trend of the temperature along the reactor path cannot be discerned. It 

was decided that the DOFS cannot follow the reaction channel along tight bends due to the 

degradation of the data. 

 

Figure 6: Detachable and stackable reactor portion and clip with three DOFS channels (reactor 

variant 2 = RV 2). 

The reactor design was changed to keep the 6 mm inner diameter and the 12 mm outside edge 

measurement, but without bends. The reactor body was split into two parts which when 

combined create the same cross-sectional geometry as the reactor before. One part contained 

the reaction channel and beginnings and ends that plugged into each other to be able to modulate 

the reactor length despite the limitations of the 3D printer bed size. Holes with a 1.5 mm 

diameter were created accessing the reactor’s inside to enable in stream thermocouple 

installation. The DOFS were threaded through the channel bracket after the channels had been 

filled with a dilute thermal paste mixture made of 50 w% aluminium powder (5 μm particle 

size) and 50 % glycerol. The two halves of the reactor were then slotted into each other with 

more of the thermal paste on the meeting surfaces, creating one reactor section. In Figure 7 a 

setup with three such reactor sections in series is shown, with three inserted thermocouples 

(denoted as sensors 1 to 3). The reactor sections and the thermocouples are all fixed in place 

with a small amount of silicone (hardware store) and cured for 24 hours. For stabilization the 

reactor is fitted in parallel to a steel rod, making contact with 3D printed spacers (each 3 cm 
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wide) at the two joints and ends. In between the spacers there is nothing but air touching the 

reactor surface, allowing for natural convection. This is shown in Figure 9 for another reactor 

variant, but with the same spacer and rod setup. 

 

Figure 7: Photograph of three reactor sections from Figure 6 stacked into a 45 cm long reactor, 

equipped with DOFS and three thermocouples in stream, and thermocouple data from a 

measurement during polyreaction in this setup.  

In the graph depicted in Figure 7 the exothermic copolymerization causes the temperature in 

the reactor channel to rise once the reaction begins. Sensor 3 registers the highest temperature, 

signifying that the temperature maximum and therefore point of highest monomer conversion 

is downstream from the reactor. The outlet tubing is 70 cm long, which explains the high solid 

content measured via microwave gravimetry (24 w% is a conversion approaching 100 %), as 

the mixture has had more time to react by the time it reaches the point of sample collection. 

After the rise in temperature a steep drop follows, soon mirrored by the drop in solid content. 

This is a direct effect of the fouling layer building rapidly in the reactor (inner reactor surface 
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is 3D printed PLA), because the volume constriction caused by the fouling is pushing the 

reaction downstream as inner velocity increases due to unchanged flowrate (8 g ∙ min−1).  

 

Figure 8: Vertical reactor with detachable reactor and DOFS portions slotting together to create 

the cross section with an inner diameter of 6 mm and outer edge measurement of 12 mm 

(reactor variant 3 = RV 3). 

A vertical variant of the reactor was created but not explored further due to the indication that 

the reactor needs to be longer to be able to picture the moving of the temperature maximum 

caused by the monomer conversion during fouling buildup (under the assumption that flow rate, 

recipe and cross-sectional geometry remains the same). 
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Figure 9: Last iteration of the reactor with PTFE tubing (inner diameter 6 mm, outer diameter 

8 mm) and a 3D printed shell consisting of two parts (one for three DOFS channels with an 

inner diameter of 1.5 mm and one to hold the tubing against the other part, with guide holes for 

in stream thermocouples) which all together form the established cross section with an outer 

edge measurement of 12 mm (reactor variant 4 = RV 4). 

 

Figure 10: Photograph of RV 4, where three assembled reactor sections are in one level, and 

there are three total levels between which the PTFE tubing is bent. 
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Figures 9 and 10 show the last iteration of the reactor. To depict the conversion and temperature 

maximum of the reaction, the reactor was lengthened by creating a three-tiered reactor. Only 

the straight portions are equipped with DOFS. In Figure 10 the crosses denote access points for 

the thermocouples. It was decided to use a PTFE tube as the inner reactor portion in order to 

slow the intense fouling to allow the sensor setup, whose temporal resolution is limited by the 

DOFS and accompanying software (usually ca. 1.5 min for one measurement cycle of all three 

DOFS), to record the temperature change due to fouling formation during reaction. RV 4 is the 

reactor variant used for the two latter publications “Determination of the clogging time for 

continuous emulsion copolymerization in a tubular reactor using distributed optical fiber 

sensors” (2025) and “Spatially resolved reaction calorimetry and fouling monitoring in a 

continuous tubular emulsion polymerization reactor” (2025). 
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5.2. Reverse fouling simulation experiments 

To test whether a fouling layer could be thermally detected through the reactor wall at the 

positions of the DOFS, RV 2 was used in the context of a reverse fouling simulation. For this, 

mustard was fed through the reactor channel with a syringe, the entire setup was vigorously 

manually shaken and tapped (after being decoupled from the DOFS containing portion of the 

setup, as they are very brittle) to eliminate air bubbles. Finally, the mustard was pressed out of 

the reactor with a steady stream of nitrogen. The mustard layer was allowed to cure for 48 h, 

during which the nitrogen stream was used multiple times a day to replace the air inside the 

reactor. The reactor was assembled by slotting the prepared artificially fouled reactor into the 

part containing the DOFS. Warm water was conveyed through the reactor. In Figure 11 the 

temperature measurements during the experiments are shown. To simplify the spatially resolved 

data, the DOFS-measured temperature data along the reactor length was averaged and plotted 

over the experiment time. The reactor warms up from room temperature upon experiment start. 

The DOFS closer to the inner reactor wall shows a temperature of 35 °C averaged over the 

reactor length and the further DOFS shows a temperature of 32 °C at a flow rate of  

15 𝑔 ∙ 𝑚𝑖𝑛−1. The color and opacity of the reactor output did not indicate that the mustard layer 

was washing off, therefore the flowrate was doubled. During an interval of 35 min, both sensors 

show a temperature rise of 0.5 K, most likely due to changes in the mustard layer (swelling and 

therefore increased thermal conductivity, gradual removal). The flowrate was then doubled 

again to create a more turbulent flow, causing the temperature measurement to fluctuate before 

evening out. The temperature plateaus afterwards, indicating that no more of the fouling layer 

is being removed.  
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Figure 11: Graph depicting the spatially resolved DOFS measurements of the two sensors at 

4.33 mm and 5.54 mm from the center of the reactor, averaged over the reactor length, during 

the conveying of warm water through the reactor RV 2 with a dried mustard layer on the inside. 

It was concluded that due to the mustard being removed very slowly and potentially non-

uniformly in the absence of turbulence, that this course of experiments was not to be followed 

further. The experiment showed that the temperature difference between two parallel DOFS in 

the reactor wall is sufficiently resolved under these conditions and that the presence of the 

fouled surface impacts the measurement in a noticeable way. The expected flow rate 

dependency of the measured temperature inside the DOFS channels could be visualized, as well 

as turbulence with fouling removal in the reactor. This scenario is similar to that during reaction 

of an air bubble or a piece of fouling breaking off and dislodging the layer as it travels 

downstream. 

5.3. Steel half shell reactor 

The Fluitec ContiPlant LAB ® half-shell reactor was modified to allow for insertion of DOFS 

or other sensors in between the reaction channel and the channels for the temperature medium. 

The steel reactor is intensely temperature controlled and it was unclear whether it would be 

possible to measure the reaction heat and any changes due to fouling buildup in a thermal 

manner. The position of the added sensor channels was therefore chosen to be between the 

reaction channel and the channels for the temperature medium. 
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Figure 12: 3D renders of the Fluitec ContiPlant LAB ® reactor and a cross-sectional view 

showing the reaction channel, the channels for the temperature medium and the added channels 

for the temperature sensors (rectangular small channels to the right and left of the major 

channels are for the gasket). 

In this configuration copolymerization experiments were carried out. Multiple measurements 

with both DOFS weaved through the sensor channels and thermoelements positioned in the 

middle of the channels were collected. In Figure 13 two graphs are shown, one showing the 

thermocouple measurement during a reaction for four thermocouples placed along the reactor. 

It can be seen that the reactor mantle was heated to 34 °C (sensor 1) and that the reaction 

releases heat downstream from this sensor. The temperature maximum is closest to sensor 3 and 

therefore inside the reactor and not behind it. This indicates that the main conversion is 

happening inside the reactor under these circumstances. The measured temperatures fall after 

their maximum, which can again be explained by the fouling buildup. The substantial and fast 
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fouling on the reactor wall and on the CSE-X static sixing elements in the heated reactor lead 

to quick clogging (120 min after reaction start). In the lower portion of Figure 12 a singular 

channel equipped with a DOFS is shown. The way the heat spreads from the central temperature 

medium channels towards the edges during the heating process is pictured. The reaction is 

shown to cause a temperature rise and a following gradual decline as the fouling progresses.  

 

Figure 13: Temperature changes caused by the copolymerization reaction in the Fluitec 

ContiPlant LAB ® reactor, as measured by thermocouples and a DOFS. 
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6. Cumulative part of the dissertation 

The three publications which have been created during this dissertation work are summarized 

and then shown in their entirety in this chapter. Through the three works the progression from 

DOFS integration into a reactor to their use in two different cases is shown. The first case is 

hotspot monitoring and mathematical modelling to describe the fouling process based on the 

DOFS data. The second and final use case is a proof of concept for reaction calorimetry in a 

continuous tubular reactor using DOFS. 

6.1. Distributed optical fiber sensors for real-time tracking of fouling buildup for tubular 

continuous polymerization reactors 

Maria Klippert, Werner Pauer 

Synopsis: 

The first step to achieve DOFS monitoring in a continuous tubular reactor was carried out in 

this publication. The integration of fiber optic cable into the wall of a flow reactor was achieved 

by manufacture of the reactor via 3D printing (100 % infill, poly lactide PLA). DOFS channels 

with a diameter of 1.5 mm were added parallelly to the reaction channel in the CAD reactor 

model in three of the four corners of the square cross section of the reactor. 

At this point in the research process, the copolymerization of VAc and VV10 had been chosen 

to be the studied reaction. The redox initiation system was chosen to be able to carry the reaction 

out at room temperature. That way, the only heat measured in the reactor would be caused by 

the exothermal reaction itself. The heat would dissipate through the reactor wall and be cooled 

externally by free convection. Therefore, it was hypothesized that measuring the temperature 

in the reactor wall at different radial distances would make it possible to measure the heat flow 

through the wall. Because of this, the DOFS channels were located in different corners of the 

reactor, so that the heat flow (from the middle to the DOFS) could be assumed to be influenced 

only by the reaction, the internal heat transfer and the PLA wall. To eliminate the insulating 

influence of air in the DOFS channels, the channels were filled with thermal paste (50 w% 

aluminium particles in glycerol) and the DOFS were inserted afterwards. 

Experiments with varying fiber optic cables were carried out to facilitate the choice of an 

optimal base for DOFS. Due to the inherent brittleness of glass fibers, all studied fibers were 

protected to varying degrees. The multi-layered coating with an air gap which is common for 

fiber optic patch cables was eliminated as an option. Naked fiber was also eliminated due to 
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handling issues. Therefore, fibers with acrylic (PA) or polyimide (PI) coating were considered 

for further research and DOFS created with them were calibrated (coating diameter ca. 250 μm). 

For calibration, two methods were studied. It was assumed that a calibration setup parallel to 

the reactor would be preferrable than an integrated method in the DOFS length inserted in the 

reactor. Because of this, another section of those same DOFS were submerged in a thermostat 

and calibrated online, as opposed to inline. It could be shown that such a setup was possible for 

PI coated fibers, but between the reactor and the calibration sections for PA coated fibers a 

calibration factor difference of 20 % was observed.  

Furthermore, for ease of DOFS installation fibers with no termination were used and then 

terminated in place. The fiber termination is paramount to the DOFS monitoring process, 

because a bad termination would function as a mirror and send much light back towards the 

detector, so that the much weaker Rayleigh backscattered light would not be detectable. 

Coreless termination fiber was used, but it has the disadvantage that it needs to be spliced to 

the existing fiber. Due to the need to minimize strain for temperature measurement and limited 

cable lengths used (up to 5 m only), the optical and mechanical faults introduced by the splicing 

and during the splicing process (because it must be carried out in place inside the reactor setup) 

were sometimes interfering with the DOFS measurement. Because of this termination using an 

index-matched glycerol-water mixture was carried out and the optimal RI range and how to mix 

the dry glycerol and water to achieve it were noted.  

In the publication, the requirements for DOFS in the application of temperature monitoring in 

emulsion polymerization and possible thermal detection of a present fouling layer on the inside 

of the reactor wall, were outlined. The required temperature resolution was determined to be 

0.8 K for a hypothetical emulsion polymerization case based on reactions and thermal fouling 

measurements in literature. After calibration of the PA and PI-clad DOFS a temperature 

resolution of 0.1 K was realized for the reactor section (ca. 20 cm).  

In the paper, it is deduced that the chosen method to integrate DOFS into a chemical reactor’s 

wall is feasible and that PI and PA-clad fibers with a diameter of ca. 250 μm with an inline 

calibration (or PI only with an online calibration) can be used to progress to heat flow 

measurements during polymerization. The method for fiber integration and termination was 

discussed in detail and an assessment of the expected stability of DOFS in a macromolecular 

laboratory setup was made.  
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6.2. Determination of the clogging time for continuous emulsion copolymerization in a 

tubular reactor using distributed optical fiber sensors 

Maria Klippert, Werner Pauer 

Synopsis: 

With the established methodology for DOFS monitoring in a tubular reactor, the 

copolymerization reaction of VAc and VV10 was carried out. It was determined by 

gravimetrical conversion monitoring and the online DOFS measurement that the reaction 

needed a certain reactor length to reach the point of maximum conversion rate (the hotspot 

Tmax). In order to follow the hotspot, the reactor setup was changed prior to the recording of the 

data presented in the publication. The reactor length was increased from 70 cm total (only 20 cm 

covered with DOFS due to the size limitation of the 3D printer) to 350 cm total (150 cm 

monitored with DOFS in three horizontal sections). To further decelerate the fouling for better 

temporal hotspot monitoring, the reaction was not carried out in a channel made of 3D printed 

PLA, but instead in a polytetrafluoroethylene (PTFE) tube with the same internal diameter. To 

keep the same cross-sectional geometry and enable the integration of three DOFS at different 

radial distances the tubing was inserted in a 3D printed PLA bracket system to complete the 

previously established radial reactor geometry. The reaction execution was changed, too. A pre-

emulsion of monomer, water and PVA (Mowiol® 4-88) was created and stirred continuously 

during dosing for the copolymerization reaction. In the previous execution the monomer was 

mixed with the PVA solution and the redox components in a 10 mL CSTR directly before 

initiation and entrance into the reactor (four streams instead of 3). The pre-emulsifying was 

incorporated to ensure good homogenization of the reaction mixture. The reactor shape (three 

horizontal sections and two bends, plus curved inlet and outlet sections) was chosen for spatial 

fit and for reaction mixture agitation to prevent creaming. 

The changes enabled the reactor hotspot to be detected and monitored in the reactor sections 

equipped with thermocouples and DOFS. It was observed that the shape the hotspot’s path 

traced in the reactor length-reaction time plot was similar between reactions. This confirmed 

repeatability of the reaction and comparable course of fouling deposition during reaction 

between experiments. The hotspot was pushed downstream and out of the reactor each reaction. 

This is expected due to the volume loss to the foulant. It was hypothesized that it is possible to 

create mathematical models to describe the reactor volume decrease and use the DOFS data to 

parameterize the equations. 
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Mathematical models were established to geometrically describe the shape change of the free 

inner volume of the reactor, one variant considering the entire reactor volume and one 

considering only the volume leading up to Tmax’ current position. The models were constructed 

using different fouling rates (linear, falling, asymptotic, rising) and different resulting shapes of 

inner volume (even tube, cone segment, parabolic radius decrease). It was known that the 

fouling deposited more towards the end of the reactor than the inlet, but all options were 

explored. Furthermore, it was already known from literature that the fouling rate during this 

particular reaction appears to be linear (mass-time deposition). 

The mathematical models were fitted to the length-time hotspot plots from the DOFS 

measurements. The models best describing the fouling were the ones with linear or cubic 

fouling rates. The foulant volume could be calculated with the models directly and the results 

were compared with literature. When plotted over reaction time, the foulant volume of the linear 

and cubic rates were overlapping a lot (very stretched cubic function within observed interval, 

could be described as quasi-linear). A linear correlation has been found by Rust et al. (2024), 

and a cubic correlation has been found by Klinkert et al. (2024). [24,73] Furthermore, the 

foulant mass-reaction time data published by Rust et al. for the reaction at 20 °C shows high 

similarity to the foulant mass calculated by the models. This lends credence to the models’ 

validity. 

Additionally, the DOFS data was cut to describe only the first 30 min of reaction time after 

reaction start and the models were used on this cut data. The calculated time for the reactor 

clogging from this data was within a range of 0.89–1.28 (1 expressing perfect agreement with 

the measured data for the clogging time). The 30 min beginning interval is 12 % of the entire 

reaction time from beginning to clogging.  
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6.3. Spatially resolved reaction calorimetry and fouling monitoring in a continuous 

tubular emulsion polymerization reactor 

Maria Klippert, Werner Pauer 

Synopsis: 

The previously discussed reaction setup and recipe was used in order to attempt calorimetric 

calculations using the DOFS data. For DOFS inline calibration and then calibration of the 

measured heat flow, heated water was conveyed through the reactor at a constant flow rate. Due 

to no addition of heat in the reactor setup, the sinking temperature of the water throughout the 

reactor could be linked directly to the heat loss through the wall. The temperature of the water 

instream was monitored in six places by thermocouples and three DOFS were positioned in the 

walls. The axially transported heat was calculated from the instream measurements, the constant 

flow rate and the heat capacity of water. The temperature differences between the DOFS were 

used to calculate heat loss through the wall. The calculated raw values could be correlated with 

the heat loss calculated from the instream measurements with a linear function. After this 

correlation, heat losses (from 2 to 9 W) for water heated to different initial temperatures could 

be calculated with an accuracy of 0.39 W. 

In the first chapter of the cumulative part of this dissertation, it was mentioned that a 

temperature accuracy of 0.1 °C for a DOFS in a 20 cm long reactor was possible. For the longer 

reactor with multiple bends exerting strain on the DOFS, this figure had to be corrected towards 

a value to 0.5 °C. DOFS temperature measurements are always relative. Therefore, accurate 

calibration is of utmost importance to be able to compare the data from multiple individual 

DOFS. Due to the spatially resolved nature and high dependence of the calibration coefficients 

on the surrounding media (introduced strain from the DOFS channel and bends, interaction with 

the aluminium particles and glycerol in the thermal paste, moisture from the air, solvent vapors 

etc.) this calibration could not be carried out to a high degree of accuracy. As a result, the 

temperature differences between the DOFS and calculated heat flow do not result in spatially 

resolved heat flow data, as the errors are too large in size and number. However, the lengthwise 

summation of the heat flow data, resulting in the overall heat loss through the wall during 

reaction progress or calibration process, exhibited systematicity. As the DOFS were all in the 

same system at the same time, their responses are correlated with the temperature changes in 

this system. It is therefore not an unlikely coincidence, but a systematic and physical result, that 

the summation of their signal can be used to monitor the system itself. This is the way in which 
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the heat losses for the entire reactor length were calculated for the experiments with heated 

water during calibration, and later during the copolymerization. 

The axial temperature profile was monitored using six thermocouples. The spatial resolution 

instream was much lower than in the walls (42 cm and 0.26 cm respectively). This meant, that 

the hotspot’s maximum was always monitored from within the walls when it was inside the 

three horizontal reactor parts equipped with DOFS but instream its position and exact maximum 

temperature could only be picked up by the thermocouples for a maximum of six times during 

the reaction. During any other times, the maximum temperature of the hotspot was not recorded 

instream. The calculated axial heat transfer was therefore too low for all times except the ones 

where hotspot and a thermocouple align. 

The calculation of the heat released by the reaction was carried out by summation of axial and 

radial heat transfer, meaning thermocouple data and DOFS data. By doing this and comparison 

to the theoretical maximal released heat at 100 % conversion, the calculated thermal conversion 

reached a maximum value of 79 % ± 3 %, meaning that a heat flow of 35.3 W was measured. 

The gravimetrical conversion during that reaction time reached 78 % ± 2 %. The two 

conversions agree well. 

Outside the times when the hotspot aligned with a thermocouple and generally towards the end 

of the reaction, the thermal conversion was below the gravimetrical conversion. This can be 

explained by the low spatial resolution of the instream temperature measurement and the fact 

that the outlet of 70 cm past the last monitored reactor section allowed for more conversion. 

The samples for gravimetrical conversion monitoring were collected at the end of this outlet 

portion. 
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7. Discussion 

In the presented dissertation the process of understanding Rayleigh OFDR DOFS and reaction 

engineering surrounding the continuous copolymerization of VAc and VV10 is recorded, 

culminating in the application of these DOFS for mathematical fouling modelling and flow 

reactor calorimetry. The first publication Distributed Fiber Optic Sensors for real-time tracking 

of fouling buildup for tubular continuous polymerization reactors (2024) was focused on the 

integration of DOFS into a flow reactor and the optimization of DOFS installation, manufacture 

from telecommunications cables and DOFS calibration. The second publication Determination 

of the clogging time for continuous emulsion copolymerization in a tubular reactor using 

Distributed Optical Fiber Sensors (2025) explored ways to use the spatial resolution of DOFS 

temperature measurement for hotspot tracking during a reaction with heavy fouling. 

Mathematical models describing the spatial and temporal change of the free reactor volume 

were created and fitted to the DOFS data. The found parameters were able to elucidate the rate 

at which fouling is deposited inside the reactor and the shape of the free internal reactor volume 

during reaction progress. From the free volume, the foulant volume could be calculated, and 

from this estimation of the foulant mass was possible. The resulting fouling rate (deposition 

mass over time) aligned well with the fouling rate recorded for the same reaction at 20 °C in 

another reactor.[73] The models were also used on cut data sets in order to try extrapolating 

from this limited data and predict the time at which the reactor will clog. The predicted clogging 

times were within a range of 0.89–1.28 (1 expressing perfect agreement with the experimental 

clogging time). The third publication Spatially resolved reaction calorimetry and fouling 

monitoring in a continuous tubular emulsion polymerization reactor (2025) presented a proof 

of concept for the use of DOFS for the construction of continuous flow calorimeters. The 

reaction heat of the copolymerization of VAc and VV10 could be found in thermal calculations 

with the DOFS and thermocouple data in the setup. The thermal conversion evolution 

throughout the reaction time was comparable to the gravimetrical conversion and discrepancies 

could be explained. 

The integration of DOFS into the walls of a tubular flow reactor and their calibration needs to 

be discussed further, as well as the results of the mathematical studies on reactor fouling and 

the improvement of the continuous flow calorimeter setup. 

First and foremost, during the progress of the experiments discussed in this document, a 

palpable degradation of the DOFS integrated into the reactor setup was noticed. This is caused 

in part by the mechanical stress the DOFS face from being in a flow hood where experiments 
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are carried out, and in a setup where the reactor tubing is entirely removed and replaced between 

each experiment. Due to the prototypical nature of the setup the DOFS were never sufficiently 

integrated and protected from the environment and disturbances. Another part of the 

degradation is likely caused by the absorption of glycerol, moisture and solvent vapor into the 

protective polymer coating of the DOFS and then possibly into the glass itself. In literature the 

presence of Lewis acids is repeatedly mentioned as a factor in silica fiber degradation. Amongst 

the highly polar and hygroscopic environment the thermal paste provides, it may be possible 

that some of the elemental aluminium reacts and forms other aluminium compounds, many of 

which are notorious Lewis acids. Over the course of half a year of a DOFS being inside a reactor 

channel with such a paste, the DOFS have become much more likely to break from careful 

rearrangement than before. This decrease in strength has not been quantified. The data quality 

from the DOFS has also decreased over time, with more artifacts and higher drift over time. 

This likely contributed to the reason why the DOFS needed to be re-calibrated for every 

measurement, even though an undisturbed fiber should not exhibit a strong drift. These fibers, 

as they were integrated in the discussed way, were subject to substantial parameter drift. 

This has further complicated the calorimetric calculations presented in this dissertation, as they 

have bene carried out in the final setup over the course of many months, with actively degrading 

DOFS. The glycerol termination solutions are likely to absorb more moisture from the 

environment, as glycerol is highly hygroscopic. This changes the refractive index and may 

cause a gradual mismatch of the index of the termination and the glass fiber core. Such a change 

also results in signal degradation. The effect of a bad RI match between fiber and termination 

are illustrated in the first publication discussed in this cumulative dissertation.  

During experiments in the half shell steel reactor the integrated DOFS was in contact with 

acetone after each experiment and the data was instantly affected negatively. Within three 

experiments the data had become unusable and during a majority of the experiments, the DOFS 

were destroyed during handling. An exoskeleton for the reactor to protect DOFS has been built 

but not explored further. 

Figure 14 shows a suggestion for a reactor setup similar to the last setup used in the work 

leading up to this publication. A circular cross section is shown, too. This setup would be able 

to protect the DOFS much more efficiently and with rigid scaffolding material (e.g. steel) the 

mechanical destruction of the DOFS would be prevented. Elimination of mechanically 

introduced strain (changes) in the DOFS would also combat the drift experienced in the 

previous setup and may therefore ensure that calibration frequency could be reduced. The 
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terminations of the fibers should be put into a dark box but not held in place there firmly to 

minimize strain. Use of a longer fiber with at least four meters of excess length at the end would 

make the termination issue less critical, as the reflected light at the end of the fiber would be 

attenuated on its way back into the measurement section. However, adequate termination is still 

preferrable to ensure the best SNR. 

 

Figure 14: Sketch of a suggested flow reactor setup for DOFS protection with the possibility of 

exchanging reactor tubing between reactions. 

An alternative to the thermal paste as a channel filler may be hydrogen scavenger or non-

hygroscopic gel. Such gels have been studied in conjunction with long term stability of fiber 

optic cables. Their thermal properties would need to be examined.[99,100] It may be useful to 

investigate pre-loading the DOFS with a constant strain (e.g. using springs) over straight 

sections of fiber for compensation of the effect of strain changes on the DOFS signal.  
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The temperature resolution and calibration complications have been recurring topics throughout 

the presented work. The previously used method for calibration used hot water conveyed into 

the reactor at raised temperature and cooling off during reactor passage. Therefore, the front of 

the reactor was always calibrated over a bigger temperature range than the end of the reactor. 

In the case of the copolymerization reaction the hotspot formed towards the middle of the 

reactor and moved downstream. That region of the reactor and therefore of the DOFS was never 

calibrated at a temperature range big enough to cover the high hotspot temperature (over 60 °C). 

The high temperature also caused the PLA to warp after repeated experiments. 

To enable calibration over a bigger temperature range for the entirety of the reactor length, a 

different method of temperature control is needed. An option may be the use of a half shell 

reactor model. The half-shell steel reactor presented in the Unpublished work section could be 

used as a model for such a reactor. In the previous reactor-DOFS setup thermocouples were 

used in six places instream to determine the temperature at their locations. In a half-shell reactor, 

it would be beneficial to insert two thermocouples in the space for the heat exchange medium, 

one at the inlet and one at the outlet of the medium. That way the total removed or added heat 

from the reactor could also be calculated via the temperature difference within the medium (if 

external heat transfer is accounted for). In order for precise and simple DOFS calibration it 

would be beneficial to adjust the temperature in stream and in the heat exchange medium to 

each other, ensuring that all three DOFS at the three different radial distances were at the same 

temperature. This would allow for skipping of the heat transfer calculations within the reactor 

wall for the DOFS calibration. 

With external temperature control it may be possible to create a stronger temperature gradient 

in the reactor wall during reactions and therefore raise the temperature difference between the 

different DOFS. This would improve the resolution and precision of thermal calculations. The 

heat transfer of the inner shell with DOFS to the heat exchange medium could also be described 

with less use of assumptions. Previously, the external heat exchange was between the PLA 

reactor surface and the room temperature air in the laboratory with no temperature, flow and 

moisture control. Figure 15 shows a suggestion for how such a reactor may be built in a cross-

sectional view. The gasket and heat exchanger configuration of the Fluitec steel reactor could 

be combined with the concept shown in Figure 15. 
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Figure 15: Proposal of a half shell reactor with integrated DOFS. 

The spatial resolution of the DOFS could be used to a higher degree if the calibration were 

improved and the temperature difference between the DOFS was larger. The calculation of 

spatially distributed heat flow was not possible in the presented setup, because the small 

temperature differences were impossible to resolve meaningfully given the problems with 

calibration. With a better setup, improved DOFS integration and protection, as well as better 

calibration, spatially resolved calorimetric studies could be carried out. 

For a reaction or process without fouling, the instream temperature can be calculated from the 

DOFS data. For other processes, an instream temperature measurement is needed. Previously, 

thermocouples were used, but the low spatial resolution (over 40 cm) caused the axial heat 

transfer to be underestimated. An instream integration of a DOFS in a thin steel capillary may 

be an option to remedy this issue. However, this steel capillary would need to be removed and 

cleaned after fouling heavy reactions, like the ones carried out in the presented document. This 

could cause damage. The fouling buildup on an axial instream capillary may also be greater 

than on the radially inserted thermocouples (lower shear strength, bigger surface area). This 

may cause the measured temperature inside the capillary to be lower than in the stream. It may 

be an option to use a capillary with a DOFS, if a fouling prevention coating were applied to its 
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outside. The issue of instream temperature measurement for fouling heavy processes is one that 

requires further research. Without it, the axially transported heat released during reaction cannot 

be measured and the calorimeter would only be able to measure heat loss. The reaction 

calorimeter model presented in this document cannot function without instream temperature 

measurement. 

The half-shell reactor model is suggested in the framework of calorimetry and hotspot tracking 

experiments of heavily fouling reactions. In Figure 14 and 15 an exchangeable tube is shown 

to be the inside of the reactor in order to allow weighing of the tube and its exchange between 

reactions. Such a tube could also be replaced with any tubing with the same outer diameter. 

Therefore, coatings could be applied externally and then the pretreated tubing could be inserted 

for an experiment. The tube could also be cleaned externally and then be reused, if such a 

process is feasible. In this context the instream temperature measurement becomes a problem 

again. Previously, the thermocouples were inserted through small ports in the side of the reactor 

tubing and PLA printed parts and then closed off with silicone. A port system for a DOFS 

capillary would be an engineering issue worth studying for a reaction flow calorimeter as it is 

being suggested.  

The DOFS data captured to use for hotspot tracking and modelling of fouling behavior for the 

second publication discussed in this dissertation was not ideal for determining the exact hotspot 

position. Figure 16 is a visualization of the problem. 
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Figure 16: Heatmap used for hotspot tracking with highlighted parabolic curves (black) fitted 

from contour data at certain temperatures, enclosing the real hotspot position to the left and 

right, and the estimated hotspot position (red).  

The time window in which the inner parabola used to estimate the hotspot position is 

overlapping the heatmap is relatively small in comparison to the reaction time until clogging 

(less than 30 %). There is also an overlap of the outer parabola and the area of the bend (hind-

end of hotspot as defined by area between the parabolas not in section with DOFS). These two 

prolonged instances of data defining hotspot positions being lost significantly lower the 

precision with which the hotspot was located. This would be remedied by a fundamental change 

in reactor setup. A reactor without any bends would be preferrable in this case, as DOFS cannot 

be used reliably in bends (this may actually be possible if the bend radius is large and the fiber 

channels allow for good slip, but it would need further research). Furthermore, if the current 

reaction setup was used, a lengthening of the inlet tube by ca. 80 cm would move the hotspot 
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upstream and towards the beginning of the section with DOFS monitoring. This would make it 

possible to record the movement of the hotspot for a longer time. The broadness of the hotspot 

is also large in comparison to the reactor length. During the fouling process the hotspot does 

not only move downstream but also broadens, but this latter process cannot be pictured in this 

data set. A longer inlet tube and a longer reactor with DOFS monitoring would help with this. 

The mathematical functions describing hotspot movement were parameterized using this data. 

It was necessary to establish realistic starting parameters and, in some cases, narrow the 

parameter range (for example the fouling volume would have been predicted as negative for 

some functions without range definitions). Without these pre-definitions many of the models 

do not yield valid results, however, to the author’s knowledge, this is a known problem in 

modelling and simulating. 

Overall, it was shown that DOFS are a valuable addition to chemical engineering and their 

spatially resolved temperature measurements can be used for a variety of applications. Hotspot 

tracking and subsequent modelling of the fouling deposition during reaction was successfully 

carried out, as well as calorimetric calculations using DOFS data. In this chapter the sub-

optimality of the setups these experiments were carried out in was discussed in detail and more 

optimal setups and methods of DOFS integration were suggested and explained. 
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8. Appendix 

8.1 Table of chemicals 

Table 8.1: Chemicals used and their classification according to GHS including hazard 

pictograms, safety and precautionary statements.[12] 

Chemical 

(CAS registry 

number) 

GHS hazard 

pictogram 
H-statements P-statements 

Acetone 

(67-64-1) 
 

H225, H302, H319, 

H336, H373 

P210, P235, P260, 

P305+P351+P338 

Aluminium powder 

(5 m) 

(7429-90-5) 

 

H250, H261 P210, P231+232, 

P233, P280, 

P302+335+334, 

P370+378 

Ammonium iron 

(III) sulfate 

dodecahydrate 

(7783-83-7) 

 

H318 P280, 

P305+351+338, 

P310 

Ascorbic acid 

(50-81-7) 

− − − 

Glycerol 

(56-81-5) 

− − − 

Mowiol 4-88 

(9002-89-5) 

− − − 

tert-Butyl 

hydroperoxide 

(75-91-2) 

 

H226, H242, H302, 

H311, H330, H314, 

H317, H341, H411 

P210, P220, P280, 

P301+330+331, 

P303+361+353, 

P305+351+338, 

P310 

 

 



II 

 

Chemical 

(CAS registry 

number) 

GHS hazard 

pictogram 
H-statements P-statements 

Tetrahydrofuran 

(109-99-9) 

 

H225, H302, H319, 

H335, H336, H351 

P210, P280, 

P301+312+330, 

P305+351+338, 

P370+378, 

P403+235 

Vinyl acetate 

(108-05-4) 

 

H225, H332, H335, 

H351, H412 

P202, P210, P233, 

P273, 

P304+340+312, 

P308+313 

Vinyl neodecanoate 

(51000-52-3) 
 

H410 P273, P391, P501 

Water − − − 
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8.2 Supporting Information for Determination of the clogging time for continuous emulsion 

copolymerization in a tubular reactor using distributed optical fiber sensors 
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8.3 Supporting Information for Spatially resolved reaction calorimetry and fouling monitoring in a 

continuous tubular emulsion polymerization reactor 
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8.4 PLA thermal conductivity measurement 

Prüfprotokoll:   TIMT: 179080081  Datum: 14.10.2022 

Material: PLA-3D-1 mm       

Messfläche: 706.86 A [mm²]  *: Messunsicherheit [%] bezogen auf RthxA 

konst. Druck        

Spalt [mm] Kraft [N] Rth [K/W] 
λeff 

[W/(mK)] 
RthxA 

[mm²K/W] 
Druck [bar] 

TProbe 
[°C] 

QMittel 
[W] 

U* [%] 

1.057 71 7.41 0.20 5238.9 1.0 27.7 2.6 9.1 

1.054 141 7.42 0.20 5244.6 2.0 27.7 2.6 9.1 

         

         

Prüfprotokoll:   TIMT: 179080081  Datum: 14.10.2022 

Material: PLA-3D-2 mm       

Messfläche: 706.86 A [mm²]  *: Messunsicherheit [%] bezogen auf RthxA 

konst. Druck        

Spalt [mm] Kraft [N] Rth [K/W] 
λeff 

[W/(mK)] 
RthxA 

[mm²K/W] 
Druck [bar] 

TProbe 
[°C] 

QMittel 
[W] 

U* [%] 

2.050 71 13.66 0.21 9653.0 1.0 27.5 1.6 13.2 

2.045 141 13.69 0.21 9673.7 2.0 27.5 1.6 13.2 

         

         

Prüfprotokoll:   TIMT: 179080081  Datum: 14.10.2022 

Material: PLA-3D-3 mm1       

Messfläche: 706.86 A [mm²]  *: Messunsicherheit [%] bezogen auf RthxA 

konst. Druck        

Spalt [mm] Kraft [N] Rth [K/W] 
λeff 

[W/(mK)] 
RthxA 

[mm²K/W] 
Druck [bar] 

TProbe 
[°C] 

QMittel 
[W] 

U* [%] 

2.879 71 18.68 0.22 13202.2 1.0 27.5 1.2 16.6 

2.871 141 18.50 0.22 13075.8 2.0 27.5 1.2 16.4 

 

 

 

λ [W/(mK)] 

  

0.2148597 
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8.5 Multi DOFS analysis software 8FiberScan 
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