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Dear reader,
The 16. Minisymposium Verfahrenstechnik and the 7. Partikelforum took place on September 2122, 2020 facing a very difficult situation. Due to the international CoVID19-crisis, no physical
meetings were permitted – therefore the conference was organized as a pure online meeting.
We want to thank all of the participants for supporting this new format – despite the special
conditions, the number of attendents was great and we could feel some of the „spirit of
Minisymposium“.
The Minisymposium Verfahrenstechnik and the Partikelforum are a conference format organized
by the staff and students of chemical-engineering related institutes of Austrian universities, with
contributions from BOKU, TU Wien, TU Graz, JKU Linz, MU Leoben, MCI Innsbruck and FH
Oberösterreich Wels.
The Minisymposium Verfahrenstechnik was found in 2002, taking place at TU Wien. This year the
conference was once again held by the Institute of Chemical, Environmental and Biosciencen
Engineering (ICEBE) of the TU Wien, supported by SAVT (Association of former students of
Chemical Engineering at TU Wien) and by chemical-engineering.at (Association for the support of
chemical engineering education in Austria) who organized the sessions and prepared webpage and
the proceedings.
The conference format calls for submission of „full presentations“ and „poster presentations“,
accompanied by short articles in the proceedings. All scientific contributions have been reviewed
(blind peer review process with feedback to the authors) and evaluated by the Scientific Board of
the conference who decides about revisions/acceptance of the submissions for the conference and
for inclusion in the proceedings.
The proceedings of the conference are open-access and published online at http://www.chemicalengineering.at/minisymposium featuring an ISBN (978-3-903337-01-5), all articles have also been
registered at https://repositum.tuwien.at and received individual DOIs.
This work and all the related articles are licensed under a CC BY 4.0 license: This
license allows reusers to distribute, remix, adapt, and build upon the material in
any medium or format, so long as attribution is given to the creator. The license
allows for commercial use.
The team wants once again say „Thank you!“ to all contributors, authors, presenters and supporters
and hope that all of you will stay with the Minisymposium Verfahrenstechnik also in the future
years – in 2021 it will take place at BOKU in Vienna.
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Session table - Overview
Zeit / time slot

Montag 21. Sept. 2020
Monday Sept. 21, 2020

Dienstag 22. Sept. 2020
Tuesday Sept. 22, 2020

09:00 – 09:30

Welcome session

09:30 – 10:30

MoV1

DiV1

10:45 – 11:45

MoV2

DiV2

13:00 – 14:00

MoP3

DiP3

14:15 – 15:15

MoV4

DiV4

15:30 – 16:30

MoV5

DiV5

16:45 – 17:30

Closing Session Monday

Closing Session Tuesday

With respect to the new online publishing format, the numbering will be based on the session and
contribution as a chapter number with individual page numbers instead of a fully consecutive page
numbering.
Recommended citation for a contribution (example):
Authorname1, Firstname1; Autorname2, Firstname2; „Example of a citation for the
Minisymposium Verfahrenstechnik“, in: Proceedings of the 16 th Minisymposium Verfahrenstechnik
& 7th Partikelforum (TU Wien, Sept. 21/22, 2020), ISBN 978-3-903337-01-5, Chapter MiV6-(21),
17 pages, DOI: http://dx.doi.org/10.34726/XXX. Download from: http://www.chemicalengineering.at/minisymposium.
Recommended citation for the proceedings:
Proceedings of the 16th Minisymposium Verfahrenstechnik & 7th Partikelforum (TU Wien, Sept.
21/22, 2020), ISBN 978-3-903337-01-5, 1st edition, Christian Jordan (Ed.), chemicalengineering.at. Download from: http://www.chemical-engineering.at/minisymposium.
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MoV1 – High Temperature

DiV1 – Waste water, Pharma

(01) Lastpunktverschiebung durch Hybridantriebe zur
Light-off Unterstützung von Fahrzeugkatalysatoren

(01) Thickening of sludges in a wastewater treatment plant
with a hydrocyclone

Lukas Möltner (TU Wien/MCI)

Manuel Berger (MCI)

(02) Firmenpräsentation/Company introduction VTU

(02) Firmenpräsentation/Company introduction
Octapharma

(03) Modelling of an indirect-fired heat treatment line using (03) Prevention of M-A-P-fouling using DLC in a sewage
an implicit multiple one- dimensional approach
treatment plant
Andreas Rath (MU Leoben)

Albert Angerbauer (FH OÖ)

(04) Pyrometallurgical recycling of lithium ion batteries:
Preliminary experiments to investigate the behaviour of
cathode materials under reducing conditions

(04) Diclofenac Removal and Fouling Behaviour of MultiChannel Mixed Matrix Membranes (MCMMM) with
Activated Carbon

Stefan Windisch (MU Leoben)

Jan Back (MCI)

MoV2 – High Temperature
(01) Non-Isothermal Effectiveness Factors in Coal
Combustion

DiV2 – CFD/Simulation
(01) Region Coupling Algorithms in OpenFoam
Matthias Kiss (K1MET)

Markus Bösenhofer (TU Wien/K1MET)

(02) Influences of Selective Waste Gas Recirculation on the
Sinter Plant Process
Johannes Niel (TU Wien/K1MET)

(02) Comparison of nasal breathing LB simulation results
with rhinomanometry and acoustic rhinometry
measurements
Manuel Berger (MCI)

(03) Considering Reactions in Design and Simulation of
Ejectors

(03) Simulation Aided Pharmaceutical Hot Melt Extrusion
Process Understanding, Setup and Scale-up

Mario Pichler (TU Wien)

Josip Matic (RCPE)

(04) Development of an internally circulating fluidized bed
for catalytic methanation of syngas

(04) Performance optimisation approaches for NOx Postprocessor with detailed chemistry model using OpenFOAM

Alexander Bartik (TU Wien)

Senthilathiban Swaminathan (K1MET/MU Leoben)

MoV4 – Biorefinery, Pharma

DiV4 – Circular Economy, Analytics

(01) Solute interactions in the nanofiltration of wood
hydrolysates

(01) Empirical modeling of compositions in chemical
engineering

Klaus Schlackl (Wood K+)

Karim Khodier (MU Leoben)

(02) Improved Breaking Length Development of Unbleached
Softwood Kraft Pulp in PFI Refining by Addition of Primary
Fines

(02) Linking Adhesion Force to Area in Molecular Contact
measured by FRET spectroscopy
Monica Simoes (TU Graz)

Daniel Mandlez (TU Graz)

(03) Downsizing and numbering-up of a fiber fractionator

(03) StartUP Presentation kleinkraft

Thomas Schmid (TU Graz)

Magdalena Teufner-Kabas

(04) Firmenpräsentation/Company introduction ZETA

(04) The Taylor-Couette Disc Contactor, a novel gas-liquid
multiphase contactor
Georg Rudelstorfer (TU Graz)

MoV5 – Partikelforum

DiV5 – Analytics, Particles

(01) Withdrawn: A revised coarse-graining approach
forsimulation of highly poly-disperse granular flows

(01) Empirical design parameter study of a bidirectional
flow cyclone

Suranita

Stephan Kahl (MCI)

Kanjilal

Dr.

(02) Withdrawn: Heat Transfer in Gas-Particle Flows - A
Turbulence Modelling Approach
Stefanie Rauchenzauner (JKU/CD-Lab)

(02) Investigation of particle descriptors for size
characterisation of solid waste particles for treatment
process control
Lisa Kandlbauer (MU Leoben)

(03) Deep Neural Network-based View factor Model-ling of
Radiative Heat Transfer between Particles
Josef Tausendschön (TU Graz)

(03) Hygiene Paper Softness - New insight into the
manufacturing process with an optimised tissue softness
analyser
Marcel Prinz (TU Graz)

(04) Production of micro encapsulated phase change
material

(04) Statistical Modeling of the Coating Uniformity in a
Wurster Coating Process

Verena Sulzgruber (TU Wien)

Stefan Madlmeir (RCPE)
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Poster Session MoP3
Membrane Processes, Particles, Thermal
Processes

Poster Session DiP3
Bioprocesses, Chemical Engineering,
Metallurgy

(01) Bioactive compounds as main economic drivers
for sustainable biorefineries

(01) Risky language – or a common language for risk
communication and process safety?

Sebastian Serna-Loaiza (TU Wien)

Alexander Stolar (TU Wien)

(02) Ultrasonic flow field measurement in agitated lab- (02) Development and characterization of carbon
scale reactors for optimization of anaerobic digesters
supported palladium-based anode catalysts for the
Thomas Neuner (MCI)
alkaline direct ethanol fuel cell
Sigrid Wolf (TU Graz)

(03) Integrating LCA in process development
Bianca-Maria Köck (TU Wien)

(03) Preparation and Characterization of Poly(vinyl
alcohol)-based Anion Exchange Membranes
Asep Muhamad Samsudin (TU Graz)

(04) Process optimization and scale-up of lignin
production in a wheat straw-based organosolv
biorefinery

(04) Evaluation of transient voltage behaviour during
load changes in automotive PEM fuel cells
Bernhard Marius (TU Graz)

Johannes Adamcyk (TU Wien)

(05) Renewable Gasfield – a Biogas to SNG demo plant (05) Development of palladium and platinum based
Katrin Salbrechter (MU Leoben)
membrane electrode assemblies and performance
characterization in the alkaline direct ethanol fuel cell
Michaela Roschger (TU Graz)

(06) Carbon Dioxide Hydrogenation

(06) The Wall friction of fine granular plastic powders

Sascha Kleiber (TU Graz)

Christof Lanzerstorfer (FH OÖ)

(07) Hydrothermal liquefaction of biogenic residues
and microalgae

(07) Feasibility Study for the Separation of Solid
Particles from High-Pressure Water Jet Process Water
with a Hydrocyclone

Thomas Braunsperger (MU Leoben)

Thomas Senfter (MCI)

(08) Hemicellulose degradation upon hydrothermal
treatment of black liquor

(08) Dispersibility of hydroentangled wetlaid
nonwovens

Silvia Maitz (TU Graz)

Thomas Harter (TU Graz)

(09) Reactor Modeling for Up Scaling a Plastic
Pyrolysis Process

(09) Separation of Solids from Washing Machine
Waste Water using a Hydrocyclone

Andreas Lechleitner (MU Leoben)

Sandro Holzer (MCI)

(10) Catalyst testing in a continuously operated fluid
catalytic cracking pilot plant

(10) Controlled charging of mineral surfaces for a
successful separation in the electrostatic field

Marco Büchele (TU Wien)

Sabrina Gehringer (MU Leoben)

(11) Iron carbonate ore beneficiation by direct
reduction with hydrogen

(11) Towards Tailored Column Packings for Emission
Reduction of Marine Ships

Astrid Loder (TU Graz)

Marcus Schlager (MU Leoben)

(12) The porosity of iron ore sinter
Christof Lanzerstorfer (FH OÖ)

Thanks to all our contributor, sponsors and supporters!
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Lastpunktverschiebung durch Hybridantriebe zur Light-off Unterstützung
von Fahrzeugkatalysatoren
Thomas Steiner1, Verena Schallhart1, Lukas Moeltner1,2*
1: Department of Technology and Life Science, MCI Innsbruck, Austria
2: Institute for Powertrains and Automotive Engineering, Vienna University of Technology, Austria
* Corresponding author: lukas.moeltner@mci.edu
Keywords: Abgasnachbehandlung, SCR-Katalyse, Dieselmotor, Hybridantrieb, Emissionsminderung
KURZFASSUNG
Für Abgaskatalysatoren von Dieselmotoren ergeben sich
aufgrund immer höherer Wirkungsgrade zunehmend
Schwierigkeiten im Aufheizverhalten. Zur wirkungsvollen
Entstickung des Motorabgases hat sich die selektive
katalytische Reduktion (SCR) als geeignet erwiesen, jedoch
muss dafür eine Mindestkatalysatortemperatur von ca. 200 °C
gewährleistet werden.
Im Rahmen eines Forschungsprojektes wurde eine
Methodik zur thermischen Abbildung von Abgasanlagen
entwickelt, die neben dem Aufheizen der gesamten
Abgasanlage durch das heiße Abgas auch den Wärmeeinbzw.
Wärmeaustrag
durch
chemische
Reaktionen
berücksichtigen
kann.
In
einer
durchgeführten
Variantenrechnung mit einem rein dieselmotorischen Antrieb
als Referenz, konnten die Auswirkungen verschiedener
Hybrid-Funktionalitäten untersucht werden. Besonders
eindrucksvoll zeigte sich eine entwickelte Betriebsstrategie,
die auf ein schnelles Aufheizen der Abgasanlage hin optimiert
wurde und darüber hinaus sogar noch wesentliche Vorteile im
Kraftstoffverbrauch bewirkte.
EINLEITUNG
Verbrauchsgünstige Mobilität ist eine wesentliche
Grundlage des modernen Güterverkehrs, wobei sich der
aufgeladene Dieselmotor aufgrund seiner hohen Effizienz und
konkurrenzlosen Reichweite als Antriebsquelle von schweren
Nutzfahrzeugen mit einer Antriebsleistung zwischen 150 kW
und 500 kW durchgesetzt hat und somit zu einem
verantwortungsbewussten
Umgang
mit
begrenzten
Rohstoffressourcen beiträgt [1].
Der motorische Verbrennungsprozess ist stark durch die
zunehmend
restriktiveren
Abgasbestimmungen
herausgefordert. Vor allem die zulässigen Emissionen von
Stickoxiden (NOx) wurden in der Vergangenheit stark
reglementiert und werden voraussichtlich auch weiterhin
zunehmend restriktiver begrenzt, siehe Abbildung 1. In der
Europäischen Union wurde 2013 die aktuell gültige Norm
EURO VI eingeführt, seither dürfen maximal 400 mg/kWh NOx
ausgestoßen werden [2]. Um diese Grenzwerte einhalten zu
können, müssen sowohl innermotorische Maßnahmen zur
Verbrennungsoptimierung als auch komplexe Anlagen zur
Abgasreinigung eingesetzt werden. Die so genannte SCRTechnologie, die eine Nachbehandlung der Stickoxide unter
Einbringung eines Reduktionsmittels realisiert (32,5 %-ige
Harnstoff-Wasserlösung), hat sich für Nutzfahrzeuge
durchgesetzt [3, 4].
Die Effizienz der Abgasnachbehandlung, insbesondere
eines SCR-Systems, ist wesentlich von der Temperatur der
Abgasanlage abhängig. Eine Mindesttemperatur von ca.
200 °C des Katalysators ist zwingend erforderlich um eine
effiziente Emissionminderung gewährleisten zu können.
Betriebsstrategien
zum
schnellen
Aufheizen
der
Abgasnachbehandlungssysteme (fast light-off) bzw. zum
Halten der Temperatur im Katalysator (z.B. im
Haltestellenbetrieb eines Nahverkehrsbusses) erfordern
teilweise den Betrieb der Verbrennungskraftmaschine in
verbrauchsungünstigen Kennfeldbereichen.

Abbildung 1: Chronologische Entwicklung der Abgasgrenzwerte für
NOx und Partikelmasse (PM) nach der Euro-Gesetzgebung.

Dieser Trade-Off zwischen zunehmend komplexer
Abgasnachbehandlung
und
verbrauchsgünstigem
Motorbetrieb
erfordert
einen
systemübergreifenden
Entwicklungsansatz, der moderne Simulations- und
Messmethoden einschließt [5, 6]. Das explizite Ziel des
gegenständlichen Forschungsvorhabens ist es, eine
Entwicklungsmethodik (Simulation und anschließende
Validierung im Versuch) zu generieren, welche die
Abgasnachbehandlung eines Nahverkehrsbusses thermisch
beschreiben kann. In weiterer Folge soll eine prädiktive
Aussage der Auswirkungen unterschiedlicher Leistungsstufen
und
Betriebsstrategien
einer
Hybridisierung
des
Antriebsstrangs möglich sein, um so optimale Lösungen im
Spannungsfeld zwischen effizienter Abgasnachbehandlung
und rohstoffsparendem Motorbetrieb zu finden.
METHODIK
Erfassung und Verarbeitung motorischer Daten
Der Versuchsträger entspricht einem bereits im
Serieneinsatz befindlichen Reihensechszylindermotors, der
dank seiner liegenden Bauweise vorwiegend in Bussen zum
Einsatz kommt. Um die Eigenschaften der, dem Motor
nachgeschalteten, Abgasnachbehandlungsanlage korrekt
darstellen zu können, wurde eingangs eine Basisvermessung
an Versuchsmotor auf einem Motorprüfstand durchgeführt.

Abbildung 2: Abgastemperatur dargestellt über der Motordrehzahl und
dem Drehmoment.
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Dabei wurden 33 im gesamten Motorkennfeld gleichmäßig
verteilte Betriebspunkte angefahren und alle relevanten Daten
wie z.B. Temperaturen, Drücke und Konzentrationen von
Emittenten aufgezeichnet. Anhand der auf diese Art und
Weise gewonnenen Daten wurden durch Interpolation
Kennfelder für jede Größe generiert, welche die Datenbasis
für das Simulationsmodell bilden. Abbildung 2 zeigt
exemplarisch ein solch ermitteltes Kennfeld für die
Abgastemperatur nach der Expansionsturbine des zweiten
Turboladers.
Thermische Beschreibung des Abgassystems
Die untersuchte Abgasanlage, deren Beschreibung Ziel
dieses Forschungsvorhabens ist, besteht aus zwei seriell
angeordneten
Abgasturboladern
(ATL),
einer
Motorstauklappe, einem Oxidationskatalysator (DOC), einem
Dieselpartikelfilter (DPF) und zwei SCR-Katalysatoren, siehe
Abbildung 3.

Abbildung 3: Anordnung der Komponenten der Abgasanlage und
Darstellung
der
Messstellen
für
Gastemperaturen
und
Materialtemperaturen.

Um die Temperaturen der Katalysatoren zu jedem Zeitpunkt
und bei jedem Betriebszustand exakt berechnen zu können,
ist es notwendig die Wärmekapazitäten aller Komponenten
der Abgasanlage zu bestimmen. Dabei wird die Abgasanlage
bei einem konstanten Abgasmassenstrom und einer erhöhten
Abgastemperatur aufgeheizt, bis ein stationärer Zustand
erreicht ist. Das bedeutet, dass keine zeitliche Temperaturänderung in den einzelnen Bauteilen (Messstellen siehe
Abbildung 3) auftritt. Durch eine anschließende abrupte
Lastwegnahme und damit einhergehende Änderung der
Abgastemperatur - einen sogenannten Temperatursprung ergibt sich für jede Komponente eine charakteristische
Abkühlkurve, die je nach Wärmekapazität des Bauteils einen
bestimmten Verlauf aufweist. Abbildung 4 zeigt die
Abkühlkurve des kombinierten Bauteils Oxidationskatalysator
und Dieselpartikelfilter während eines solchen Temperatursprungs.

Wärmeverlust vernachlässigt. Bedingt durch diese Tatsache
und die verhältnismäßig großen Wärmeströme des Abgases
wird die Verlustwärme in weiteren Betrachtungen
vernachlässigt. Anhand der auf diese Art und Weise erfassten
Daten lassen sich Energiebilanzen für jedes Bauteil erstellen,
siehe Gl. 1.
𝑑𝑄
= 𝑄̇
𝑑𝑡
𝑄̇
𝑄̇
𝑄̇

− 𝑄̇

+ 𝑄̇

− 𝑄̇

Gl. 1

durch das Abgas zugeführte Wärmemenge
durch das Abgas abgeführte Wärmemenge
Reaktionswärmeleistung

Es wird jedoch ein Quell- bzw. Senkterm bedingt durch
Reaktionswärme in die Bilanz miteingeschlossen, da
beispielsweise im Oxidationskatalysator die Oxidation von
Kohlenmonoxid
(CO)
und
unverbrannten
Kohlenwasserstoffen
(CxHy)
durchaus
nennenswerte
Wärmeleistungen erbringen können, siehe Gl. 2. Die
Auswirkung einer derartigen Reaktionswärme zeigt
Abbildung 4. Nach erfolgter Abkühlung der DOC/DPFKombination stellt sich wieder ein thermisches Gleichgewicht
ein,
allerdings
liegt
die
Temperatur
nach
der
Bauteilkombination etwas höher als davor. Diese konstante
Wärmequelle ist auf die exotherme Reaktion von CO und CxHy
im Oxidationskatalysator zurückzuführen.
𝑑𝑄
=𝑚̇ ∙ 𝑐 ∙ (𝑇 − 𝑇 ) + (−𝛥𝐻 ) ∙ 𝑘 ∙ 𝑐 − 𝑄̇
𝑑𝑡
Abgasmassenstrom
𝑚̇
Wärmekapazität des Abgases
𝑐
Abgastemperatur vor dem Bauteil
𝑇
Abgastemperatur nach dem Bauteil
𝑇
Reaktionsenthalpie
𝛥𝐻
Reaktionsgeschwindigkeitskonstante
𝑘
Konzentration
𝑐
Reaktionsordnung
n

Gl. 2

Im abschließenden Schritt wird nach Gl. 3 die zeitliche
Änderung der Wärmemenge aufsummiert und unter Kenntnis
der Temperaturen vor und nach dem Temperatursprung die
Wärmekapazität
von
jedem
Bauteil
der
Abgasnachbehandlungsanlage bestimmt.
𝐶=

𝑄
𝑇 −𝑇

𝐶
𝑄
𝑇
𝑇

Gl. 3
Wärmekapazität des Bauteils
Ausgetauschte Wärmemenge
Bauteiltemperatur vor dem Temperatursprung
Bauteiltemperatur nach dem Temperatursprung

Mithilfe der Daten aus der Basisvermessung und der
ermittelten Wärmekapazitäten ist es möglich, die
Materialtemperaturen
für
beliebige
Lastprofile
vorherzubestimmen. Um möglichst exakte Voraussagen
treffen zu können, werden in der Berechnung der
Materialtemperaturen auch Temperaturänderungen durch
Reaktionswärmen
in
Abhängigkeit
der
jeweiligen
Gaskonzentrationen berücksichtigt.

Abbildung 4: Darstellung einer Abkühlkurve und der daraus
berechneten ausgetauschten Wärmemenge während eines
Temperatursprungs für die Bauteilkombination DOC und DPF.

Durch die bauliche Ausführung aller Bauteile mit einer
Luftspaltisolierung als wärmedämmender Maßnahme und der
abgekapselten Einbauposition des Antriebsaggregats wird der

DISKUSSION DER ERGEBNISSE
Als Vergleichsszenario für den untersuchten Antrieb und die
Abgasnachbehandlungsanlage wurde ein vereinfachter
Fahrzyklus gewählt, der innerhalb von 30 Minuten ein
stufenweises Fahrprofil mit verschiedenen Betriebspunkten
und Standpausen beinhaltet. In der Standardkonfiguration
verfügt das virtuelle Fahrzeug über keine Start-Stopp-
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Automatik,
das
heißt,
im
Stillstand
läuft
die
Verbrennungskraftmaschine im Leerlauf weiter. Abbildung 5
zeigt das Fahrprofil in Form einer Bedarfsleistung, die
Abgastemperatur nach dem Turbolader (entspricht der
Abgastemperatur
vor
dem
Eintritt
in
die
Abgasnachbehandlungsanlage), die Materialtemperaturen im
kombinierten Oxidationskatalysator/ Dieselpartikelfilter und im
SCR-Katalysator.

Abbildung 6 zeigt in gleicher Weise wie Abbildung 5 den
gewählten Fahrzyklus und die entsprechenden Temperaturen.
Bei gleicher Anfangstemperatur (20 °C) ist erkennbar, dass
das Referenzszenario ohne Hybridantrieb im Leerlauf, bzw.
bei Stillstand des Fahrzeuges eine Abgastemperatur von ca.
135 °C nach dem Abgasturbolader liefert, dagegen der MicroHybridantrieb vorerst bei Umgebungstemperatur verharrt. Im
weiteren Verlauf des Fahrzyklus ist erkennbar, dass die
Phasen mit abgestelltem Motor bei Fahrzeugstillstand zu
einem
langsameren
Aufheizen
der
Abgasnachbehandlungsanlage führen. Der Schwellwert von
200 °C wird somit erst nach 915 Sekunden erreicht, was einer
prozentualen Veränderung der Aufheizzeit von 15 %
entspricht.

Abbildung 5: Darstellung des zeitlichen Aufheizverhaltens des
DOC/DPF, des SCR-Katalysators und der Anspringtemperatur des
SCR-Katalysators (200°C) für den rein dieselmotorischen Betrieb.

Für diesen willkürlich gewählten Fahrzyklus würde die
Materialtemperatur im SCR-Katalysator den Schwellwert von
200 °C erst nach 796 Sekunden erreichen, was eine effiziente
Reduktion von Stickoxiden zuvor unmöglich macht. Der
Oxidationskatalysator springt aufgrund der näher am Motor
liegenden Position wesentlich früher an, zumal mit
vermehrtem Einsatz von Platin die Anspringtemperatur auch
noch deutlich unter 200 °C liegen kann.
Die Beaufschlagung der Abgasnachbehandlungsanlage in
den Standzeiten des Fahrzeugs (Leerlauf des Motors) mit
geringen Abgastemperaturen führt für die untersuchte
Abgasanlage zu keinen Nachteilen im Aufheizverhalten des
SCR-Katalysators. Neben dem thermischen Verhalten der
Abgasanlage bei dieser standardmäßigen Antriebskonfiguration wurde auch der Kraftstoffverbrauch ermittelt, der
für die untersuchten Hybridantriebe als Referenz gilt.
Variantenrechnung für Hybridisierungen
Der Begriff Hybridantrieb gilt allgemein für einen bivalenten
Fahrzeugantrieb, im Speziellen für die Kombination einer
Verbrennungskraftmaschine und eines Elektroantriebs. Der
Elektroantrieb kann dabei sowohl motorisch zur Unterstützung
bzw. Ersatz der Verbrennungskraftmaschine betrieben
werden, als auch als Generator zum Laden der
Fahrzeugbatterien. Je nach Leistung der Elektromaschine in
Bezug auf das Fahrzeuggewicht werden verschiedene
Hybridisierungsarten unterschieden, wovon zwei im
Folgenden behandelt werden [7].
Micro-Hybrid / Start-Stopp-Automatik
Das
Micro-Hybrid-Szenario
umfasst
in
diesen
Betrachtungen lediglich eine Start-Stopp-Automatik. Diese
Funktion stellt die Verbrennungskraftmaschine bei Stillstand
des Fahrzeuges ab und startet bei entsprechendem
Fahrerwunsch (meist Betätigung des Gaspedals) wieder
vollautomatisch. Weitere Funktionalitäten eines MicroHybridantriebs, wie z.B. ein optimierter Generatorbetrieb,
werden mangels Relevanz für die Abgastemperatur nicht
behandelt. Der Nutzen eines derartigen Hybridantriebs liegt in
einer deutlichen Verbrauchseinsparung, da der Motor bei
Stillstand des Fahrzeuges nicht in einem wenig effizienten
Betriebspunkt läuft, sondern abgestellt wird. Diese
Verbrauchseinsparung liegt entsprechender Literatur zufolge
bei ca. 5% [8].

Abbildung 6: Darstellung des zeitlichen Aufheizverhaltens des
DOC/DPF, des SCR-Katalysators und der Anspringtemperatur des
SCR-Katalysators (200 °C) für den rein dieselmotorischen Betrieb, mit
Start-Stopp-Automatik.

Der Vorteil der Start-Stopp-Automatik liegt, wie erwähnt, in
einer Verbrauchsenkung. Für den gewählten Fahrzyklus
beträgt die berechnete Verbrauchseinsparung gegenüber
dem konventionellen, rein dieselmotorischem Antrieb 6,2 %
und korreliert somit sehr gut mit Werten aus einschlägiger
Literatur [9 - 11].
Mild-Hybrid optimiert auf Fast-Light-Off
Ein Mild-Hybrid-Antrieb beinhaltet im Vergleich zur MicroHybrid-Variante umfassendere Funktionalitäten. Neben einer
ebenfalls vorhandenen Start-Stopp-Automatik wird dabei die
Elektromaschine auch zum Fahrzeugantrieb, dem so
genannten Boosten, verwendet. Weitere im realen
Fahrzeugeinsatz implementierbare Funktionen sind ein
optimierter Generatorbetrieb und die Rekuperation von
Bremsenergie. Diese Rekuperation wird aufgrund der
Komplexität hier nicht behandelt, zumal auch deren Einfluss
primär das Verbrauchsverhalten betrifft und keine direkten
Auswirkungen auf den thermischen Haushalt der
Abgasnachbehandlung hat.
Als Rahmenbedingung wurde eine elektrische Antriebsleistung von 70 kW angenommen. Eine weitere Auflage um
die Vergleichbarkeit der Ergebnisse zu gewährleisten ist, dass
der Energiespeicher zu Beginn des Fahrzyklus und an dessen
Ende
den
gleichen
Ladezustand
aufweist.
Die
Betriebsstrategie des Hybridantriebs wurde dahingehend
optimiert, dass zu Beginn des Fahrzyklus durch eine hohe
Last des Dieselmotors eine hohe Abgastemperatur entsteht,
die das Aufheizen der Abgasnachbehandlungsanlage
beschleunigt. Die nicht für den Antrieb des Fahrzeugs
benötigte überschüssige Leistung wird durch die
Elektromaschine im Generatorbetrieb elektrifiziert und
eingespeichert. Zu einem späteren Zeitpunkt, nach dem
Erreichen der Anspringtemperatur kann dann die
Elektromaschine sukzessive motorisch betrieben werden und
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ermöglicht so entweder einen unterstützenden Betrieb für den
Dieselmotor, oder sogar rein elektrisches Fahren.
Abbildung 7 zeigt den Fahrzyklus und die berechneten
Temperaturen des Abgases und einzelner Komponenten der
Abgasnachbehandlungsanlage. Deutlich erkennbar ist, dass
innerhalb der ersten Fahrphase die vom Dieselmotor
gelieferte Leistung den Fahrleistungsbedarf übersteigt. Dieser
Überschuss wird im elektrischen Energiespeicher eingelagert.
Durch diese hohe Motorlast wird eine entsprechend hohe
Abgastemperatur realisiert, die zu einem Überschreiten des
Schwellwertes von 200 °C nach bereits 316 Sekunden führt.
Dies entspricht einer Verbesserung um 60 % gegenüber dem
Referenzantrieb ohne jegliche Hybridfunktionalität. Im
Vergleich mit dem Micro-Hybridantrieb mit Start-StoppAutomatik ergibt sich sogar eine Verkürzung der Aufheizzeit
um 65 %. Die Optimierung dieser Hybrid-Betriebsstrategie
erfolgte unter der Prämisse, den Verbrauchsvorteil eines
Micro-Hybridantriebs zu erhalten. Der berechnete Verbrauch
liegt für die Mild-Hybrid-Variante 6,8 % unter dem
Referenzantrieb und somit sogar um 0,6 % unter dem
Verbrauch des Micro-Hybrids. Eine weitere Steigerung der
Systemeffizienz kann noch durch die Nutzung der
Bremsenergie erreicht werden, die im Rahmen der bisherigen
Untersuchungen nicht betrachtet wurde.

Abbildung 7: Darstellung des zeitlichen Aufheizverhaltens des
DOC/DPF, des SCR-Katalysators und der Anspringtemperatur des
SCR-Katalysators (200 °C) für einen Mild-Hybridantrieb, optimiert auf
ein schnelles Anspringen der Katalysatoren mit Start-StoppAutomatik.

ZUSAMMENFASSUNG
Im Rahmen der durchgeführten Untersuchungen konnte
gezeigt werden, dass eine semi-empirische Entwicklung eines
Simulationsmodells zur Beschreibung der Bauteile einer
Abgasnachbehandlungsanlage möglich ist und zur
Potenzialabschätzung
innovativer
Antriebssysteme
herangezogen werden kann. Insbesondere die erarbeitete
Methodik zur Bestimmung der Wärmekapazitäten erwies sich
als wirkungsvoll und konnte für alle Bauteile in mehreren
Temperaturbereichen verifiziert werden.
Die
Berücksichtigung
von
Wärmesenken
bzw.
Wärmequellen, hervorgerufen durch chemische Reaktionen,
vervollständigt das Simulationsmodell und zeigt, dass bei
relevant vorliegenden Konzentrationen der unvollständigen
Verbrennungsprodukte CO und CxHy durchaus eine
Beschleunigung des Aufheizverhaltens möglich wäre. Im
Rahmen der empirischen Bestimmung der Wärmekapazitäten
konnte in einem Betriebspunkt mittlerer Last eine Temperaturanhebung von ca. vier Grad Celsius verzeichnet werden.
Inwieweit dieses Verhalten, jenes durch schlechtere
Gemischaufbereitung begünstigt werden kann, mit den
Entwicklungszielen hoher Motorleistung und Effizienz
vereinbar ist, bedarf weiterer Abklärung.
Der Einsatz des erstellten Modells für die Beurteilung

verschiedener Hybridisierungsarten zeigte anschaulich deren
Auswirkung auf das Aufheizverhalten der Abgasanlage.
Grundsätzlich ist die Problematik der langen Aufheizzeit
ohne katalytische Aktivität klar erkennbar, im Falle von
Hybridfunktionalitäten sogar von großem Interesse. Die im
Allgemeinen als verbrauchsenkende Einrichtung bekannte
Start-Stopp-Automatik zeigte in der durchgeführten
Variantenrechnung negative Auswirkungen auf das
Aufheizverhalten
der
Abgasanlage.
Für
andere
Hybridisierungsarten ergeben sich jedoch durch die
Entkoppelung
der
Verbrennungskraftmaschine
vom
tatsächlichen Fahrleistungsbedarf neue Freiheitsgrade, die
neben Verbrauchseinsparungen auch für ein beschleunigtes
Aufheizen der Fahrzeugkatalysatoren nutzbar sind. Durch
entsprechende Anpassung von Betriebsstrategien ist es
möglich, die Zeitspanne vom Motorstart bis zum Erreichen der
Anspringtemperatur des Katalysators drastisch zu reduzieren
und darüber hinaus noch deutliche Verbrauchseinsparungen
und Emissionsminderungen zu ermöglichen.
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Abstract
The need of making quick decisions is an essential factor
in today’s industrial production business to stay competitive.
Being up to date regarding vital decision criteria such as
production and process data is difficult, raising the demand
of highly developed quick decision tools. Thus, it is important
to decide on the right tools capable of predicting basic
process behavior without much effort. This paper presents an
approach that decreases the model complexity of an indirectfired heat treatment line for steel strips, making it possible to
simulate global process parameters as for example
temperature profiles at the respective furnace regions.
General
The need for data to make substantiated and important
decisions is growing in order to increase the quality of
products. Two accurate and state of the art methods to
generate the essential data are the conduction of
experiments and their accompanying monitoring of results or
the remodeling of the production process and subsequent
simulation using Computational Fluid Dynamics (CFD). If
correctly handled, experiments can deliver accurate and
reliable results but have the disadvantage of being expensive
and impractical for certain industry processes. On the other
hand, CFD- simulations can be carried out for almost every
problem but require a lot of expertise regarding the grid
generation and equation implementation for the respective
simulation case. Both, experiments and CFD- simulations,
are time consuming operations, which makes them
impractical as a quick decision tool.
An alternative to CFD- simulations is the use of a kind of
reduced furnace model shown in this paper. They only
require a few input parameters that describe the general
furnace geometry as well as some boundary conditions like
operating parameters which are utilized to automatically set
up the simulation case. The general principle of creating a
reduced furnace model can be explained as follows. First, all
furnace sections like the heating, drawing, and cooling zone
and their corresponding physical objects as for example a
heating muffle need to be determined. Subsequently, these
physical objects can be discretized into separate onedimensional domains that can be coupled with each other
using the fundamental laws of heat transfer. Depending on
the number of interconnected discretized furnace sections,
the final furnace length is determined. In the following, the
furnace length is used to discretize two more onedimensional domains, which are representing the furnace
atmosphere and the steel strip. The just now discretized
domains are also connected to the previously discretized
furnace elements, resulting in an equation system that can be

solved implicitly, creating the final implicit multiple onedimensional approach.
The major difference between the proposed approach
compared to CFD- simulations can be found in the massive
reduction of simulation cells. Modern CFD- simulations
regarding furnaces, rely on a fine three- dimensional mesh
for which equations are solved for each spatial direction.
Contrary to that the reduction into multiple one- dimensional
domains only requires a solution into one direction which
improves the computational time of a CFD case from weeks
to minutes. It is important to mention that the results delivered
by both methods cannot be compared with each other. CFD
simulations provide a high level of detail, whereas reduced
furnace models give a quick and approximate overview on
the desired simulation parameters like the furnace
atmosphere or product temperature.
Similar approaches are proposed by Steinboeck et.al., who
modeled a slab reheating furnace utilizing the Galerkin
method with heat radiation as only mode of heat transfer. [1]
Another work showing the potential of simplified furnace
models is given by Ganesh et. al. who first calculated the heat
transfer within a four-zone separated furnace including the
effects of austenitization. [2]
The purpose of this paper is to demonstrate the potential of
implicit multiple one- dimensional discretization methods,
which solves these coupled one- dimensional domains using
an implicit formulation, to predict industry data and its
corresponding speed advantage compared to CFDsimulations. The main objective is to model an indirect- fired
heat treatment line, which heats an incoming steel strip and
keeps it at drawing temperature. Subsequently, the furnace
atmosphere is abruptly cooled down by a quenching process
reducing the steel strip temperature significantly. (Figure 1)
To show the model’s capability, a test simulation case is
generated and checked for plausibility.
Model structure
The simulation is developed using the programming and
engineering software MATLAB® which provides highly
developed solvers for linear equation systems. The code is
structured in an object-oriented style consisting out of two
furnace element objects, which can describe the true physical
furnace elements. The first object represents a heating muffle
that provides energy to the system. The second object is able
to describe the drawing or quenching section, hence
describing the furnaces physical counterparts of bridging or
quenching elements.
To assemble the final furnace, a container object that
requires the previously defined furnace element objects as an
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input is designed. The container object can take an arbitrary
number of furnace element objects in any order, resulting in
a very flexible method to design a heat treatment line. The
provided input is afterwards used to automatically initialize
the furnace atmosphere and steel strip discretization. Figure
1 shows a conceptual sketch of assembled furnace element
objects, where notation Mi represents the muffle object, Ci, a
bridging element and Qi a quenching object that cools down
the steel strip. (Figure 1)

Figure 1: Conceptual sketch of assembled furnace
objects

Geometrical discretization
As mentioned in the previous chapter, the model structure
is divided into three different classes, providing member
variables and functions to store and process data,
respectively. Each object contains its own specific
discretization method which is briefly described in the
following three paragraphs.
The muffle furnace object requires several geometric input
parameters that describe the major outlines of the real device
including fireproof insulation as well as information about the
burning chamber within the muffle object. The provided data
is used to initialize a concentric shell-like structure,
representing cell interface areas and radially increasing finite
volumes. Furthermore, a subdivision into three different
zones is executed in order to assign properties for the inner
muffle insulation, the burning chamber that causes the
energy supply and the outer muffle insulation.

already initialized objects. The number of cells along the
furnace axis can be controlled by an additional parameter that
can be modified for each furnace element, respectively. By
changing the number of cells per element along the furnace
axis or using elements of different length, the step size
between adjacent cells varies, causing numerical errors if not
treated correctly in the solution algorithm. Therefore, the
developed solver must take in account non- equidistant grid
initializations. (Figure 2: dx)
A major advantage of the described discretization algorithm
is its high flexibility towards changes of the simulation
geometry. A fully automatic mesh generation of an industrial
furnace can be initialized by defining a few parameters like
cell count or geometrical dimensions, yielding results within
seconds. In contrast to that, the meshing process for CFD
cases can take up to several weeks depending on the
geometry’s complexity. Moreover, the applied algorithm
arranges the discretized volumes in a structured way, which
in return reduces the computational effort for the linear
equation solver afterwards. Figure 2 shows a simple example
of two discretized furnace elements, in which *OI is the outer
insulation, *II the inner insulation, *FA the furnace
atmosphere and *SS the steel strip.
Another insight shown in Figure 2 is the cells connectivity if
considering the multiple one- dimensional approach. Heat
can only be transferred along cells with the same cell
discretization. More specifically, this means that cells, which
for example represent the furnace insulation, can only
transfer heat radially but not along the furnace axis, hence a
communication between the muffle element insulation
material and the bridging or quenching element insulation is
not possible. This reduces the number of equations that must
be solved significantly and increases the models
computational speed. In principal, this assumption does not
fit reality, but is almost true if the length of furnace elements
as well as the thermal conductivity of the insulation material
is small.
To transfer heat between the respective cell zones,
neighboring cell zone values are used as boundary
conditions for the possible mechanisms of heat transfer. A
detailed description of the different mechanisms of heat
transfer and their integration in the current model are given in
the chapter “transport mechianisms”.

The second furnace object, which can be used as a
bridging or quenching element, needs similar input as the
muffle object. The major difference can be found in the zonal
subdivision, in which only one zone is required. This zone
represents a continuous
heat insulation, containing
all information about the
fireproof
material.
To
distinguish
between
bridging and quenching
objects another parameter
needs to be defined. This is
used to characterize the
mode of operation that is
subsequently used in the
container object as a
Figure 2: Discretization of upper cross section along furnace axis
decision criterion to define a
source term if operating as a
Transport mechanisms
quenching object or not.
To implement the fundamental laws of heat transfer and
apply them to the various cell zones, the respective
Finally, by assembling the previously defined objects using
discretization regions can be grouped together, yielding three
the container object, the furnace atmosphere and the steel
main zones that can be described by the corresponding set
strip discretization is executed. Both, atmosphere and steel
of equations. All zones share the same basic mathematical
strip are discretized along the furnace axis utilizing the
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concept by satisfying energy conservation as shown by the
explanatory equation below, where 𝑄
is the accumulation
term, 𝑄
the conduction term, 𝑄
the convection term,
𝑄
the radiation term and 𝑄 the source term for power,
respectively.

𝑄

= 𝑄

+𝑄

+𝑄

+𝑄

The first group consists of the radially discretized wall
elements which are the initially defined furnace element
objects provided to the container object. Depending on the
exact object type the equation shown below varies regarding
its source or sink term and the burner chamber radiation
terms, respectively. All other terms generally describe the
heat transfer by conduction, convection and radiation
assuming
constant
and
temperature
independent
thermophysical properties. The model used to describe
radiation is a surface to surface model which utilizes view
factors to determine the heat transfer from one surface to
another. Although capturing a majority of the radiative heat
transfer processes, the implementation is subject to a
limitation due to the current calculation of the view factors.
The current view factors only account for the radiative heat
transport from the respective wall element surface to the steel
strip surfaces within the same furnace element. This
introduces an error since neighboring furnace elements have
a significant impact on the radiative heat transfer. Another
introduced simplification is the neglection of gas participation
in the radiation process. This assumption is valid, because
the simulated model represents an indirect- fired furnace with
flue gas consisting entirely of nitrogen which is not relevant
for radiation as would be for example other polyatomic gases
like H2O and CO2. [4] The term (ℎ − ℎ )𝑚̇ shown by the
equation below is specific to the muffle furnace element and
describes the enthalpy provided to the system. The
computation of both enthalpies, the in- and outflowing ones,
are computed by the cheminformatics software package
Cantera [3] that provides a MATLAB toolbox and offers
powerful functions to solve chemical kinetics.

The second set of equations required, describes the
furnace atmosphere cell zone. The main transport
mechanisms occurring in this zone are of a convective nature
and characterize the heat transfer from the furnace and steel
strip surfaces as well as the convective transport within the
moving medium itself. The inclusion of diffusive terms was
not considered in this approach since the thermal conductivity
of the flue gas can be assumed low. The source term
becomes relevant if the enclosing furnace element is defined
as a quenching object. The assembling algorithm places a
negative value, equivalent to the added cooling capacity, at
the correct cell location. Therefore, both parameters, cooling
capacity and global location must be defined in the quenching
object before.

𝑚𝑐

𝑇

−𝑇
= 𝑣 𝐴 𝜌𝑐 𝑇
−𝑣
Δ𝑡
+ 𝛼 , 𝐴 , 𝑇 − 𝑇,
+ 𝛼 , 𝐴 , 𝑇 − 𝑇,

𝑚𝑐

−𝑇
∆𝑡

𝜆𝐴
(𝑇 − 𝑇
= −
Δ𝑑
− 𝛼 𝐴 𝑇 − 𝑇(
−𝛼

𝐴

,

𝜆𝐴
−
Δ𝑑

)

,

,

)

)

𝜎𝐴 ∑ 𝐹 , 𝜀
(𝑇 )
+2
1
1−𝜀
(𝐹 + ∑ 𝐹 (1 − 𝜀 ))
−
𝜀
𝜀
−

𝜎𝐴 ∑ 𝐹 , 𝜀
(𝑇 )
1
1−𝜀
(𝐹 + ∑ 𝐹 (1 − 𝜀 ))
−
𝜀
𝜀

− 𝐶 (𝑇 )

(𝑇 ) + 𝐶 𝑇

𝑇

+𝑄

The last set of equations defines the energy transport in the
steel strip cell zone. Compared to the furnace atmosphere
zone the conductive terms cannot be neglected anymore due
to the magnitudes larger thermal conductivity. The movement
of the steel strip is modeled as a convective transport using
the steel strip velocity as an input parameter. A source term
is not implemented in the current model but can easily be
added to describe chemical reactions and second order
phase changes during the tempering process.

𝑚𝑐

(𝑇

−𝑇 )
Δ𝑡
= 𝑣𝐴 𝜌𝑐 𝑇

− 𝑣𝐴

𝜌𝑐 𝑇
𝜆𝐴
(𝑇 − 𝑇
−
Δ𝑑

+𝛼 𝐴 𝑇 −𝑇
𝜆𝐴
Δ𝑑

(𝑇 − 𝑇

)

)

All boundary conditions of the model are assumed to be of
a Dirichlet type. This is implemented in the code by setting
fixed temperature values at the boundaries of the model,
representing for example the inlet process air temperature or
the ambient temperature.

)

,

𝑇 − 𝑇(

(𝑇 − 𝑇

𝜌𝑐 𝑇

With 𝑣 being the velocity and 𝜌the density.

−
𝑇

𝐴

(𝑇 )

Implementation of equations
The equations defined in the previous chapter are
implemented in a solution algorithm that sets up a coefficient
matrix and a corresponding solution vector representing a
linear equation system as shown in the equation below:

(𝑇 )

𝑨𝑇

+ (ℎ − ℎ )𝑚̇

With 𝑚 being the mass, 𝑐 the heat capacity, 𝑇 the
temperature, Δ𝑡 the time increment, 𝜆 the thermal
conductivity, 𝐴 the cell interface area, Δ𝑑 the center to center
distance, 𝛼 the heat transfer coefficient, 𝜎 the StefanBoltzman constant, 𝜀 the emission coefficient, 𝐹 view factor,
𝐶 radiation coefficient, ℎ incoming specific enthalpy, ℎ
leaving specific enthalpy and 𝑚̇ the mass flux of burner gas.

=𝑏

This is known as the implicit approach to express these
equation systems which brings along several advantages that
will be discussed in more detail. A is the so-called coefficient
matrix containing the coefficients belonging to the unknown
future temperatures, whereas b is the solution vector
consisting of actual temperature and source terms. To
calculate the latest temperature step, this linear equation
system only needs to be solved for 𝑇
, which can easily be
done by MATLAB’s automatic equation solvers.
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The generation of the coefficient matrix A follows a
structured approach that returns a well sorted matrix system
as shown in the adjoining figure. This well sorted structure is
based on the structured grid owed to the geometrical
discretization process. A well sorted matrix has the
advantage that the linear equation solver does not have to
excessively pre-sort the respective equations, thus speeding
up the solution.
Another inside that is given by the coefficient matrix is the
cell connectivity. A strictly one- dimensional system would
only have its matrix entries at the main diagonal and its direct
neighbors, resulting in a tri- diagonal matrix. In this case there
is a considerable amount of side diagonal entries which can
be explained by the interconnection of the multiple onedimensional domains. (Figure 3)

Figure 3: Structure of coefficient matrix representing
a 500-cell model

The major reason for using an implicit approach to discretize
and solve the equation system is because of stability
reasons. Implicit solution methods are commonly known as
unconditionally stable whereby the time increments, and grid
size can be selected almost arbitrarily. Although, implicit
schemes provide a high flexibility in regard of time increments
and the grid size, dimensionless key figures like the CourantFriedrichs-Levy (CFL) condition and the numerical Fourier
number are of interest. Typically, the CFL condition should be
below 1 whereas the numerical Fourier number should be
below a value of 0.5 to assure the systems stability. [5] To
honor these criteria a time step control is implemented in the
code which calculates the maximal time step for a given
condition and returns a warning if the selected time step is
picked larger.
Results
As a proof of concept, a simple test furnace using literature
values and a provided range of operating data from industry
partners, was set up. Due to the lack of reliable measurement
data, only quality checks for the heat treatment lines
operating temperature could be used to check the results
plausibility. The main boundary conditions used to setup the
simulation case can be extracted from Table 1.

Table 1: Boundary conditions of simulation model
Process Air
v
0.25
m/s
T
600
K
Steel Strip
v
1
m/s
T
298
K
width
0.7
m
thickness
5
mm
Furnace
length
30
m
No. of elements
12
Inner height
0.75
m
Inner width
1
m
Heat transfer coeff.
35
W/m2K
α
35
W/m2K
α
1250
W/m2K
α (
)
1250
W/m2K
α ( )
The furnace is built by twelve elements, each having an
equivalent length of 2.5 m. The grid resolution along the
furnace axis is generally twenty cells per element, except the
quenching element where a finer resolution of 100 cells is
selected. The number of cells to describe the complete
insulation and burning chambers is 753, resulting in a total
number of 1023 of cells.
The furnace setup was done by placing six muffle elements
first to increase temperature followed by two bridging
elements that hold the temperature approximately at draw
temperature. Subsequently, a quench object cools the
atmosphere and steel strip over a length of 0.75 m after which
three muffle elements apply a stress relief heat treatment.
The heat transfer coefficients characterizing the heat transfer
between atmosphere/steel strip and atmosphere/ furnace
wall are selected to be constant at 35 W/m2K along the
furnace axis, except for the quenching distance where
significantly larger coefficients can be expected. Depending
on the type of quenching process applied, the value of the
heat transfer coefficient can be up to ten thousand W/m2K
whereas a process including water jetting was assumed.
Processes of this nature have a large variation of the heat
transfer coefficients since the droplet size, jet speed and
amount have a large influence. Ultimately, a constant heat
transfer coefficient of 1250 W/m2K along the quenching
distance was selected. [6]
The remaining parameters like thermal conductivity of the
fireproof material or the respective heat capacities were
selected using the VDI heat atlas. [7] The computed results
using the above boundary conditions are in good accordance
with the defined simulation case. First, the atmosphere
temperature increases due to the primary placed muffle
elements. As soon as the bridging elements are reached the
atmosphere temperature drops which can be explained by
the significantly lower bridging element wall temperature. In
the vicinity of the quenching element the atmosphere
temperature falls of sharply due to the cooling water jet. At
the end, the atmosphere temperature increases again
because of the following three muffle elements that provide
energy for the stress relief heat treatment. Some noticeable
unphysical characteristics are also visible in the furnace
atmospheres temperature profile. More specifically, the
discontinuous drop in the temperature profile as located at
17.5 m which corresponds to the transition from one bridging
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element to the next one. The explanation of this behavior is
the limitation of the radiation model, only allowing the heat to
be locally transferred but not globally. This causes a larger
difference in temperature between adjacent wall elements
than would be the case in reality. Ultimately, this leads to a
difference in convective heat transport resulting in
temperature abnormalities.
The temperature profile of the steel strip also shows an
expected result regarding the associated furnace setup. The
temperature rises to its draw temperature until it starts to
stagnate when reaching the bridging elements. At the quench
element, temperature drastically falls off again where it stays
at its stress relief treatment temperature.

The real time operation period under consideration yielding
the presented simulation results is 50,000 s (approx. 13.9
hrs) and starts from downtime. In order to generate them, it
only took 51 s on an Intel i7- 8550U processor, showing the
enormous potential to use this approach as a quick decision
tool. A possible field of application would be as a support tool
when designing new heat treatment facilities, allowing to
make quick estimations of the resulting temperature profile
for given operating parameters. Another, more involved
approach for future applications would be the possibility to
compute the required operating parameters like gas fluxes for
a given heat treatment line and the required temperature
profile of the produced product.

Figure 4: Temperature profiles of furnace atmosphere and steel strip at the end of simulation
Outlook
As proven by the previous chapter, using the implicit
multiple one- dimensional finite volume approach to research
reduced furnace models is a powerful tool. Interesting future
work would be the improvement of the model description in
regard of the radiation model’s capability to determine global
heat transfer and the further increasement of the model’s
functionality by implementing prediction tools to estimate the
temperature effect on the heat-treated products. Further
improvements can be implemented by replacing the constant
assumed coefficients with temperature dependent
correlations.
To increase the applicability of the furnace model, different
heating strategies can be implemented as for example
electrically heated muffle elements. Similarly, different
cooling strategies like nozzle fields instead of water jets can
be realized to make the quenching objects more flexible.
Apart from improving the model’s accuracy and flexibility,
the utilization of already implemented transport mechanisms
can be used to calculate heat losses of a specific simulation
setup and region. Therefore, this feature would provide the

possibility to compare different furnace setups, making
optimizations in regard of energy consumption possible.
Subscript
i........................................ Current cell
j........................................ Neighboring cell in
convective term
k....................................... Neighboring cell in
radiation term
BC ................................... Burning chamber
atm .................................. Furnace atmosphere
Superscript
n ...................................... Current time step
n+1 .................................. Time step ahead
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Abstract
In this work, a brief overview of currently used lithium ion
battery (LIB) cathode materials is given. These materials as
well as active material, a fine powdered mixture from a pretreatment step of spent LIBs, were investigated in a heating
microscope. In order to estimate when reduction reactions of
the lithium-metal-oxides start, another experimental series, in
which highly reactive carbon powder was added to the
samples, was performed. Since the said materials are very
complex and thermodynamic data is hard to find, the
gathered information and experience from these preliminary
experiments are necessary for the development of a new
pyrometallurgical approach to LIB recycling. For the basic
reactor design, the state of the active material at high
temperatures and, respectively, its solubility in a mineral slag
is a crucial property, which was investigated in a third
experimental series. The conducted experiments show that
the reduction reactions of all tested cathode materials start at
technologically manageable temperatures of about 800 °C.
Furthermore, a significant difference between experiments in
which carbon was added, compared to those with pure
cathode materials could be observed. The behaviour of the
active material from an existing pre-treatment process does
not match the corresponding mixture of pure cathode
materials. However, possible reasons could be identified and
are the focus of the further research project.

Introduction
The EU climate and energy plan aims at a CO2 reduction
in the transport sector of at least 30 % by 2030. [1] Since
lithium-ion-batteries (LIB) have some compelling advantages
over other battery technologies, it is likely that they will play a
crucial role in the decarbonization of the transport sector.
Market forecasts, as shown in Figure 1, in which several
trends predict an enormous increase of the global electric
vehicles (EV) fleet within the next 20 years, give a feeling for
the importance of this technology. On the other hand, there
is still no satisfying solution on how to recycle crucial
elements from the batteries of these vehicles in order to
minimize waste streams and to meet the raw material
requirements of the future. [3, 8]

Figure 1: Forecast of the development of the global EV fleet [5]

In general, the LIB-technology has brought a variety of
battery types, differing in their shape, size and - most
importantly - their cell chemistry. Like other batteries, LIBs
are also built up of cathode, anode, electrolyte and
separator. [10] Different cell chemistries usually refer to
different cathode materials, which for LIBs consist of lithiummetal-oxides. The cathode materials of LIBs are steadily
evolving in order to make the batteries cheaper, safer and
more efficient. Especially the amount of cobalt used in the cell
must be emphasized, since its costs are above average
compared to alternatives like nickel or manganese.
Moreover, most of its mining takes place in politically unstable
regions of the world and is often criticized. [3, 8] Thus, new
technologies are trying to keep the proportion of cobalt as low
as possible, without risking losses in battery safety or
performance. [9]
In the mobility sector, currently used LIB types have
cathodes
with
lithium-nickel-manganese-cobalt-oxides
(NMC, LiNixMnyCozO2) or lithium-nickel-cobalt-aluminiumoxides (NCA, LiNi0.8Co0.15Al0.05O2). [6] Figure 2 shows the
proportion of raw materials varying by LIB type and
emphasizes the significant reduction in the amount of cobalt
used in common LIB types (NMC and NCA) compared to the
older lithium-cobalt-oxide (LCO, LiCoO2). Lithium-ironphosphate (LFP, LiFePO4), a relatively young cathode
material, is considered to be one of the safest chemistries,
due to its high thermal runaway temperature. While it does
not need cobalt at all in its cell chemistry, it is still subject to
further development. [5]
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The variety of LIB types leads to a dynamic future waste
stream that is difficult to predict and thus poses a challenge
for developing new recycling processes. However, an
efficient end-of-life concept for LIBs must be found in order to
meet future raw material and sustainability requirements.
End-of-life concepts can range from reuse over reprocessing
to recycling. In this work the focus is on recycling, which can
be divided into pre-treatment and hydro- or pyrometallurgical
recycling processes. Common pre-treatment methods
contain procedures like discharging, dismantling, thermal
stabilization or crushing and aim for a separation of the main
battery components. [4] Thus, the products of a pre-treatment
process usually are plastics and metal shells from the battery
casing, copper and aluminium from the conductor foils and
active material (also called black matter) from the electrodes.
This active material, which contains the valuable and crucial
metals from the cathode and carbon from the anode is then
processed in a following hydro- and/or pyrometallurgical
recycling step. In this area, currently available recycling
technologies are not yet in an industrial scale or are unable
to recover all valuable metals with a reasonable effort. A
novel pyrometallurgical approach, which is currently under
development at the Chair of Thermal Processing Technology
at the Montanuniversitaet Leoben, aims to close this gap in
lithium ion battery recycling. [4, 7, 11]

Materials and Methods
The focus of this work is on the four cathode materials
mentioned in the introduction, active material from an existing
pre-treatment process as well as on a synthetic active
material, which is based on the chemical composition of the
pre-treatment active material and was generated by mixing
the pure cathode materials and carbon.







LiCoO2 (LCO)
LiNi0.8Co0.15Al0.05O2 (NCA)
LiNixMnyCozO2 (NMC)
LiFePO4 (LFP)
active material (AM)
reproduced (synthetic) active material (AM-R)

The NMC type used in the experiments has the
momentarily most commonly used 1-1-1 configuration
(LiNi0.33Mn0.33Co0.33O2). Newer NMC configurations like
6-2-2 or 8-1-1 are, as explained in the introduction, trying to
decrease the proportion of cobalt but are not yet widely used
and therefore only considered in the further course of this
research project. Each material was tested in a heating
microscope with an argon purge (Figure 3), in which it was

Figure 3: Heating microscope [2]

The experiments aim to determine the temperatures at
which reduction reactions, phase transitions or melting
processes take place, by analysing changes of the crosssectional area of the sample during heating.

Results
The results can be subdivided into three parts according
to the series of experiments:

behaviour of pure cathode materials

behaviour of pure cathode materials under
reducing conditions

behaviour of active material and slag formers
The changes of the cross-sectional area of the pure
cathode materials are shown in Figure 4.
1.2

1.0

Cross sectional area [-]

Figure 2: Proportion of raw materials by LIB type [5]

placed on an Al2O3 sample holder and heated to a
temperature of 1620 °C. The argon purge is needed to
prevent reactions with oxygen from air. For the second
experimental series, in which the behaviour of cathode
materials under reducing conditions should be investigated,
a high reactive carbon powder was added with a mass
proportion of 10 % in order to enable reduction reactions.
Those sample are indicated by addition of “_C” (e.g. LCO_C)
to their sample name. A third series of tests aims to evaluate
the behaviour of the active material (AM) at high
temperatures. For this purpose, also several slag forming
agents (SiO2, CaO and FeO) in different quantities were
added with up to 40 mass percent to the AM, in order to
investigate if a molten phase can be formed. The AM_R
sample (abbrev. for reproduced active material) consists of a
mixture of NCA, NMC, LFP and carbon in a proportion that
allows for a similar chemical composition as the AM sample.
By this the influence of impurities, which are included in AM
but are not added to AM_R, on thermophysical properties of
the active material was investigated.
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Figure 4: Comparison of the behaviour of pure cathode materials
from lithium-ion-batteries during heating in a heating microscope
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There is almost no change until the sample is heated to
950 °C, followed by a very similar linear decrease between
1000 °C and approximately 1300 °C. At 1600 °C, the
sample’s cross-sectional area has decreased to about
30 – 60 % of the initial value. LFP is an exception, since its
decrease is steeper and its end value is clearly below 20 %.
None of the samples were magnetic, which indicates that
nickel and cobalt are not metallic and the oxides were not
reduced. In contrast, all samples from the second series of
experiments that included carbon were magnetic and the
curves (Figure 5) have significantly changed.

Cross sectional area [-]

1.0

0.8

NCA_C
NMC_C
LCO_C
LFP_C

0.4

0.2

0.0
0

200
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600

Table 1: Chemical composition of the active material from lithiumion-batteries

Species
C
Ni
Li
Al
P
Mn
Fe
Co
Cu
Zn
Pb

1.2

0.6

chemical composition (Table 1) reveals that the carbon
content, which comes from the graphite anode that is used in
this type of LIBs, is very high. Nickel, cobalt, manganese,
lithium and aluminium come from the cathode and their
proportion suggests that the present active material mainly
consists of NCA and NMC types. The high values for copper
and aluminium can be explained by the conductor foils of
LIBs, as they consist of these metals and a complete removal
during pre-treatment was not achieved.

800
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1200

1400

1600

Temperature [°C]

Figure 5: Comparison of the behaviour of cathode materials from
lithium-ion-batteries with carbon powder during heating in a heating
microscope

In general, Figure 5 shows that first changes occur at lower
temperatures than in the experimental series without carbon
and that the graphs of the cathode materials under reducing
conditions differ more from each other than in Figure 4. For
NCA, the first decrease can be observed at less than 800 °C,
for NMC just slightly above. Basically, the curves of NMC and
NCA are very similar. Both start at around 800 °C with a sharp
decrease, followed by only small changes until 1400 °C and
ending with an abrupt decrease to below 20 % of the initial
area at temperatures of about 1470 °C, which pretty much
concur with the melting temperature of pure nickel (1455 °C).
While - apart from the short slope at 800 ° C - the behaviour
of LCO differs only slightly from NCA and NMC, LFP shows
some differences, which can be explained by looking at the
heating microscope recordings (Figure 6) and considering its
chemical composition. First of all, LiFePO4 has by far the
highest proportion of oxygen, which – during reduction
reactions – causes the release of a CO-rich gas phase.
Figure 6 shows, that this gas release can cause a foaming of
the sample, which explains the steep descent and the
following rustling of the LFP_C curve in Figure 5.

Figure 6: Heating microscope recordings from LFP_C

The last series of experiments concentrates on the
behaviour of the active material from a pre-treatment step
and how to convert it into a molten phase. A look at its
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As mentioned in the introduction, it is necessary to
investigate the aggregate state of the AM at high
temperatures and the influence of slag formers in order to
design the reactor for the desired pyrometallurgical recycling
process. Therefore, first the AM was investigated in the
heating microscope without any additives followed by several
tests with slag forming agents with the following
compositions:
 SiO2/CaO in a 1:1 mass proportion (basicity B2=1)
 SiO2/CaO (B2=1) with 10 mass percent FeO
Each composition was tested in proportions of 30, 40 and
60 mass percent based on the active material. Figure 7
exemplarily shows the recordings from three of these
experiments.

Figure 7: Heating microscope recordings of a slag, consisting of
SiO2/CaO (B2=1) (a), active material from spent lithium-ion-batteries
(b) and a mixture of active material and the slag from (a) in a mass
proportion of 30 % (c) [2]

In Figure 7a, slag, consisting of SiO2 and CaO in equal
proportions, was tested. The mixture is completely molten at
temperatures of 1560 °C. The active material shown in Figure
7b has not even shrunk let alone melted. Reasons, why there
was no forming and melting of a nickel-manganese metal
alloy, although there was a sufficient amount of carbon in the
active material, will be discussed in the conclusion.
Combining the materials from Figures 7a and b, the slag
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mixture from Figure 7a was added to the active material in a
mass proportion of 30 % (Figure 7c). It was observed that the
slag formers melted at slightly higher temperatures compared
to Figure 7a, but no active material could be dissolved in the
slag. This is also valid for higher proportions of additives and
for additives with iron oxide addition, which was used to lower
the melting temperature of the slag to about 1400 °C.
The changes of the cross-sectional area of active material
and the reproduced active material are shown in Figure 8.
1.4

Cross sectional area [-]

1.2

characteristic first decrease between 800 °C and 850 °C,
which was similar in all reduction experiments, cannot be
observed for the active material. The reason for this is most
likely not due to cross-reactions between different cathode
materials since the reproduced active material reacted like
the cathode materials. A possible reason might be the
presence of a non-neglectable proportion of aluminium and
copper in the active material or changes in the material during
the pre-treatment process. This could also be a reason for the
difficulties to convert the active material into one or more
molten phases (e.g. slag and metal). This is not absolutely
necessary for the desired process, as long as the reduction
reactions also take place in the solid phase and a
corresponding reactor design can be found.
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Figure 8: Comparison of the behaviour of active material from
spent lithium-ion-batteries (AM) and a reproduced active material
(AM-R)

The AM-R curve is very similar to the previously conducted
experiments and lies between the curves of NCA_C and
NMC_C in Figure 5. The sudden decrease at about 1450 °C
can be considered as the melting of a nickel-manganese
metal alloy. Since AM-R simply is a mixture of 75 % NCA,
20 % NMC and 5 % LFP, this seems reasonable but crossreactions between these substances cannot be excluded.
The AM curve indeed is the only curve that increases
relatively steadily over the whole temperature range. All tests
with slag forming additives also showed a slightly less
pronounced increase between 400 °C and 1400 °C.
Depending on the amount and type of additive there was a
sharp decrease between 1400 °C and 1550 °C, ending at
values of 30 to 60 % of the initial cross-sectional area.

Conclusion
Finally, there are many new findings that could be gained
from the experiments. The original aim was to investigate if
there are reactions between the cathode material and high
reactive carbon powder and if they can be observed with a
heating microscope. The comparison of the graphs in
Figure 4 and Figure 5 shows significant differences. It is for
example possible to observe the melting of the produced
metal alloy after reduction and it could be determined that all
residual samples from the reduction experiments were
magnetic. This indicates that reduction reactions can occur in
the heating microscope and that the argon purge is enough
to disable re-oxidization reactions. The behaviour of the
active material, however, raises some questions.
On the one hand, the carbon content in the AM is higher
than would be stoichiometrically necessary for the reduction
reactions but there is no sign that these reactions occur. The

Outlook
In the next phase, the research project will be divided into
two main fields of activity. On the one hand, it must be
investigated why the behaviour of active material from the
pre-treatment process is so contrary to the one of pure
cathode materials or the reproduced active material.
Therefore, more experimental series in the heating
microscope are planned, in which the influence of aluminium
and copper as well as the reactivity of the included carbon of
the active material, are investigated. In order to evaluate the
reactivity of the carbon it is first separated by density
separation and then tested as reducing agent for the pure
cathode materials.
The second work package concentrates on the reduction
behaviour of the cathode materials. Hereby, the next step is
to further analyse the reduction process itself and to confirm
the temperature at which the reduction starts by performing a
series of thermogravimetric analyses (TGA) and differential
scanning calorimetry (DSC) tests. By analysing the mass loss
of the samples, which for example occurs during the release
of oxygen, the changes of the cross-sectional area at certain
temperatures should be assignable to phase changes,
melting processes, or reduction reactions. The differential
scanning calorimetry is used to determine the energy
consumption for the heating and reduction of the sample.
This data is going to be used to estimate the power and
energy demand of the desired pyrometallurgical recycling
process.
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Abstract
Thermo-chemical conversion of porous solids like coal is often modeled using generic approaches capable to reproduce
chemical kinetic and mass transfer limitations of the conversion rate. The effectiveness factor (η) is used to describe the
intra-particle mass transfer limitations in these models. Since
a non-linear second order reaction-diffusion equation has to
be solved to obtain the effectiveness factors for exothermic reactions, analytic solutions for the isothermal case are often
used instead of solving the reaction-diffusion equation. For
highly exothermic reactions, this approach might underestimate the conversion rates. Therefore, this work investigates
the influence of non-isothermal effectiveness factors on conversion rates under coal combustion conditions.
The results indicate that non-isothermal effectiveness factors cause a change in the conversion characteristics from
progressive core to shrinking particle. Moreover, the conversion rates might be significantly under-estimated by the isothermal effectiveness factors for the investigated conditions.

transfer coefficient, the external particle surface, the bulk species concentration of the gaseous reactant, the effectiveness
factor, the intrinsic reaction rate, and the reaction order. The
first term in the denominator represents the mass transfer limitation between the bulk gas phase and the solid surface, while
the second term represents the combined kinetic and intra-particle mass transfer limitation. η reduces the intrinsic rate
to account for the intra-particle mass transfer. Analytic expressions based on isothermal conversion for η are usually employed in these kind of rate equations.

Introduction
Heterogeneous combustion is a complex phenomenon involving multiple processes. A generic gas-solid reaction may
consist of the following sub-processes [1,2]:

Mass transfer from the bulk gas phase to the external
solid surface
◦
Mass diffusion of the gaseous reactant towards
the reaction site
◦
Educt adsorption to an active reaction site
◦
Product desorption from the reaction site
◦
Mass diffusion towards the external particle surface

Mass transfer of the product from the particle surface
to the bulk gas phase
Gas-solid reactivity can be classified according to the dominating of these sub-processes. Figure 1 shows a generic Arrhenius diagram for heterogeneous combustion indicating the
three main conversion regimes: Regime I, Regime II, and Regime III [3-5].
Regime I is controlled by the chemical reaction, while at
higher temperatures intra-particle mass transport becomes
the rate controlling process (Regime II). At high temperatures,
the mass transport from the bulk gas phase towards the solid
surface limits the apparent conversion rates.
Comprehensive gas-solid conversion models have to reproduce these three conversion regimes. Mechanistic conversion
models combine the rate limiting steps of the conversion regimes and deduce a closed expression for the effective conversion rate (keff) [1,3,10]:

keff =

1
1
1
+
ηkintrinsic
hconv AP cn-1
0

cn0

Figure 1: Schematic Arrhenius diagram for heterogeneous combustion.

Typically, gas-solid reactions or combustion processes take
place in the intermediate temperature range, where intra-particle mass transfer is dominant. Heterogeneous catalysis is
probably the prime example. Damköhler [6], Thiele [6],
Weehler [7], and Zeldovic [8] independently investigated heterogeneous catalysis and proposed a dimensionless relation
which is today known as Thiele modulus [9]:

Φ=

VP n+1 kintrinsic cn-1
0
AP
2
D

where Vp and D denote the particle volume and the effective
diffusion coefficient in the particle pores. Furthermore, they
proposed a number which quantifies the extent of the heterogeneous reaction (k) compared to the reaction at ambient conditions (k0). This ratio is known as effectiveness factor (η) and
is used to correct intrinsic conversion rates in the intra-particle
mass transfer limited region [1,6,11]:

(1)

η=

with hconv, AP, c0, η, kintrinsic, and n being the convective mass

(2)

k
k0

(3)

The effectiveness factor is only a function of Φ for a given
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reaction and particle shape and can be calculated by solving
the reaction-diffusion equation for the corresponding reaction
and ambient conditions analytically or numerically [11,14-16].
The reaction-diffusion equation and its application for the
calculation of isothermal and non-isothermal effectiveness
factors is discussed subsequently. The discussed theory is
then applied to compare isothermal and non-isothermal effectiveness factors occurring during coal combustion.
Reaction-Diffusion Equation

ΔT=T-T0 =

d2 c 2 dc
+
-kintrinsic cn ⋅F(c)=0
dr2 r dr

(4)

where D, c, r, and n are the effective diffusion coefficient, the
species concentration, the radial position, and the reaction order. F(c) is a disturbance function and depends on the assumptions for the reaction, e.g. isothermal, non-isothermal,
isochoric. This equation can be rewritten in a non-dimensional
form by using the following identities [7, 12, 15-17]:

Y=

c
,
c0

X=

r
,
R

Φ=R

kintrinsic c
D

(5)

with R being the bulk species concentration and the particle
radius. The non-dimensional form is then given by:

d2 Y
2

dX

+

2 dY 2 n
-Φ Y ⋅F(Y)=0
X dX

(6)

The boundary conditions for the dimensionless reaction-diffusion equation are as follows:

Y=1|X=1 ,

dY
=0|X=0
dX

F(h)=

ΔH
(T)⋅c
⋅k
cp ρ intrinsic

βγ(1-Y)
1+β(1-Y)

F(Y)=exp

(11)

The parameters β and γ represent the normalized temperature variation and the reaction rate sensitivity on temperature
[14]:

β=

c0 ΔH D
,
λT0

γ=

Ea
RT0

(12)

where Ea and R denote the activation energy and the ideal
gas constant.
This non-linear second order boundary value problem requires special numerical treatment, since a Neumann condition is imposed at X=0 and a Dirichlet boundary condition is
imposed at X=1. Moreover, multiple solutions of the equation
exist for certain combinations of β and γ and the center concentration might be zero for large values of Φ.
Different algorithms have been proposed in literature to
solve the reaction-diffusion equation, the most common one
might be the shooting method. This numerical method presumes a value for Y at X=0 and solves the equation as an
initial value problem. The Y value for X=0 is then adjusted until
the calculated Y value at X=1 satisfies the boundary condition.
This method is reliable as long as a single solution exists and
the Y at X=0 is positive [15,16].
Calculation of Effectiveness Factors

(7)

Analytic solutions for the concentration profile within the
solid particle exist for isothermal conditions and integer reaction orders [2,6,11,14,16]. In these cases, the dimensionless
intra-particle concentration profiles correlate with the Thiele
modulus and particle shape.
Combustion reactions are highly exothermic, thus, introducing significant temperature gradients within the solid. A coupled system consisting of the reaction-diffusion and the solid
energy equation has to be solved for non-isothermal particle
conversion. The equations are coupled by the chemical
source terms [11,14]:

F(c)=kintrinsic (T)⋅c

(10)

where T0 and λ denote the temperature of the bulk gas
phase and the thermal conductivity of the solid. This expression can be introduced into the reaction-diffusion equation instead of solving the energy equation. In this case, the non-dimensional disturbance function for the reaction-diffusion
equation is given by [14]:

The reaction-diffusion equation for spherical particles is
given by [6,14]:

D

ΔH D
(c0 -c)
λ

Effectiveness factors can be determined by analytic solutions of the reaction-diffusion equation. The analytic solution
of the effectiveness factor for a first order reaction in a spherical particle is given by [9]:

η=

with T, ΔH, cp, and ρ being the temperature, the heat of reaction, the specific solid heat capacity, and the solid density.
Damköhler and Prater derived a uniquely defined relationship
between the concentration and temperature in solid fuels
[12,13]:

Φ2

(Φ∙coth(Φ)-1)

(13)

However, for non-integer reaction orders the concentration
profiles within the solid have to be calculated numerically and
the following definition is used to determine the effectiveness
factor [9,14-16]:

(8)
(9)

3

η=

1

k 1
=
k0 X

Y (X)dX

(14)

0

Since the conversion rate is a function of temperature, the
temperature profile needs to be incorporated to the definition
of the effectiveness factor in non-isothermal solid fuel conversion. Using equation (10) and expressing the ratio of the kinetic rate as a function of temperature, the non-isothermal effectiveness factor can be calculated by [21]:

η=
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k 1
=
k0 X

1

Y (X)⋅e-Θ dX

0

(15)
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where θ is ratio of the kinetic rates:

Θ=γ

1
β 1-Y(X) +1

Table 2: Reaction rate sensitivity on temperature (γ) and normalized
temperature variation (β) for typical coal combustion conditions.

-1

(16)

Figure 2 shows a comparison of the isothermal and non-isothermal effectiveness factor for β = 3 and γ = 5 versus the
Thiele modulus. Both effectiveness factors are similar for small
Thiele moduli. The differences between them start at Φ ~ 0.2,
where the effectiveness factors for the non-isothermal case
start to rise and reach values above unity. The initial onset
might be regarded as an ignition point of the solid at which
conversion rates increase significantly [1,3,4,7,14]. The regions including multiple solutions for the intra-particle concentration profiles are unstable and the actual conversion rate is
forced to either of the two stable boundaries. The heat release
and heat transport rates determine which boundary is the stable one.

Figure 2: Isothermal (blue) and non-isothermal (green) effectiveness
factor versus Thiele modulus. Parameters pairs for the non-isothermal cases are: γ = 5, β = 3.

Effectiveness Factors in Coal Combustion
The effectiveness factor for isothermal coal combustion is
calculated according to the analytic solution for a first order
reaction in a spherical particle given equation (13).
The non-isothermal effectiveness factor needs additional
parameters to be specified to calculate β and γ. Average values for the thermal conductivity, effective diffusion coefficient
and heat of reaction are employed with global kinetic parameters for coal char oxidation. The employed values are summarized in Table 1.
Table 1: Parameters used in the non-isothermal effectiveness factor
calculation.

property
λ
D
ΔH
Ea

value
1.241 W/m/K
5·10-6 m²/s
31.38 MJ/kg
135.92 kJ/mol

T0 (K)
710
905
1250
2025

source
[17,18]
[19]
[20]
[20]

The bulk gas phase is assumed to be at temperatures ranging from 700 to 2000 °C. Using these parameters gives values
between 0.65 and 0.1 or 23 and 8 for β and γ. Table 2 summarizes these parameter pairs arising for the aforementioned
coal combustion conditions. The calculated values indicate
that significant differences between the isothermal and
non-isothermal effectiveness factors might arise for low ambient temperatures, since β and γ are large.

γ (-)
23
18
13
8

β (-)
0.63
0.39
0.20
0.08

Figure 3 shows the calculated effectiveness factors for typical coal combustion conditions. The unstable regions where
the reaction-diffusion equation has multiple solutions are excluded. Furthermore, the regions with changing slopes at Φ >
1 are removed from the plot, since the currently employed
mathematical method fails to give correct results for Y(0) = 0,
which occurs in this region.

Figure 3: Isothermal (dashed) and non-isothermal effectiveness factor versus Thiele modulus for typical coal combustion conditions. Parameters pairs for the non-isothermal cases are: γ = 23, β = 0.63
(blue), γ = 18, β = 0.39 (orange), γ = 13, β = 0.0.20 (green),
γ = 8, β = 0.08 (red).

Non-isothermal effectiveness factors start to exceed unity at
Φ > 0.3. The ignition onset correlates with γ and β; higher γ
and β result in an earlier ignition point. This behavior is expected, since high γ and β values occur at low ambient temperatures. Furthermore, the severity of the discontinuity in
non-isothermal effectiveness factors caused by the ignition region increases for low ambient temperatures. Heat generation
and removal rates determine if the solid fuel ignites. Particle
temperatures significantly exceed ambient temperatures in
case ignition occurs.
Comparing the isothermal effectiveness factor with the
non-isothermal ones reveals significant higher solid conversion rates if heat release effects are considered. For low T0,
the conversion rates can be more than hundred times higher
than predicted for isothermal conditions.
Effectiveness factors of unity characterize uniform reacting
fuel particles. The consequences of η > 1 might be evaluated
by investigating intra-particle temperature and reactant concentration profiles. The normalized temperature and concentration profiles for selected conditions are shown in Figure 4
and Figure 5. As indicated by the correlation of Damköhler and
Prater [12,13], temperature and concentration profiles are inversely proportional to each other. Peak temperatures and
concentration minima migrate towards the particle surface in
case of non-isothermal combustion. The concentration profiles
reveal that the gaseous reactant is depleted in significant particle portions. As a result, solid combustion starts to confine
towards the particle surface region for non-isothermal effectiveness factors above unity.
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Figure 4: Normalized temperature profiles for isothermal (dashed)
and non-isothermal coal conversion at Φ = 1. Parameter pairs for the
non-isothermal cases are: γ = 23, β = 0.63 (blue),
γ = 18, β = 0.39 (orange), γ = 13, β = 0.0.20 (green), γ = 8, β = 0.08
(red).

reaction-diffusion equation exist for the ignition region. However, the ignition region is unstable and causes a discontinuity
of the effectiveness factor curves [14-16].
Intra-particle temperature and concentration profiles reveal
a shift of the conversion zone towards the particle surface
leaving a non-reacting particle core for η >> 1. This thermally
induced conversion changes might be interpreted as the transition from progressive core (Regime I and Regime II) to
shrinking particle (Regime III) characteristics.
The significant deviation between isothermal and non-isothermal effectiveness factors for typical coal combustion conditions suggests that coal combustion rates are significantly
under-predicted when employing the analytical expressions
for the isothermal effectiveness factors. Moreover, ignition processes cannot be captured by the isothermal approach. The
actual deviation depends on the Thiele modulus (Φ), which itself depends on the coal conversion conditions [6, 9]. At small
Φ the error introduced by the assumption of isothermal conversion might be small, but significant errors might be introduced starting from the ignition point where η starts to exceed
unity.
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Abstract
Operating a sinter plant is material consuming and an energy
intense process. It has vast impacts on the hot metal
production and on the environment. Selective waste gas
recirculation (SWGR) has been introduced to complement the
sintering process to reduce energy consumption, waste gas
volume and SO2 emissions. Simulating this complex process
is an attractive and low-cost opportunity for testing new
operational settings.
The sinter plant implementation in gPROMS ModelBuilder®
characterises the processes based on three sub-models. A
burner model describes gas combustion, a black box model
characterises the most important sinter strand processes and
a wind box model splits the total off-gas stream into a recycle
gas and a stack gas. A specific temperature polynomial was
developed to represent the temperature distribution over the
wind boxes enabling more detailed investigations of SWGR
and a stable calculation of the sinter process in highly
integrated flowsheets of iron production facilities.
Introducing SWGR to the sinter process, the model shows
reduced coke consumption, stack gas and sulphur dioxide

emissions by 11%, 27% and 27%, respectively. The sinter
binding capacity of SO2 has the highest influence on lowering
SO2 emissions under SWGR conditions.
Introduction
Using sinter has many positive aspects for the blast furnace
process such as high porosity, stable mechanical properties,
improved melting behaviour and constant chemical
composition. Besides the agglomeration/melting process,
carbon combustion, calcination, iron oxidation, vaporisation
and liquification of water occur during iron ore sintering. Input
properties and process conditions have vast influences on all
reactions and on the final sinter product [1].
Solid input for the sinter process comprises iron carrier (e.g.
iron ores), additives (e.g. limestone, dolomite, burned lime)
and fuels (e.g. coke breeze, coal). The gaseous input includes
air and gaseous fuels (e.g. natural gas, blast furnace gas) [1].
In the sinter process, first raw materials are mixed in a rotary
drum. Water is added to achieve a homogeneous particle size
through agglomeration at the granulator. In the next step, the
raw mixture is put on moving pallet cars. Under the ignition
hood, the sintering reaction is started on the top of the sinter

Figure 1: Schematic scheme of the sintering process [2]
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bed. Gas is sucked through the sinter bed by blowers located
under the sinter strand and the sintering reaction is moving to
the bottom of the sinter bed. At the end of the sinter strand,
produced sinter is crushed, cooled, and sieved into three
fractions. The sinter fines, the first fraction, are recirculated to
the proportioning bins, the second fraction is used as heart
layer at the pallet cars, and the third fraction is the sintered
product to be used in the blast furnace [3].
Underneath the sinter strand, wind boxes are collecting the
entire gas stream, which varies over the total sinter strand
length on its volume flow, composition and temperature.
SWGR of single wind box gas flows to the sinter conveyor
hood reduces fuel consumption, emissions and the off-gas
volume [4]. Figure 1 shows a scheme of a general sintering
process with SWGR.
The challenge of describing the general sintering process is
its complexity, since every aspect of iron ore sintering is
interconnected. To predict sinter plant behaviour accurately, a
universal balancing model is an option to obtain useful
information about the process and the plant design.
A flexible sinter plant model, which describes the effects of
SWGR under different geometries, has the advantage of
predicting operational conditions for various sinter plants. An
appropriate calculation of temperature, composition and
volume of the stack gas, the recirculated gas stream and the
produced sinter is useful for sinter plant operators and
engineers.
Sinter Model
The sinter plant model is developed in gPROMS
ModelBuilder® (6.0.4, Process Systems Enterprise limited,
December 2019) and characterises main process effects
based on three sub-models. A burner model calculates the
composition and properties of the combustion gas and the
amount of combustion air under adiabatic conditions. A black
box model describes the general sintering process, including
main chemical reactions, gas-solid separation, mass and
energy balances. A wind box model calculates gas flow and
temperature of each wind box based on empirical distribution
functions and splits the gas flow from the wind boxes into an
off-gas and a recycle stream. Figure 2 shows a schematic
illustration of the sinter plant model.

gaseous fuel (CO, CxHy,(g)) with the reaction degree 𝑅𝐷 (Eq.
2). 𝑅𝐷 describes the stoichiometric conversion of each
chemical reaction. 𝑚̇ is the mass flow, 𝑥 is the mass-based
composition, RD is the reaction degree and MW is the
molecular weight. The index 𝑘 stands for the chemical
component 𝑘 , 𝑖𝑛 for all input streams and 𝑜𝑢𝑡 for the output
stream. Based on the enthalpy balance (Eq. 3), the adiabatic
flame temperature is calculated. Non-adiabatic conditions are
considered by the enthalpy losses 𝐻̇
. ℎ(𝑇) is the specific
enthalpy at temperature 𝑇.
𝜆=

,

∙𝑥
∙𝑥

,𝑠𝑡𝑜𝑖𝑐ℎ

𝑥 ,
∙ 𝑅𝐷 =
𝑀𝑊

𝑚̇ ∙

𝑚̇ ∙ 𝑥

𝑚̇
𝑚̇

∙ ℎ (𝑇) =

𝑚̇

,

Eq. 1

,

𝑚̇

∙𝑥

∙

,

𝑥 ,
𝑀𝑊

Eq. 2

∙ ℎ (𝑇) + 𝐻̇

Eq. 3

Black Box Model
In the black box model the mass and enthalpy balance are
applied along with stoichiometry of the sinter reactions (Eq. 23) [2]. Table 1 shows all chemical reactions of the black box
model. It includes iron ore oxidations, main calcination
reactions, carbon combustion, oxidations of sulphur and alkali
and vaporization of water.
Following Schmid et. al. [6] increased sulphur binding in the
sinter is observed in scenarios with SWGR. This behavior is
considered in the model via the back reaction of SO2 to S
based on an empirical factor.
In difference to the burner model, additionally a gas and solid
separation for the output streams is considered.
Table 1: Considered chemical reactions

C gasification

water vaporisation

C + O → CO
2

H2O(l) → H2O(g)

2

Fe O *H O → Fe O + H O

C + ½ O → CO

2

2

3

2

CO combustion

2

3

2

chlorine

CO + ½ O → CO

Cl + H → HCl

CO2 release

alkaline metal

2

(g)

2

MgCO → MgO + CO

2K+½O →K O

CaCO → CaO + CO

2 Na + ½ O → Na O

3

2

3

2
2

2

2

2

FeCO → FeO + CO
3

Figure 2: Sinter plant model in gPROMS

2

Fe oxidation

sulphur

Fe + ½ O2 → FeO

S(s) + O2 → SO2
SO2 → S(s) + O2

3 Fe + 2 O2 → Fe3O4

Burner Model
The fundamentals of the burner model are based on the
assumptions in Beahr and Kabelac [5]. The air to fuel
equivalence ratio 𝜆 defines the amount of combustion air
(Eq.1). 𝑚̇
is the mass flow of total air, 𝑚̇ ,
is the mass
flow of air under stoichiometric conditions and 𝑥 ,
and
𝑥 ,
are the content of oxygen under real and
stoichiometric conditions, respectively.
Equation 2 describes the chemical conversions of each

Wind Box Model
Component Distribution
Based on published contents of chlorine and SO2 over the
wind boxes, functions describing the component distributions
were implemented in the wind box model [7]. Each distribution
is regressed based on dimensionless length (Eq. 5).
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𝑚̇ (𝑥 )
𝑎 ∙𝑥 +𝑏 ∙𝑥 +𝑐 ∙𝑥 +𝑑 ∙𝑥 +𝑒
=
𝑚̇ ,
∑ (𝑎 ∙ 𝑥 + 𝑏 ∙ 𝑥 + 𝑐 ∙ 𝑥 + 𝑑 ∙ 𝑥 + 𝑒 )

Eq. 5

In Eq. 5, j is the index for components and i for the wind box
number, a, b, c, d and e are the regression coefficients, x
denotes for the dimensionless length of the wind box position
and 𝑚̇ ,
is the total amount of component j. This equation
design enables simulations for different plant geometries.
Component and mass distribution can be used for a feedforward and feed-backward oriented calculation. Figure 3
shows the implemented distribution functions.
SO2

1

Cl

0,8

Simulation Results

0,6
0,4
0,2
0
0

0,2

0,4
0,6
dimionsionless length [-]

0,8

1

Figure 3: Implemented distribution functions

Temperature Distribution
Following Eq. 6, the temperature calculation of each wind box
T(i) considers the off-gas temperature Toff-gas,BB from the black
box model (Toff-gas,BB= Tinlet,WB). Tinlet,WB is multiplied with an
explicit weighting term. This term includes the regressed
function Tpoly(i), which takes into account the characteristic
shape of the temperature distribution over the length of a
sintering plant based on observed sensor data, and Tleveling, a
fitting parameter, to ensure a closed enthalpy balance.
𝑇(𝑖) = 𝑇

,

∙

𝑇
𝑇

100 °C
50 °C

0,5

Simulation

0 °C
without SWGR

Eq. 6

1

400 °C
350 °C
300 °C
250 °C
200 °C
150 °C
100 °C
50 °C
0 °C

150%
100%
50%
0%
-50%

deviation [%]

wind box temperature [°C]

dimensionless length [-]

-100%
1 2 3 4 5 6 7 8 9 10 11 12 13

wind box number [-]
Tinlet

150 °C

(𝑖)

A characteristic temperature profile of a sinter plant is shown
in Figure 4. In this case Tinlet,WB equals 150°C and the
weighting term is shown on the second y axis.
0

Measurements show that the average stack gas temperature
at a sinter strand with SWGR is 21°C higher compared to a
sinter strand without SWGR. The difference can be explained
through different inlet temperatures of the process gas at both
scenarios. As shown in Figure 5, the simulation results are in
the range of measured plant data. Therefore, it is concluded,
that the simulation scenarios represent realistic operational
settings.

stack temperature [°C]

weigthening values [-]

1,2

for waste gas recirculation were based on the publication by
Schmid et. al. [7]. The gas flows of wind boxes 11 to 16 were
recirculated at the SWGR scenario.
Both scenarios had the same sinter strand length, the same
sinter production, the same ratio of total off-gas volume to
produced sinter and the same conversion rates. Furthermore,
the carbon monoxide and sulphur dioxide concentration of the
stack gas flow as well as the temperature ratio of the last wind
box to the sinter outlet were considered equal in both
scenarios. The distribution functions of the wind box
temperatures were based on plant data with and without
SWGR. All input streams were kept constant; only one single
coke stream was adjusted in the scenario without SWGR for
ensuring comparable process temperatures in both scenarios.
For the model validation plant data was provided by Primetals
Technology GmbH and Voestalpine Stahl Linz GmbH.

deviation [%]

Tpoly

Figure 4: Wind box temperature distribution

Simulation Scenarios
The sinter plant model was applied to two scenarios: operation
of the plant without SWGR and with SWGR. Both simulation
scenarios had a mainly feed-forward oriented calculation
structure. The number of wind boxes and the wind boxes used

SWGR

Figure 5: Stack temperature

Figure 6 shows all solid and liquid input and output streams of
the sinter plant model. Corresponding to the scenario settings
the sinter production is kept constant. As the simulation results
show, this leads to the same input streams of iron carrier and
additives in both scenarios. However, the resulting solid fuel
and water streams are noticeable different.
In the SWGR scenario the coke consumption is reduced by
11% compared to the scenario without SWGR. This simulation
result is in range with the observed effect on a real sinter plant
(8-13%)[7][8].
There are two reasons for this effect:
(1) Through the recycle of carbon monoxide and its partly
exothermic oxidization to carbon dioxide more heat is
generated during the sintering process.
(2) By mixing fresh air and the recycle stream in the SWGR
scenario, the process gas stream attained a higher
temperature compared to the scenario without SWGR, which
only uses fresh air. Therefore, less energy is necessary to
enable the required process temperatures and, consequently,
the coke amount declines.
An unexpected side effect is that more water needs to be
added at the granulator to enable the same water ratio in the
raw mixture in both scenarios, due to the natural water content
of coke. Caused by the reduced coke input, the required water
increases by 3.2% in the SWGR scenario compared to the
scenario without SWGR.
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mass flow [kg/s]

SWGR

10

1
sinter

iron carrier additives solid fuels

water

Figure 6: Comparison of solid input(plain)
and output (hatched) streams

Figure 7 compares gaseous input and output streams based
on the assumption of a constant ratio of total off-gas to
produced sinter for the scenario with and without SWGR. In
the scenario without SWGR, the amount of fresh air and
process air are identical because no gas stream is recirculated
from the wind boxes. In the scenario with SWGR, the fresh air
consumption is decreased since process air contains the
recirculated gas stream and fresh air.
Process air is the summation of fresh air, recycled gas and
combustion gases from the ignition hood. The total process air
consumption is similar in both scenarios. The slightly higher
amount of total process air and off-gas in the scenario with
SWGR can be explained with the constant ratio of total off-gas
to produced sinter. In the SWGR scenario, more oxygen is
bonded to carbon atoms by oxidising recirculated carbon
monoxide. Therefore, slightly more fresh air is needed to
obtain the same defined ratio at constant sinter production. In
comparison, the lower coke amount remaining in the sinter
and the reaction of sulphur dioxide to sulphur (sulphur binding
in sinter) have lower influence on declining the amount of fresh
air.
Due to the reduction of fresh air also the stack gas flow is lower
in the scenario with SWGR.
300

mass flow [kg/s]

250
200
150
100
50

O2
comparision SWGR to without
SWGR mass flow [%]

without SWGR

100

carbon and CO oxidations.
Surprisingly, the flow rate of CO2 in the stack gas is slightly
higher although the coke demand is reduced at the SWGR
scenario. Both scenarios have similar production rates and
produce the same amount of carbon dioxide during
calcination. However, in the SWGR scenario, the entering
carbon monoxide of the recycle is oxidized mainly to carbon
dioxide, which explains the higher carbon dioxide flow in the
SWGR scenario compared to the scenario without SWGR.
Figure 9 shows this behaviour in more detail. The carbon
monoxide and sulphur flows decrease at the same ratio as the
stack gas since constant carbon monoxide and sulphur
dioxide concentrations of the stack gas are assumed for the
calculation following observations in the real sinter plant. In the
SWGR scenario, the lower coke input stream has only a minor
influence on the SO2 reduction because the sulphur input
mainly originates from iron and additive sources. The reduced
sulphur content in the stack gas at unchanged sulphur inputs
in the SWGR scenario is explained by higher sulphur binding
in the sinter, considered by an empirical factor implemented in
the simulation model. The nearly similar flows of water vapour
in the stack gas is based on similar water inputs in the raw
mixtures. The lower coke consumption in the SWGR scenario
lowers the water content but the granulator compensates this
effect by adding water in order to achieve the same water ratio
in the raw mixture as in the scenario without SWGR.
CO

CO2

N2

SO2

H2O

5%
-5%
-15%
-25%
-35%
-45%

Figure 8: Comparison of main component flows in stack-gas

Figure 9 compares the CO2 origin of both scenarios. In both
cases, additives are the main carbon dioxide source and have
a ratio of about two-third of the total carbon dioxide flow. The
second largest CO2 source originates from the coke
combustion and the third and smallest CO2 source arises from
the CO oxidation. In contrast to the oxidation of recycled
carbon monoxide, the declining coke consumption and its
lower CO2 oxidation has a minor influence on the CO2 stream
in the SWGR scenario. Therefore, the total carbon dioxide
amount is higher compared to the scenario without SWGR as
shown in Figure 8.
35

0
without SWGR

stack gas

recycle

SWGR

Figure 7: Comparison of gaseous input (plain)
and output (hatched) streams

Figure 8 shows the change of total component flows of the
SWGR scenario based on the scenario without SWGR in the
stack gas. Introduction of SWGR effects each component flow
in the off-gas stream differently.
The flow change of nitrogen correlates to the amounts of fresh
air in both scenarios and decreases in the same ratio. In the
SWGR case, the much lower oxygen flow can be explained by
the reduction of fresh air and the further use of recycled O2 for

30
mass flow CO2 [kg/s]

fresh air process air off-gas

25

Additives

20

Coke

15

CO

10
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Conclusion and Outlook
The comparison of the scenarios with and without SWGR
shows that the sinter model gives reliable results compared to
observed plant data. The simulated stack temperatures are in
a proper temperature range. Under SWGR conditions, the
model shows reasonable reduction of the coke demand, stack
gas and SO2 emissions by 11%, 27% and 27%.
In the SWGR scenario the total stack gas flow of CO2 is higher
compared to scenario without SWGR. This correlates to the
oxidation of the recycled CO. The model considers the SO2
binding capacity of sinter appropriately. In the SWGR scenario
more sulphur is bound in the sinter and the SO2 of the stack
gas is reduced compared to the scenario without SWGR. The
main sulphur sources are additives and iron carrier input
streams. Under SWGR conditions, the sinter model shows
only low reduction potential of chlorine emissions.
In the future, a correlation between the temperature function
and the mass distribution function will be implemented in the
model. It is expected that the model accuracy will be improved
for changing plant geometries and operational settings.
Additional investigations into trace element sources and
reactions are recommended for improving the accuracy of the
sinter model in a future detailed model.
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Abstract
The influence of gas phase reactions in ejector pumps using
gaseous fuel as primary gas is investigated. Simulated ignition
delay times are compared to predicted mean residence times
of a 1D ejector design tool to investigate if ignition takes place
in the ejector tube. 1D results are compared to CFD
simulations to take into account non-ideal mixing effects along
the ejector.
Introduction
Ejector
Ejectors are devices where a high-pressure fluid (primary
stream) transfers energy to a low-pressure fluid (secondary
stream), entraining the low-pressure fluid and mixing the two
streams in the mixing section. When operating the ejector with
incompressible fluid (liquids) they are normally referred as jet
pumps. When using compressible fluid (gases), the term
ejector is generally used (Sun & Eames (1995)).
The design and performance of such devices was subject of
numerous investigations over the last years e.g. (Keenan,
Neumann, & Lustwerk (1950), Sun & Eames (1995), Lawn
(2003)).
When using gaseous fuels (e.g. pure methane or natural
gas) as primary stream and air at elevated temperatures as
secondary stream, depending on the exact design and
conditions, reaction might take place in the mixing section of
the ejector. This might lead to off-design conditions for ejectors
which are designed to be operated solely under non-reactive
conditions.
Definition of Ignition
To be able to verify if combustion takes place in the ejector,
the definition of ignition is very important and is discussed in
the following section.
To ignite a mixture a certain amount of energy, in form of
heat, has to be introduced to a mixture of combustible material
(either gas, liquid or solid) and air (providing oxygen). Different
highly reactive radicals are formed, which further react and
can then lead to complete combustion of the combustible
material.
When talking about ignition, we can distinguish two different
ignition initialization processes:



induced or external ignition (e. g. spark ignition in a
petrol engine)
self-ignition (e. g. diesel engine, gas turbine)

If an flammable, homogeneous mixture of fuel and air, is
locally exposed to a, not necessarily constant, high enough
temperature (T) and pressure (p), then ignition will take place
within a certain time. Fuel (here only gaseous fuel, mainly
natural gas, is considered) will react within a very short time
(in order of milliseconds) with oxygen contained in the air. This
will lead to a sudden temperature increase and, depending on
the case, pressure increase. If the released heat of reaction is
high enough, then the reaction will continue further without the
external addition of energy, till either oxygen of fuel is
completely consumed. This process is called self-ignition
(Joos (2006)).

Ignition Delay Time
As ignition is always a transient process, even if the ignition
conditions are met, combustion will only take place after a
certain ignition delay time 𝜏
. Depending on the exact
conditions, the ignition delay time is in orders of micro seconds
to up to seconds at the minimum autoignition temperature
(MAIT). For methane the ignition delay time at the MAIT (898
K) and at an equivalence ratio Φ of 0.5, is in the order of 20
seconds (Reid, Robinson, & Smith (1985)).
Ignition Delay Time: Experimental
For measuring the self-ignition and ignition delay times of
gaseous fuels, often a shock wave tube is used. It consists of
a pipe with two chambers, separated by a membrane. One
chamber is filled with the fuel/air mixture, the other one with
inert gas. Pressure is increased in the inert gas chamber, till
the membrane bursts. A shock wave runs through the system
and is reflected at the end of the pipe. The shock increases
pressure and temperature, which leads to ignition. The ignition
delay time is then defined as time from reflection of the shock
wave to start of radical formation, more precisely the
intersection of the tangent of radical curve and the initial
radical concentration. Often CH (431 nm) or 𝑂𝐻 (308 nm)
radical concentrations are measured via chemiluminescence.
Reid, Robinson, & Smith (1985) measured ignition delay
time and MAIT of methane/air mixtures using stirred cylindrical
(0.5 l volume) and unstirred spherical vessels
(0.8 l volume). Temperature inside the vessel was monitored
using two thermocouples to define the ignition delay time. The
premixed gas has entered the vessel at room temperature and
reached vessel temperature in about three seconds. A sharp
distinction of ignition and non-ignition was found; a change of
1-2 K of the initial vessel temperature was sufficient to move
from ignition to non-ignition.
According to Petersen, Röhrig, et al. (1996) the ignition
delay of methane in air can be calculated according to
equation (1), for temperatures of 1400 K – 2050 K, an
equivalence ratio Φ of 0.5 – 2.0 and concentrations of [CH4] <
3.6 x 10-5 mol/cm³.
𝜏

= 4.05 × 10

[𝐶𝐻 ]

.

[𝑂 ]

.

𝑒𝑥𝑝

𝐸
ℛ𝑇

(1)

where 𝜏 ~𝑝 . . Here 𝜏
is the ignition delay time for
Methane in s, E is the activation energy in J/mol (E = 216.8
kJ/mol), ℛ is the universal gas constant and [CH4] and [O2] are
concentrations in mol/cm³.
For more accurate predictions Petersen, et al. (2007)
suggest different activation energies E according to Table 1.
Ignition delay time decreases for increasing equivalence ratio
Φ (Joos (2006)).

MoV2-(03) page 1/5

16th Minisymposium Verfahrenstechnik & 7th Partikelforum, TU Wien, Sept. 21/22, 2020
Table 1 Suggested activation energies E for methane
(Petersen, et al. (2007))
T, K
1451 - 2001
1407 - 1625
1290 - 1407
1367 - 1659
1243 - 1367

pav, bar
0.71
10.9
10.9
19.6
19.6

E, kJ/mol
173.7
185.9
151.1
167.8
109.7

Experimental ignition delay times and derived equations for
the ignition delay times of C2H2/O2/Ar, C2H4/O2/Ar and
C2H6/O2/Ar mixtures are presented in Petersen, Hall, Kalitan,
& Rickard (2004). The according correlations for acetylene
and ethylene are shown in equation (2) and equation (3)
respectively.
79.5
(2)
𝜏
= 5.2 × 10 [𝑂 ] 𝑒𝑥𝑝
ℛ𝑇
𝜏

= 3.3 × 10

[𝐶 𝐻 ]

.

[𝑂 ]

.

[𝐴𝑟]

.

26.6
𝑒𝑥𝑝
ℛ𝑇

(3)

While these simple equations can be used for a wide range
of equivalence ratio Φ values, for mixtures of different
hydrocarbons additional shock tube experiments have to be
performed. Higher hydrocarbons are usually more reactive
than methane, therefore the ignition delay time is much lower.
Even low concentrations of higher hydrocarbons (e.g.
propane) in methane, lead to a drastic decrease of the ignition
delay time. In Fig. 1 (a) the simulated ignition delay time for a
mixture of fuel (15 wt-%), O2 (30 wt-%), N2 (55 wt-%) at 1 bar
can be seen. The addition of 1 wt-% of propane to methane
results in a decrease of the ignition delay time from 135.3 ms
to 96.7 ms respectively (Fig. 1 (b)). Here the ignition delay time
is defined as the time where ΔT/Δt takes a maximum value.

Fig. 1 Comparison of the simulated ignition delay of a
mixture of
(a) 15 wt-% fuel (100 wt-% methane), 30 wt-% oxygen and
55 wt-% nitrogen and (b) 15 wt-% fuel (99 wt-% methane,
1 wt-% propane) , 30 wt-% oxygen and 55 wt-% nitrogen
Ignition Delay Time: Simulation
According to Joos (2006), using detailed chemical reaction
mechanisms in perfectly stirred reactor simulations, a more
general description of the ignition delay time can be achieved.
These mechanisms are able to predict the ignition delay time
for a wider range of conditions with good accuracy.
One of the most commonly used detailed reaction
mechanism for the combustion of Methane is the GRI3.0
mechanism (Smith, et al.(2019)). It is a mechanism designed
and optimized for modelling the combustion of natural gas,
including NO formation and reburn chemistry. It consists of 53
species and 325 reactions.
An even more detailed reaction mechanism is the POLIMI
C1-C3 HLT mechanism. It contains 107 species and 2642
reactions and is applicable for the pyrolysis, partial oxidation
and combustion of hydrocarbon fuels up to 3 carbon atoms
(POLIMI C1-C3 HLT (2019)).

Ejector Design
The ejector geometry is designed according to Keenan,
Neumann, & Lustwerk (1950) as a function of initial primary
(index i) and secondary gas (index 0) composition,
temperature and pressure, the desired ratio of mass flow rates
of secondary to primary stream Ω and the nozzle diameter 𝑑 .
The overall process is described by three subsequent
process, namely constant pressure mixing, constant area
mixing and diffusion. A detailed model description and how to
use it can be found in Keenan, Neumann, & Lustwerk (1950).
The schematic ejector geometry and important variables can
be found in Fig. 2.

Fig. 2 Ejector geometry and definition of important
parameters
The mean residence time of the gas in the ejector can be
calculated from the ejector volume V
and the total
volumetric gas flow 𝑉̇
using equation (4).
𝝉=

𝑉

𝑉̇

(4)

Assuming perfect mixing in the ejector, the mean residence
time 𝜏 combined with ignition delay time 𝜏
for the exact
conditions can be used to predict if ignition takes place in the
ejector.
Ignition delay
The ignition delay time is simulated for different species
concentrations and temperatures at ambient pressure using
the OpenFOAM® native solver chemFoam. It is a solver for
chemistry problems, designed for use on single cell cases to
provide comparison against other chemistry solvers, which
use a single cell mesh.
Initial conditions, namely pressure p in Pa, temperature T in
K, species concentrations 𝑌 in wt-% or mol-% and the
constant property (volume or pressure), are provided in an
initialConditions file. Thermo-physical properties, such as heat
capacities 𝑐 or the used equation of state, and reaction
mechanism, which can be imported using the chemkin-II
format, can be defined in the thermopysicalProperties file.
Output of the simulation are, amongst others, 𝑌 , T and p
over time. The possibility of using and comparing different
reaction mechanisms and the possibility of automated
simulation and evaluation, makes OpenFOAM® and the
solver chemFoam a great tool to investigate ignition delay
times and flammability limits under various conditions.
CFD Simulation
To validate the assumptions of the 1D ejector design
equations, two exemplary ejector geometries are simulated
using Computational Fluid Dynamics (CFD). Simulations are
carried out using the OpenFOAM®-solver reactingFoam and
a 2D-axisymmetric approach and including gas reactions
using different reaction mechanisms and without any
reactions. Results are compared to the 1D ejector results. The
influence of the different reaction mechanisms on the ejector
behavior is shown

Materials & Methods
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Results & Disucssion
Ejector Design
Conditions used in this study for designing the ejector are
shown in Table 2. While the diameters 𝑑 , 𝑑 and 𝑑 (see Fig.
2) can be calculated using the method described in Keenan,
Neumann, & Lustwerk (1950), there are no correlations for the
length of the different injector sections. In this study a value of
𝐿
𝐷 = 1.2 was used for the constant pressure mixing length
𝐿
and
𝐷 = 4 was used the constant area mixing and diffusion
zone. Here 𝐿 is the length of the respective zone and D is the
diameter of the constant area mixing zone.
Resulting injector geometries are shown in Fig. 3 (a).
Resulting mean residence times τ und outlet temperatures T
are shown in Fig. 3 (b). The outlet velocity 𝑣 , outlet
temperature 𝑇 and mean residence time 𝜏 for two exemplary
ejectors are shown in Table 3.
Table 2 Parameters used for the design of ejectors
parameter, dimension
ratio of specific heat air, specific heat air, J/(kg K)
ratio of specific heat methane, specific heat methane, J/(kg K)
ratio of specific heat flue gas, specific heat flue gas, J/(kg K)
stagnation pressure primary
stream, bar
stagnation pressure secondary
stream, bar
stagnation pressure mixed stream,
bar
stagnation temperature primary
stream, °C
stagnation temperature secondary
stream, °C
nozzle diameter, mm
mass flow ratio, -

symbol
𝛾
𝑐 ,
𝛾
𝑐 ,
𝛾
𝑐 ,
𝑝

value
1.31
1155
1.34
2221
1.34
2000
1.5

𝑝

1.01325

𝑝

1.01325

𝑇

20

𝑇

900,
1200
2.5
variable

𝑑
Ω

Ignition Delay
In CFD usually the use of detailed reaction mechanisms is
not practicable because of the number of equations to solve,
which leads to high simulation times. Thus usually skeletal
mechanisms, containing a significant amount less reaction
equations are used. In this study the Jones-Lindstedt (JL)
skeletal mechanism (7 species, 4 reactions, Jones & Lindstedt
(1988)) and the Hyer skeletal mechanism (8 species, 8
reactions, formulation according to Ahmed et al. (2014) are
used in addition to the detailed mechanisms.
The comparison of the simulated ignition delay time, using
skeletal and detailed reaction mechanisms, to experimental
ignition delay times (Petersen, et al. (2007)) for a methane/air
mixture at 19.4 bar is shown in Fig. 4. One can see that the
simulation gets more accurate when using more complex
reaction mechanisms. The complexity increases from the
Jones-Lindstedt (JL) mechanism, to the Hyer mechanism, the
GRI3.0 mechanism and the POLIMI C1-C3 HLT mechanism.
The ignition delay time is defined as the time where ΔT/Δt
takes a maximum value.

Fig. 4 Comparison of the simulated ignition delay times of a
methane/air mixture at 19.4 bar using the Jones-Lindstedt
(JL), Hyer skeletal mechanism, the GRI3.0 mechanism and
the POLIMI C1-C3 HLT mechanism to experimental results
from Petersen, et al. (2007).
As stated before the ignition delay time and flammability
limits are a function of the exact conditions (species
concentration, temperature and pressure). In this study a
number possible mixtures of fuel (99 wt-% CH4, 1wt-% C3H8)
and air/exhaust gas (with different O2 concentrations) at
different initial temperatures are simulated to cover the whole
range of operation conditions of the injector. The secondary
stream is specified as a mixture of N2, O2, CO2 and H2O.
Based on the difference between the reference O2
concentration (23.135 wt-%) and cases initial O2
concentration, the initial concentrations of the other species is
changed. This is done according to the stoichiometry of
complete methane combustion with oxygen:
𝐶𝐻 + 2𝑂 → 𝐶𝑂 + 2𝐻 𝑂

Fig. 3 (a) Ejector design, (b) mean residence time and outlet
temperatures for different Ω at T0 = 900 °
Table 3 Important results of the 1D ejector design
Ω=8
outlet velocity 𝑣 , m/s
outlet temperature 𝑇 , K
mean residence time 𝜏, s

𝑇 = 900 °𝐶
65
729
2.92 x 10-3

𝑇 = 1200 °𝐶
67
971
2.74 x 10-3

In doing so, the ignition delay time and flammability limits of
all possible Ω and different compositions of the secondary gas
are covered. All ignited cases at each temperature are then
plotted in a ternary plot (e.g. Fig. 5).
Ignition is defined as a case where the following conditions
are met:

temperature increase ∆𝑇
=𝑇
− 𝑇 ≥ 250 𝐾

ignition delay time 𝜏
≤ 0.2 𝑠

the reaction has ended within the simulated time.
The reaction is considered to be finished if the
concentration of either O2 or CH4 ≤ 1% of the initial
concentration, respectively.
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The simulation of flammability limits and ignition delay times
was carried out with settings according to Table 4 using the
POLIMI reaction mechanism. Here ∆ is the step size for the
respective property.

𝜏
= 34.9 × 10 𝑠 with the predicted mean residence time
𝜏 = 2.74 × 10 𝑠 it can be seen that, despite the point lying
within the flammability limits, no ignition is achieved in the
ejector.

Table 4 Simulation settings for the simulation of flammability
limits and ignition delay times

CFD
CFD simulations have been carried out for conditions shown
in Table 2 using ejectors designed for Ω = 8. Gas phase
reactions are considered using the detailed GRI 3.0 and the
Hyer skeletal mechanism. The gaseous fuel consists of 99 wt% methane and 1 wt-% propane. The secondary gas stream
is air. Simulations are evaluated regarding the ratio of mass
flow rates of secondary to primary stream Ω, the temperature
𝑇 and velocity 𝑢 at the ejector outlet and the mean residence
time of both, reacting and non-reacting flows. Also the
presence/absence of reaction in the ejector is evaluated for
the different reaction mechanisms.
Results for 𝑇 = 900 °𝐶 and 𝑇 = 1200 °𝐶 for a nonreacting flow are shown in Table 5. While Ω, 𝑇 and 𝜏 are in
reasonable good agreement from 1D (Table 3) to CFD (Table
5) simulation (within 15 %), the outlet velocity 𝑣 does deviate
by > 30 %. One reason for that is the error in the prediction of
the outlet temperature. Applying the CFD-simulated 𝑇 to the
1D simulation reduces the deviation to < 15 % from 1D to CFD
simulation for the outlet velocity 𝑣 .

Property
natural gas, wt-%
O2, wt-%
T, K

min
0
0.1350
1000

max
50
23.135
1300

Δ
0.5
1.15
20

Out of the 33936 simulations 3381 cases have ignited. Only
eight simulated cases have ignited for an initial temperature of
1000 K. It is safe to assume that no ignition takes place below
this temperature. Ignited cases for an initial temperature of
1240 K are shown in Fig. 5. The color indicates the ignition
delay time for the respective mixture. The dashed grey line
represents all possible mixtures of natural gas (NG) and air,
thus also represents the ratio of mass flow rates of secondary
to primary stream Ω. This ration can be calculated out of the
desired natural gas concentration according to equation (5),
where [NG] is the concentration of natural gas.
Ω=

1 − [𝑁𝐺]
[𝑁𝐺]

(5)

Each ejector design can be checked for possible ignition in
the ejector, when assuming perfect mixing and using equation
(5), the mean residence time in the ejector 𝜏 , the outlet
temperature 𝑇 and the according ternary plot.

Fig. 5 Ternary plot of natural gas (NG) oxygen (O2) and
air/exhaust gas (Rest) including region of flammability and
ignition delay times. An exemplary designed ejector is marked
with a red circle.
For the exemplary ejector with 𝑇 = 900 °𝐶 the predicted
outlet temperature 𝑇 is 1002.1 K (729 °C). For this
temperature and Ω no ignition is achieved in the ignition delay
study.
For a higher temperature of the secondary gas stream of
𝑇 = 1200 °𝐶 the predicted outlet temperature 𝑇 is 1244.4 K
(971 °C). At this temperature and for a gas concentration of 11
wt-% (Ω = 8) ignition can be achieved, as indicated in Fig. 5.
But
when
comparing
the
ignition
delay
time

Table 5 CFD results for two different ejector designs.
Reactions are not included.
no reactions
mass flow ratio Ω, outlet velocity 𝑣 , m/s
outlet temperature 𝑇 , °C
mean residence time 𝜏, s

𝑇 = 900 °𝐶
7.62
48.8
663.7
3.4 x 10-3

𝑇 = 1200 °𝐶
7.8
50.9
874.5
3.3 x 10-3

When considering gas phase reactions the results deviate
significantly from 1D to CFD simulation. As indicated by the
outlet temperature 𝑇 shown in Table 6, the fuel/gas mixture is
igniting within the ejector tube. This shows that the assumption
of perfectly mixed gases is not valid. When the secondary gas
is sucked in, the local conditions (temperatures, gas
composition) differ significantly from the average values. Thus
in such mixing zones the ignition conditions are met and
ignition is possible at very low ignition delay times. Using a
skeletal reaction mechanism, the ignition delay time is clearly
under predicted (Fig. 4, Hyer and Jones-Lindstedt), compared
to the more accurate detailed mechanism. This leads to even
higher fuel conversion and outlet temperatures 𝑇 .
Results shown in Table 6 also reveal that ignition in the
ejector has significant influence on the mass flow ratio Ω.
Using the detailed reaction mechanism the simulated Ω differs
by 41 % compared to the design case. A difference of 94 % is
found when using the skeletal Hyer reaction mechanism. As
the GRI 3.0 mechanism is considered to be more accurate,
the CFD results using the detailed mechanism are considered
to be the most realistic amongst the tested simulation
methods.
Table 6 CFD results for two different reaction mechanisms.
𝑻𝟎 = 𝟗𝟎𝟎 °𝑪
mass flow ratio Ω, outlet velocity 𝑣 , m/s
outlet temperature 𝑇 , °C
mean residence time 𝜏, s
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Hyer
4.12
60.82
1328.25
3.15 x 10-3

GRI 3.0
5.67
53.2
988.7
3.45 x 10-3
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Summary & Outlook
The model equations presented in Keenan, Neumann, &
Lustwerk (1950) have been successfully applied to design
𝑝
ejectors for gaseous fuels at low pressure ratios
𝑝 . The 1D
method proves to be in good agreement with CFD simulations
(deviations of < 15 %, except for the outlet velocity 𝑣 ), if no
ignition takes place in the ejector.
A detailed investigation on the ignition delay time and
flammability
limits
of
gaseous
fuels
(methane,
methane/propane mixture) under various conditions was
carried out. Results have been used to try to predict if ignition
takes place in the designed ejectors. As shown using CFD
simulation and a detailed reaction mechanism (GRI 3.0), the
assumption of perfect mixing in the ejector tube is not correct.
In certain regions of incomplete mixing ignition conditions are
met. This is true even if the predicted residence time 𝜏 (e.g.
3.4 x 10-3 s for Ω = 8) is approximately an order of magnitude
lower than the ignition delay time 𝜏
(e.g. 34.9 x 10-3 s)
using averaged gas properties.
It was also shown that, in order to predict an accurate ejector
behavior, it is mandatory to correctly consider ignition delay.
Thus the use of detailed reaction mechanisms is
recommended. Also an experimental validation of the
simulated ejector using gaseous fuels under ignition condition
is highly recommended.
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Abstract
In this work, an internally circulating fluidized bed reactor
was proposed and designed for the catalytic methanation of
syngas from the 100 kW th dual fluidized bed gasification
reactor at TU Wien. Additionally, first fluid dynamic
investigations were carried out in order to determine
characteristic pressures and the gas slip in the internally
circulating fluidized bed. The results from the design of the
reactor showed that a volume contraction in the reactor
between 30-50% and a heat generation between 0.16 to
0.25 kW per kW of exit gas need to be considered in the
thermodynamic equilibrium for a low temperature
methanation process at 300 °C and 1 bara. Further technical
and economic considerations resulted in the design of a
fluidized bed with an outer diameter of 164 mm, which
corresponds to a maximum feed gas volume flow of 6 m3stp/h
and a maximum chemical energy of 15 kW in the exit gas for
the chosen catalyst properties. The fluid dynamic
investigations with an inert bed material showed that there is
a clear correlation between the pressure difference between
the draft tube and the annular region and the fluidization
ratio. Additionally, the gas slip was shown to increase with a
higher fluidization ratio as well as higher absolute fluidization
velocities. Furthermore, the gas slip from the annular region
to the draft tube was shown to be by an order of magnitude
higher than the gas slip from the draft tube to the annular
region.
Introduction
The global energy system clearly shows a transition from
solid energy carriers via liquids to gaseous energy carriers.
This trend can be observed throughout historical data and is
also predicted for centuries to come [1]. Besides the mere
transition from solids to gases, there is also a transition from
fossil fuels towards renewable energy resources taking
place today. Synthetic natural gas (SNG) is one possible
energy carrier which combines both trends and therefore
shows a relevant potential for the implementation in future
energy systems [2].
The Biomass-to-Gas (BtG) route is a viable concept for the
production of valuable secondary energy carriers, like SNG,
on a fossil-free basis. A possible process route within the
BtG concepts is the dual fluidized bed (DFB) gasification and
the consecutive upgrading to SNG. The upgrading steps
consist of a gas cleaning section, the catalytic methanation
process itself and the purification of the methane-rich gas
(raw-SNG) in order to fulfill the feed-in requirements of the
natural gas grid. Within this process chain, there are still
some technical and economical challenges which must be
addressed in order to make this process competitive [3]–[5].
Some recent investigations already focus on the
implementation of the process chain in different industrial
settings to extend the fields of application and improve the
economic performance. In [6], for example, the process is
utilized in an integrated hot metal production plant to replace
the natural gas demand which is currently covered with fossil
natural gas. Another study investigated the production of

SNG from sewage sludge as feedstock. The results showed
that the process can be economically competitive due to the
negative purchase price of sewage sludge [7].
In this work, the focus lies on the design of the
methanation reactor where the highly exothermic
methanation reactions take place. The most important
equations describing the ongoing processes are the COmethanation reaction,

𝐶𝑂 + 3𝐻 ⇌ 𝐶𝐻 + 𝐻 𝑂

Δ𝐻

= −216

(1)

= 39

(2)

the reverse water gas shift reaction, and

𝐶𝑂 + 𝐻 ⇌ 𝐶𝑂 + 𝐻 O

Δ𝐻

the CO2-methanation reaction, which is implicitly defined by
the linear combination of Eq.(1) and (2) [8].

𝐶𝑂 + 4𝐻 ⇌ 𝐶𝐻 + 2𝐻 𝑂

Δ𝐻

= −177

(3)

Besides these species, the product gas of the DFB gasifier
also contains higher hydrocarbons like ethylene (C2H4). The
hydrogenation of C2H4 to methane can be written as:

𝐶 𝐻 + 2𝐻 → 2𝐶𝐻

Δ𝐻

= −209

(4)

There are more reaction equations which can be considered
in a methanation process, but are irrelevant for the purpose
of this paper. A more detailed thermodynamic analysis for
this process route can be found in [9].
Commercially, only adiabatic fixed bed reactors are
available today. This type of reactor is chosen because of
the low construction effort for a single reactor and the low
mechanical stress on the catalyst. However, there are some
major drawbacks as well. Because of the highly exothermic
methanation reactions, a reactor cascade with intermediate
gas cooling and most of the time also product gas recycle is
necessary. This in term increases the complexity of the
overall process setup. In addition, the risk for catalyst
deactivation by carbon depositions and/or coke formation is
high. For these reasons, alternative reactor concepts have
been investigated. Cooled fixed bed reactors, fluidized bed
reactors, three-phase reactors and structured reactors have
been proposed for this purpose. This variety of reactor
concepts also lead to a wide range of reaction conditions.
250 °C to 700 °C and 1 bara to 87 bara have been applied.
Every reactor concept benefits from certain advantages but
also shows disadvantages compared to adiabatic fixed
beds. Fluidized bed reactors, for example, distinguish
themselves by the improved heat and mass transfer.
Therefore, nearly isothermal operation conditions and a high
conversion close to the thermodynamic equilibrium even at
lower temperatures are possible. Also, the risk for catalyst
deactivation by coke formation is reduced and no separate
water gas shift reactor prior to the methanation is necessary.
All of the above points allow a shorter gas cleaning section
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and reduce the number of required methanation reactors to
a minimum. However, a drawback of the fluidized bed
methanation reactor is the high mechanical stress on the
catalyst. More information on the different reactor types can
be found in [8], [10]–[12].
There are two large-scale projects for the conversion of
woody biomass to SNG based on the DFB gasification
technology. The GoBiGas project (Gothenburg, Sweden)
produced 20 MW SNG from the product gas of a DFB gasifier
and utilized the commercially available TREMP process
from Haldor Topsøe with 4 adiabatic methanation reactors
with intermediate cooling and product gas recycling at a
pressure of 16 bara. Together with the gas cleaning, the gas
pretreatment and the gas upgrading, 16 main process steps
are implemented in this plant. The second large-scale
project was the 1 MW SNG plant in Güssing, Austria. This
plant utilized a single fluidized bed methanation reactor and
10 main process steps were necessary for the production of
SNG from the product gas of the DFB gasifier. The operating
conditions in the reactor were about 380 °C and 1 bara [8],
[13].
Some investigations have already been performed on
fluidized bed methanation in small lab-scale test rigs. These
investigations mainly focus on the assessment of the
catalyst performance in fluidized beds with only a few
millimeters in diameter [14], [15]. Other investigations in
somewhat larger bubbling fluidized bed reactors, with a
diameter of about 50 mm, were conducted by the Paul
Scherrer Institute (PSI). Extensive studies on kinetics,
carbon depositions and mass transfer phenomena were
carried out. All investigations utilized a bubbling fluidized bed
but hardly any considerations to the reactor design are
mentioned [16]–[18]. Other studies propose advanced twostage methanation processes with a fluidized bed
methanation reactor as the first stage and a fixed bed reactor
as the second stage. However, these process setups were
only theoretically proposed but have not been
experimentally investigated so far [19], [20]. Neubert on the
other hand already carried out experiments in a two-stage
methanation process with intermediate water condensation
including a structured reactor as the first stage and a fixed
bed reactor as the second stage and reached to required
gas quality for grid feed-in in Germany [21].
In this paper an internally circulating fluidized bed (ICFB)
methanation reactor for improved heat and mass transfer is
proposed and designed. Additionally, first results of fluid
dynamic investigations of the ICFB are presented. The
reactor concept is developed for the purpose of investigating
the methanation process with bottled gases on the one hand
and with ‘live gas’ from the 100 kW th DFB gasifier at TU Wien
on the other hand.
Concept and methodology

supply to each fluidized bed, it is possible to create a
circulation between the two zones. For example, if there is a
higher fluidization velocity inside the draft tube than in the
annular region, the solids will rise in the draft tube and
traverse downwards in the outer fluidized bed (green arrows
in Fig. 1). ICFB’s with draft tube mainly distinguish
themselves by the fluid velocity in the draft tube. If the
velocity is low, such that the particles are not carried out of
the fluidized bed, the result are two interconnected bubbling
fluidized beds and the solid circulation works on the principle
of an airlift pump. If the fluid velocity in the draft tube is well
above the point of entrainment (𝑢 , se=significant
entrainment), the particles are carried out of the draft tube
and flow back into the outer zone by the widening of the
reactor above the draft tube. This type is called fast internally
circulating fluidized bed (FICFB). Besides this definition,
ICFB’s can be distinguished by the type of the gas distributor
or by the type of connection between the two reactor zones
[24]–[27].
The proposed reactor concept is designed according to
the following design parameters. The minimum fluidization
velocity (𝑢 ) (Eq. 5) and 𝑢
(Eq. 6) are calculated
according to Grace [28] and Bi and Grace [29], respectively.

𝑢
𝑢

=
=

√27.2 + 0.0408 𝐴𝑟 − 27.2
1.53 𝐴𝑟

.

(5)
(6)

Where 𝐴𝑟 is the Archimedes number.
(7)

𝐴𝑟 =

In order to calculate these parameters, gas properties like
the dynamic viscosity 𝜇 and the density 𝜌 must be known
under the prevailing reaction conditions. For this reason, a
model in the process simulation software IPSEpro was
implemented. In this software, the property data for all
required substances are implemented. These substances
are H2, CO, CO2, CH4, H2O, N2 and C2H4. Besides the
property data of the gases, also the property data of the solid
bed material must be defined. The defined bed material has
a Sauter diameter of 𝑑 = 165 𝜇𝑚 and a particle density of
𝜌 = 2000 𝑘𝑔⁄𝑚 . These values resemble the Ni/Al2O3catalyst, which was synthesized especially for the utilization
in a fluidized bed. Another useful definition for the
characterization of the two fluidized beds is the superficial
velocity in relationship to 𝑢 . This relationship can be
defined for both the inner (𝑢 /𝑢 , i.e. draft tube) and the
outer (𝑢 /𝑢 , i.e. annular region) fluidized bed. Division of
these two values leads to the fluidization ratio,

Design
ICFB’s have been studied and applied to various processes
in the past and today. Because of the possibility to split the
reactor in different reaction zones, it is used in coal and
biomass gasification processes, for example. The
development of the DFB technology at TU Wien is also
based on an ICFB and has been optimized over the last
three decades [22], [23].
The ICFB reactor usually consists of one reactor with two
separated fluidized beds and/or reaction zones, which are
connected by the circulation of the solid material between
the two zones. One possibility to separate the fluidized beds
is by the insertion of a draft tube, which divides the reactor
into an inner cylindrical fluidized bed and an outer annular
fluidized bed. A schematic diagram of such an ICFB is
shown in Fig. 1. By the independently controllable gas

𝑓𝑙𝑢𝑖𝑑𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =

=

(8)

which characterizes the circulation between the fluidized
beds. Furthermore, the reaction conditions in the design
case are set to 300 °C and 1 bara. The low temperature is
possible because of the superiority of the fluidized bed in
terms of heat management. It allows a high conversion and
thus a methane-rich gas in a single reactor unit. Atmospheric
pressure is chosen because the DFB gasification process
works under ambient pressure and the energy, which is
required for the pressurization of the feed gas, is omitted.
Additionally, thermodynamic calculations reveal that there is
only a mild influence of pressure on the gas composition
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especially at low temperatures [9]. The temperature of the
feed gas at the inlet to the reactor is set to 250 °C.
For the design of the fluidized bed, it is important to
consider the chemical reactions taking place in the reactor.
Not only the gas composition changes during the
methanation process, but also the volume contracts (see
Eq. 1,3 and 4). In the case of methanation it has been
reported that the reaction kinetics are fast and the
thermodynamic equilibrium can be approached within the
first few millimeters of the reactor height [30]. Both
statements
justify
the
use
of
the
exit
gas
composition/properties and volume
flow in
the
thermodynamic equilibrium for the fluid dynamic calculations
of the fluidized bed. Four typical feed gas compositions were
used for the design of the reactor.





a stoichiometric mixture of H2 and CO2
(H2:CO2 = 4:1).
a stoichiometric mixture of H2 and CO
(H2:CO = 3:1).
a typical product gas composition from the DFB
steam gasification with wood as fuel and olivine as
bed material (typ. product gas) [23].
a typical product gas composition from the sorption
enhanced reforming process (SER) [31].

Fluid dynamic investigations
In order to characterize the fluid dynamic behavior of the
ICFB cold flow experiments are carried out. The
investigations focus on the determination of the pressure
difference between the draft tube and the annular region of
the ICFB as well as the gas slip between the two regions. As
bed material quartz sand with similar properties as the
catalyst is used. It characterizes as a Geldart group B
material with a Sauter diameter of 𝑑 = 143 𝜇𝑚 and a
particle density of 𝜌 = 2600 𝑘𝑔⁄𝑚 . Fig. 1 shows the
location of the pressure measurements. In order to obtain
the pressure difference in the upper gap the pressure in the
annular region (pa) is subtracted from the pressure in the
draft tube (pd). This difference is an indication for the
circulation of the bed material between the two regions as
stated in [24]. The measurements are carried out with
Kalinsky DS2 pressure transmitters. The gas slip on the
other hand has an influence on the superficial velocity in the
fluidized beds as well as on the gas compositions. The latter
is important if two different feed gas streams are introduced
to the two fluidized bed regions. This would be the case if,
for example, an advanced two-stage methanation process in
one reactor is investigated. In this case, the feed gas could
be introduced to the draft tube and the exit gas of the draft
tube then could be recycled to the annular region with a
partial water condensation in between. The gas slip can be
determined by introducing a tracer gas to one of the fluidized
beds and measuring the concentration of the tracer gas after
the draft tube (yd), the annular region (ya) and in the inlet
stream (yi). In our case, the tracer gas was CO2 and its
concentration was measured with an Emerson NGA 2000
gas analyzer module. A CO2 mass balance then leads to
Eq. 9 and Eq. 10 for the gas slip from the draft tube to the
annular region (Sa) and vice versa (Sd).

𝑆 = 𝑄̇
𝑆 = 𝑄̇ 𝑦

(9)

(

)

+ 𝑄̇ 𝑦

(10)

Figure 1: Schematic diagram of the ICFB reactor with bed
material circulation (green arrows) and the direction of the gas
slip (red arrows)

𝑄̇ and 𝑄̇ denote the set volume flows to the draft tube and
the annular region, respectively. All variables are also
graphically represented in Fig. 1 and additionally also the
direction of the gas slip is denoted with red arrows. The
assumption that the gas slip to the draft tube (Sd) mainly
takes place in the lower gap was experimentally confirmed
in preliminary tests, while the assumption that the gas slip to
the annular region (Sa) mainly takes place in the upper gap
was shown to be a valid approximation in [24].
Results
Design
In Fig. 2a and Fig. 2b the feed gas composition and the
equilibrium exit gas composition, respectively, are displayed
for the four reference cases. The H2:CO2 feed gas mixture
leads to an exit gas which consists mostly of CH4 and H2O.
The latter can be easily condensed after the reactor but
needs to be considered for the fluid dynamic design. The
high water content can be explained by Eq. 3. It shows that
two moles of H2O are formed per mole of CO2. The H2:CO
feed gas mixture shows a similar result, but with a higher
CH4 and a lower water content. For the typical product gas,
the high CO2 content is - besides CH4 and H2O - a relevant
component for the fluid dynamic calculation. This is due to
the understoichiometric hydrogen to carbon ratio of this feed
gas. The SER product gas on the other hand produces an
exit gas with a similar composition as the H2:CO feed gas
mixture. The CO in the feed gas is almost completely
converted for all feed gases. In Fig. 2c the corresponding
excess heat released by the exothermic reactions and the
volume contraction for each feed gas mixture is depicted.
The volume contraction is given in percent of the feed gas
volume. The highest contraction takes place with the H2:CO
feed gas. The volume of the exit gas reduces to almost 50%
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Parameter

Unit

Gas compositions
H2:CO
Typ. prod.
SER
= 3:1
gas
2.03
1.98
1.68

𝑈

cm/s

H2:CO2
= 4:1
2.0

𝑈

cm/s

464

468

454

358

𝑼𝒅 ⁄𝑼𝒂 = 𝟓/𝟐
Volume flow
feed

Nm3/h

2.76

3.36

2.59

2.08

Excess heat

kW

1.1

2.14

1.1

0.96

kW

5.54

8.41

8.64

6.02

Nm3/h

4.82

5.88

4.53

3.66

kW
Chem. Energy
kW
exit gas
𝑼𝒅 = 𝑼𝒔𝒆, 𝑼𝒂 = 𝟎
Volume flow
Nm3/h
feed

1.92

3.74

1.91

1.68

9.68

14.7

15.1

10.53

63.6

77.1

59.1

44.3

Excess heat

kW

25.35

49

25

20.3

Chem. Energy
exit gas

kW

127.8

193

197

127.4

Chem. Energy
exit gas
𝑼𝒅 ⁄𝑼𝒂 = 𝟏𝟎/𝟑
Volume flow
feed
Excess heat

well as the chosen fluidization ratios, the required volume
flows of the feed gas, the excess heat, which is produced by
the exothermic reactions, and the chemical energy of the exit
gas (i.e. the raw-SNG) are listed for the four previously
defined feed gas compositions. The fluidization ratio of 5/2
represents the standard design case and the fluidization
ratio of 10/3 the maximum design case. The resulting
maximum values are displayed in bold numbers. The
maximum volume flow of 5.88 Nm3/h of feed gas for the
Figure 2: Gas compositions used for the design of the fluidized
bed reactor: a) feed gas composition, b) exit gas composition
according to the thermodynamic equlibrium at 300 °C and 1 bara,
c) heat dissipation and volume contraction during the conversion
of the feed gas to the exit gas

of the volume of the feed gas. The excess heat on the left
axis indicates how much heat is released by the exothermic
reactions and therefore needs to be removed by the reactor
cooling to ensure an isothermal operation. It is given in kW
per kW of chemical energy of the exit gas. The H2:CO
mixture leads to the highest amount of produced heat with
about 0.25 kW/kW.
With this knowledge, it is possible to calculate the fluid
dynamic parameters and in further consequence determine
the plant size and the plant design. The calculation is done
by varying the size parameters of the fluidized beds and
checking the required volume flows and the fluidization ratio.
Based on this iteration a decision for a plant size is made.
Consequently, the results for these size parameters are
shown. The diameter of the inner fluidized bed is 80 mm and
the diameter of the annular fluidized bed is 164 mm. The
decision for this size is based on the following limitations: i)
the amount of gas in the feed must be covered by gas
cylinders and is therefore limited because of economic
considerations, ii) the excessive heat must be manageable
in the reactor, iii) the amount of product gas from the
100 kW th pilot plant must be sufficient (typically 20-30 Nm3/h
on a dry basis), iv) the size of the fluidized beds should not
be below a certain scale limit in order to have a
representative size for further upscaling considerations.
Table 1 shows the results of this calculation. 𝑢 and 𝑢 as
Table 1: U and U as well as calculation results for the four
investigated feed gas compositions and three different fluidization
ratios

Figure 3: 3D-CAD drawing of the ICFB reactor: isometric view
of the whole reactor (left), sectional view of the lower reactor
part (right)

H2:CO mixture can be covered from gas cylinders. This list
also shows that the reactor cooling must dissipate a
maximum of 3.74 kW. In the last section of the table, values
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for the design of a FICFB are given. In this case, the velocity
in the draft tube is equal to 𝑢 . The resulting volume flows
and the excess heat are by an order of magnitude higher
than in the previous cases. This volume flow can neither be
covered by gas cylinders nor by the DFB pilot plant. Vice
versa, if the volume flows are reduced to a manageable
level, the reactor diameter is considered too small for a
representative operation. Therefore, the design and
construction of a FICFB is not expedient in this case.
Based on these calculations a 3D-CAD drawing of the
ICFB reactor is created. The left picture in Fig. 3 shows the
complete reactor from the outside. The lowest part of the
drawing shows the two windboxes, which allow an individual
gas flow to the two fluidized beds. The flange above the
windbox incorporates the gas distributor, which is in this
case made of 22 pneumatic silencers. This flange connects
to the actual reactor zone where the reaction takes place.
Above the reaction zone are two conical freeboards – one
for the annular fluidized bed and one for the draft tube. The
gas streams then leave the reactor by two separate pipes.

In the right part of Fig. 3, a section view of the lower
reactor part is shown. The bed material is fluidized and the
reaction takes place in the depicted area above the gas
distributor. In order to manage the heat released by the
exothermic reactions, the draft tube is cooled by an air
perfused coil. Below and above the draft tube the gap for the
bed material circulation can be seen (upper gap and lower
gap). A cooling jacket on the outside of the reactor
additionally cools the annular part of the ICFB with air. The
air crisscrosses several times in the cooling jacket before it
is exhausted. The exiting raw-SNG can be separately
withdrawn from the reactor through the inner pipe and the
outer conical annular region.
Subsequently a P&I diagram of the whole process setup
is drafted based on the results from the calculations and the
3D-CAD drawing (Fig. 4). All temperature, pressure, gas
volume flow and gas measurement points are displayed in
the flowchart. The plant is equipped with a maximum of 10
pressure and 29 temperature measurement points. Also, 5
gas measurement points for the measurement of the gas

Figure 4: P&I flowchart of the process setup

The various small pipes coming off of the reactor are used
for the installation of temperature sensors as well as
connection points for pressure or gas measurements.
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composition with online measuring devices are included
(denoted by ‘Analysis’ in the flowchart). All pressure
measurement points are flushed with a small amount of
nitrogen to protect the pressure transmitters and to clear the
pipes from reacting gases and bed material. In the bottom
left corner of the flowchart, the gas cylinders are depicted.
The volume flows of the single gas components are
controlled by variable area flow meters (also called
rotameters) with an integrated needle valve. The mixed gas
is then split up into two streams in order to supply the gas
flow to the draft tube and the annular fluidized bed. Again,
rotameters are used to set the split ratio between the two
regions. The composition of the mixed feed gas can be
verified at the point marked with ‘Analysis’. Afterwards the
feed gas streams are preheated to 250 °C (design case) by
electrical heating cartridges. Additionally, heating tapes are
used to equalize the heat losses in the pipes from the
heating cartridges to the reactor. In the reactor itself,
temperature, pressure and gas measurement points are
installed over the height of the annular fluidized bed in order
to obtain axial profiles. In the draft tube the measurement is
carried out by vertically moveable pipes which also yield
axial profiles. At the two exits of the reactor, the composition
of the two gas streams from the draft tube and the annular
zone can be measured separately. These two gas streams
are then mixed and the gas composition can be measured
again. Afterwards, the gas flows through a filter stuffed with
glass wool. The plant parts after the reactor are also
equipped with heating tapes in order to prevent water
condensation. A bypass allows changing the filter material
during operation, if any problems should arise. The exit gas
is then directed to a natural gas operated torch where the
raw-SNG is burnt. Eventually, the flue gases are ventilated
through a chimney. At the bottom center of the flowchart the
pressurized air supply for the reactor cooling is depicted.
Again, rotameters with a needle valve control the volume
flow of the cooling air. For the plant start-up phase, the air
can be preheated the same way the feed gas is preheated.
The cooling air leaving the reactor is also ventilated through
the chimney. In order to enable the water-gas shift reaction,
water vapor can be dosed individually to the two fluidized
beds. Additionally, the installation of two safety valves
ensure a safe operation of the plant.
The shown configuration in Fig. 4 is designed and
constructed for the operation with gas cylinders and ‘livegas’ from the DFB pilot plant at TU Wien. The latter case is
not shown in the flowchart. Regarding the construction of the
plant, there is, however, no change necessary. The
flowchart also shows that the separate exit gases from the
draft tube and the annular zone are merged together after
the reactor. This can be easily adapted for the investigation
of a two-stage methanation process. The exit gas from the
annular zone can be recirculated to the draft tube by the
installation of a recirculation pipe as well as a blower.
Additionally, a partial water condensation in the recirculation
pathway can be installed. Both measures possibly allow an
enhanced conversion of the feed gas to methane.
In Fig. 5, a picture of the bench-scale ICFB methanation
setup at TU Wien is shown. The picture shows the plant
without insulation and without heating tapes. On the right,
the connection points to the gas cylinders and the
pressurized air are located. Here, also the rotameters for the
feed gas splitting and the cooling air are shown. On the left
middle the actual ICFB reactor is placed. The exhaust gas
pathway follows to the left of the reactor. The pressure
transmitters and the electrical installations are located on the
back of the plant in the control cabinet. Each of the 4 heating
cartridges has an installed electrical power of 1.2 kW.
Together with the heating tapes and the water evaporators,

Figure 5: Picture of the bench-scale methanation setup at TU
Wien

the plant has a maximum installed electrical power of about
11.5 kW.
Fluid dynamic investigations
In Fig. 6 the pressure difference in the upper gap between
the draft tube and the annular region is shown over the
fluidization ratio ud/ua. In the P&I flowchart, the
corresponding pressure measurement points are PIR44 and
PIR40. The graph shows that the pressure difference
increases with an increasing fluidization ratio. With a high
accuracy, this relationship is shown to be of a quadratic
nature and can be seen as an indication for the bed material
circulation rate. Additionally, also the absolute fluidization
velocities influence the pressure difference. I.e. a higher ua
and therefore also a higher ud lead to a higher pressure
difference at a constant fluidization ratio. These results are
in accordance with [24], who also found that the pressure
difference gives an indication for the bed material circulation
rate.
Fig. 7 shows the gas slip from the draft tube to the annular
region (Sa) in Nm3/h over the fluidization ratio ud/ua for
different fluidization velocities (ua=1.5-3.9umf) and two
different sand filling levels. In Fig. 7a, the sand completely

Figure 6: Pressure difference in the upper gap over the fluidization
ratio
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on the fluidization velocity and the gas composition in the
draft tube. These results are again in accordance with
Hofbauer [24] who also found that Sd is much higher than Sa.
Conclusion and Outlook

Figure 7: Gas slip to the annular region (Sa) over the fluidization
ratio for different ua: a) sand covers the upper gap completely, b)
sand covers the upper gap only partially

covers the upper gap even when the reactor is not fluidized,
while in Fig. 7b the upper gap is not completely covered with
sand as long as the reactor is not fluidized.
The results for the fully covered gap in Fig. 7a show a
steep incline of the gas slip with a rising ud/ua. The rising gas
slip is in accordance with the increasing pressure difference
in the upper gap (cf. Fig. 6). This increased pressure leads
to a higher bed material circulation rate and simultaneously
also pushes the gas from the draft tube to the annular region.
Besides the influence of the fluidization ratio, also the
absolute fluidization velocities determine the gas slip to a
large extent. Like the pressure difference, higher fluidization
velocities lead to a higher gas slip. Between 5*10-3 and 0.15
Nm3/h, which is equal to a relative gas slip between 0.4 to
5 % of 𝑄̇ , slip to the annular region. In Fig. 7b on the
contrary, the only partially covered upper gap leads to a
much higher gas slip compared to the fully covered gap,
because the gas is able to flow from the draft tube to the
annular region without resistance from the bed material.
With an increasing fluidization ratio (for ua=1.5umf and
ua=2.4umf), the gas slip decreases because the bed material
expands further and therefore also the gap closes gradually.
At a certain fluidization ratio, the gap is fully closed and the
gas slip increases again with higher fluidization ratios. If the
absolute fluidization velocities are high enough in order to
cover the gap even at low fluidization ratios (e.g. ua=3.9umf),
the course of the curve is similar to the curves in Fig. 7a.
The gas slip from the annular region to the draft tube Sd
does not show such a clear correlation with the fluidization
ratio as Sa. Nevertheless, it could be shown that Sd ranges
between 0.1 and 0.76 Nm3/h, which is equal to a relative gas
slip between 4 to 43% of 𝑄̇ . Hence, Sd is almost an order of
magnitude higher than Sa and thus has a significant impact

In this work, an ICFB has been proposed and designed for
the optimized catalytic methanation of syngas from the DFB
gasification process. Additionally, first results from fluid
dynamic investigations in the ICFB have been presented.
The application of a fluidized bed shows advantages in
terms of heat management, conversion efficiencies and the
prevention of catalyst fouling by coke depositions.
Additionally, the whole process setup of the BtG process
route is simplified. This work has shown, that the design of
an ICFB for catalytic methanation requires careful
thermodynamic modelling (Fig. 1). Besides the different gas
compositions and properties, also the volume contraction of
the gas during methanation must be considered.
Additionally, the heat evolution by the exothermic reactions
must be modelled in order to design a suitable cooling
system to ensure an isothermal operation of the fluidized
bed. The consideration of different operating conditions has
been used to determine the plant size and point out the limits
of a technical and economical operation (Table 1). These
considerations have resulted in a novel reactor design for
the production of maximum 15 kW of raw-SNG from about
6 𝑁𝑚 /ℎ of syngas. Additionally, fluid dynamic
investigations have shown that the pressure difference in the
upper gap between the draft tube and the annular region is
proportionate to the fluidization ratio and most likely also to
the bed material circulation rate. The determination of the
gas slip between the two fluidized beds has also shown a
clear correlation with the fluidization ratio. A completely
covered upper gap has been shown to be essential for a
minimal gas slip. Simultaneously, the gas slip from the
annular region to the draft tube has been found to be by an
order of magnitude higher than the gas slip from the draft
tube to the annular region. Further investigations concerning
the fluid dynamics should focus on the determination of the
gas slip from the annular region to the draft tube and on the
quantification of the bed material circulation rate. With
respect to the actual methanation, the designed ICFB
reactor will be used to investigate the methanation reactions
with syngas from gas cylinders. Additionally, the plant will be
integrated into the whole BtG process chain, where it is
connected to the 100 kW th DFB pilot plant and a gas
cleaning section in order to demonstrate ‘live-gas’
methanation.
Acronyms
BtG

biomass-to-gas

CAD

computer aided design

DFB

dual fluidized bed

FICFB

fast internally circulating fluidized bed

ICFB

internally circulating fluidized bed

SER

sorption enhanced reforming

SNG

synthetic natural gas

Symbols
𝐴𝑟

Archimedes number

𝑑

Sauter diameter in 𝜇𝑚
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𝑢

superficial velocity in the annular
fluidized bed in cm/s

𝑢

superficial velocity in the draft tube in
cm/s

𝑢

minimum fluidization velocity in cm/s

𝑢
𝜇

velocity where significant entrainment
occurs (= fast fluidized bed) in cm/s
dynamic viscosity in Pas

𝜌

density of the gas in kg/m3

𝜌

particle density in kg/m3

𝑆

gas slip from the draft tube to the
annular region in Nm3/h

𝑆

Gas slip from the annular region to the
draft tube in Nm3/h

𝑄̇

volume flow to annular region in Nm3/h

𝑄̇

volume flow to annular region in Nm3/h

𝑦

volume fraction of CO2 above the
annular fluidized bed

𝑦

volume fraction of CO2 above the draft
tube

𝑦

volume fraction of CO2 in the feed gas
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Abstract

suited to make predictions about negative retentions in model
systems and actual process streams.

Spent sulfite liquor derived from sulfite pulping is
considered as carbon source for bio-based platform
chemicals. The spent sulfite liquor containing sugars,
hydroxylic acids, furan derivatives and cooking chemicals is
currently predominantly combusted to generate energy and
to recover the pulping chemicals. In order to improve the
economic performance of the whole pulping process a partial
material use of the spent sulfite liquor is desirable. The
lignosulfonates can be separated by ultrafiltration and be
used as concrete plasticizer or as source for phenolic-based
hydrogels or performance materials. The carbohydrates and
other wood degradation products can be used as energy and
carbon source in a fermentation process. In order to improve
the fermentation process, the amount of inhibitory
compounds, such as furan derivatives and short-chain
organic acids needs to be reduced. Intermolecular
interactions between different molecules influence the
detoxification process by means of nanofiltration. The
lignosulfonate interacts with inhibitor components and
increase their retention, which is unfavorable for the process
efficiency. The interactions between gluconic acid and shortchain organic acids were found to increase the membrane
selectivity.

Material and methods
Membrane
NF270 from Filmtec was used for the nanofiltration
experiments. It is a commercial available polymeric thin-film
composite membrane. UP005 from Microdyn Nadir was used
in the ultrafiltration experiments.
Chemicals
The mixtures of model solutions were prepared from pure
chemicals (glucose, xylose, gluconic acid, acetic acid, 5Hydroxymethylfurfural (HMF), furfural, furfuryl alcohol,
tetrahydrofurfuryl alcohol and magnesium sulfate) with a
purity higher than 99 %, all derived from Sigma Aldrich.
Additionally, process liquors from an industrial acidic spruce
sulfite pulping process were used. The mixtures were
prepared with deionized water and the pH was set to pH 4
with sodium hydroxide or hydrochloric acid. Table 1 shows
the composition of a model solution with a total content (DS)
of 100 g L-1.
Table 1: Composition of a model solution with a DS of
100 g L-1.

Introduction
Side streams of the wood pulping process are an abundant
available carbon source. The lignosulfonate fraction can be
used e.g. as concrete additives and plasticizers [1]. Another
option is the chemical conversion to phenolic monomers with
several reactive sides, which can be further utilized to biobased hydrogels and foams [2]. For the utilization of
lignosulfonate a separation from other wood degradation
products and the cooking chemicals need to be done.
Ultrafiltration is considered as a feasible method, since the
separation and the purification of the lignosulfonate can take
place in the process [3].
The ultrafiltration permeate consists of pulping chemicals
and wood degradation products such as sugars, aldonic
acids, hydroxylic acids, furan derivatives and low molecular
weight lignosulfonate fragments. The sugars and aldonic
acids can be used as carbon and energy source in a
fermentation process to produce platform chemicals. To
enhance the efficiency of the fermentation process, inhibitor
components like furan derivatives and short-chain (C1-C2)
organic acids need to be removed [4]. Nanofiltration can be
used to separate the fermentation inhibitors and at the same
time the fermentable components such as sugar and aldonic
acids can be concentrated [5]. A thermodynamically
understandable explanation of the negative retention of
molecules occurring in this system during the nanofiltration
process has not yet been achieved.
We therefore performed studies on mixtures of model
compounds as well as with solution from the industrial pulping
process to investigate intermolecular interactions and derive
transferable understanding of the involved principles. To this
end, thermodynamic hypotheses were tested and found to be

Component

c [g L-1]

Acetic acid

3.5

Furan derivative*

0.5

Mg – sulfate

5

Gluconic acid

22

Glucose

63

Xylose

13

* Either HMF, furfural, furfuryl alcohol or tetrahydrofurfuryl alcohol or a
mixture of all of them

Filtration experiments
The filtration experiments were performed in lab-scale
using flat sheet membranes with 80 cm² active filtration area.
The experiments were performed in circulation mode to
ensure constant feed concentration. The sample volume was
kept insignificant low (1 mL) compared to the feed volume of
5 L. All the experiments were carried out between 3 and 35
bar pressure.
Isolation of lignosulfonate
The lignosulfonate added to the model solutions were
derived from a magnesium bisulfite pulping liquor. The
lignosulfonate was separated and purified from pulping
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Figure 1: Retention of acetic acid (AcOH) and HMF in pure solution in water (dots) and in synthetic wood hydrolysate mixture
[squares].
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Figure 2: Retention of acetic acid (AcOH) in pure water and in mixtures with gluconic acid (gluc. acid).
chemicals and other wood degradation products via
ultrafiltration. Several purification cycles were performed to
get lignosulfonate with a purity of higher than 97 w%.

interactions promote negative retention of HMF and acetic
acid in spent sulfite liquors. Due to a higher osmotic
pressure difference, the permeate flux for the mixture was
lower compared to the pure solutions.

Results and discussion
Negative retention of HMF and Acetic is driven by other liquor
components
It is well established, that negative retention of both HMF
and acetic acid can occur during membrane separation of
biomass hydrolysates. In order to establish an experimental
framework we therefore performed experiments with (i) pure
HMF, (ii) acetic acid and (iii) mixtures of both compounds with
glucose, xylose, gluconic acid and magnesium sulfate at a
total concentration of 100 g L-1.
As shown in figure 1, the retention of acetic acid and HMF
was slightly positive in pure solutions. The retentions in the
mixture was negative. We therefore concluded that the
experimental conditions were suitable to establish which

Negative retention of acetic acid is required to neutralize
electric charges in the permeate
We have previously shown that the negative retention of
acetic acid is due to a spontaneously arising electric field,
caused by the retention of gluconate ions [6]. Gluconate ions
have a higher molecular weight compared to acetate ions and
therefore showed a much higher retention. By contrast,
hydronium ions distribute almost equally on both sides of the
membrane, as their retention is negligible. As gluconate and
acetate ions were the only anions in the process, the acetate
ions equal the charge balance. This results in a negative
retention of acetic acid. As can be seen in figure 2, the higher
the ratio between gluconic acid and acetic acid
concentrations, the higher the negative retention of acetic
acid.
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Negative retention of HMF is caused by hydration of salts in
the retentate
The above-described principle of charge neutralization is not
suitable to explain the negative retention of HMF, because it
is an uncharged molecule. We have previously shown that
the presence of inorganic salts affects the retention of furan
derivatives such as HMF. Magnesium sulfate in aqueous
solution forms a hydration shell, including 34 [6] molecules of
water, as schematically shown in figure 3. These water
molecules were bound to the salt ions and were not
accessible for the solution of HMF anymore. Therefore, the
concentration of HMF in the “unbound water” was elevated
compared to the concentration based on the overall water
molecules. Magnesium sulfate showed very high retention.
This led to a permeate stream, almost free of magnesium
sulfate but enriched with HMF. Due to this unequal
distribution of magnesium sulfate and reduction of unbound
water, HMF concentration in permeate is increased to
establish a new equilibrium of HMF in unbound water. To test
this hypotheses experiment with other salts (magnesium
chloride and sodium chloride) as well as with other furan
derivatives such as furfural were performed. The observed
salting out tendencies of different salts were in correlation
with their hydration numbers published in literature.

Figure 3: Scheme of water clusters around salt molecules
and thus a reduced amount of unbound water for the
solution of HMF.
Furthermore, the presence of lignosulfonate increased the
retention of acetic acid (figure 5). We hypothesized that the
interaction between acetate ions and lignosulfonate takes
place via the counter ion of the sulfonate groups. A
comparison of magnesium and sodium lignosulfonate
indicated this. A more detailed discussion of the mechanism
is published in [7].
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Figure 4: Influence of lignosulfonate concentration on the retention of furan derivatives at 25 bar pressure and 40 °C.

Lignosulfonates are complex molecules, with a variety of
functional groups and chemical bonds (including aromatic
electron systems, hydroxyl- and sulfonic acid moieties).
Consequently, they can interact with other molecules in a
number of ways (π-electron interactions, hydrogen bonds
and ionic bonds). To clarify which type of bond is responsible
for the lignosulfonate interaction with HMF we tested the
retention of HMF, furfural, furfuryl alcohol and
tetrahydrofurfuryl alcohol in the presence of increasing
concentrations of lignosulfonate (figure 4). We found out that
the electron configuration of the ring oxygen atom and the
aldehyde oxygen plays an important role. The alcohol group
of the furan derivatives showed minor impact. [7]

0,06
AcOH retention [-]

Lignosulfonate increases the retention of HMF and acetic
acid

0,04
0,02
0,00
-0,02
-0,04
0

2.5
2,5

5
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Figure 5: Influence of lignosulfonate concentration (in g L-1)
on the retention of acetic acid (AcOH) at 25 bar pressure and
40 °C.
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Conclusion
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Abstract
Nowadays the so called fines fraction is experiencing
increasing interest for the papermaking society, as an
essential component of any papermaking pulp. It shows
distinctive properties affecting both production process and
product properties to a large extent. Several research groups
have experimented with either primary and/or secondary
fines to assess their corresponding properties in the recent
years. When it comes to the influence of primary fines on
paper and process, these studies do not always show
consistent results, attributed to different raw materials
considered, to retention issues during sheet forming or
maybe to formation issues arising at higher dosages.
This work focuses on the clarification, how primary fines of
unbleached softwood kraft pulp (Kappa number ~27)
influence the product and process parameters, especially if
the total fines amount is risen compared to the original stock.
Primary fines are separated from the pulp using a laboratory
pressure screen to be added again in controlled amounts
afterwards. Thereby three pulp blends, showing a primary
fines content of around 5%, 9% and 12% where prepared.
These pulp blends were refined in a PFI mill at 1000, 4500
and 6000 revolutions and compared with the unbeaten
reference. The refining treatment mainly resulted in fiber
flexibilisation and internal fibrillation while barely any
secondary fines were produced.
Because retention of the fines material might be an issue,
a Rapid-Köthen sheet former with white water recirculation
was used. The results of paper testing show that the tensile
index develops at lower specific refining energy when adding
primary fines prior to refining due to increased densification
of the sheets. The results also show increased dewatering
resistance (Schopper-Riegler) at a given tensile index, while
densification and air permeability (Gurley) are comparable.
Considering the linear relationship between tensile index and
sheet density – independent of the fines content – it can be
concluded that fibre flexibilisation and primary fines both
enhance fibre-fibre bonding and that both strategies result in
the same increase in mechanical strength with the downside
of slightly reduced dewatering in case of the introduction of
primary fines.

Introduction
When talking about pulp, it is necessary to differentiate
between the coarse fiber material and the fines material.
Fines again can be separated in primary fines, which are
created during the pulping process, and secondary fines
which are a product of refining and mechanical stresses in
stock preparation. The morphological character of the
produced fines is different depending on their origin. Primary
fines mainly consists of flake like fines, which are mostly ray
cells and fragmental parts from middle lamella and primary
fiber wall. Secondary fines are mainly fibrillar fines torn out
from the secondary wall. [1][2]
Several studies have been done by different groups
focusing on the technological properties of these fines and
the effects of their removal or addition. Because of the
diversity of experimental designs, these studies did not
always show consistent results. Chauhan et.al. for example
show that the addition of primary fines, separated from
bleached hardwood pulp by means of a Bauer McNett
classifier, up to 10 and 20% total fines content prior to
refining, leads to a reduced strength potential after PFI
refining compared to the reference without additional primary
fines [3]. Feirreira et.al. on the other hand show that removal
of primary fines from unbleached hardwood kraft pulp, leads
to a decrease in tensile and burst index, but an increase in
tear index [4]. Similar results are presented by Bäckström et
al. in an experimental design where fines were added instead
of removed. It is shown that the addition of either primary or
secondary fines to refined fibers allows an improvement of
tensile index, burst index and TEA [2].
This work focuses on the primary fines of a softwood kraft
pulp and the effect of different primary fines ratios in the pulp
to shed more light on their role when it comes to pulp
properties in the unrefined state and especially the
development of said properties during refining and the
accompanied energy saving for beating.
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Materials and Methods
Material
An industrial never-dried unbleached softwood kraft pulp
with a kappa-number of around 27 was used in all trials. The
primary fines content of the pulp was 5%. A fraction of these
primary fines was separated from the stock using a lab scale
pressure screen implemented at the Institute of Paper, Pulp
and Fiber Technology at Graz University of Technology. The
aggregate was equipped with a 100µm hole screen. The
accept passing the screen with a dry matter of approximately
0,01%, was collected in vessels for sedimentation. The
supernatant was decanted after adequate time for
sedimentation – to ensure no further fractionation – to reach
a dry content of nearly 0,5% for subsequent application
during sheet forming. The coarse fraction was discarded. The
primary fines were added to the reference pulp (fines content
5%) to reach a total fines content of 9 and 12%.

The fibre morphology of the pulp is of high importance
when it comes to its technological properties. Among the
several properties provided by commercial flow cells the fiber
length distribution can be considered as the key factor of
morphology and it will definitely be affected substantially due
to the addition of fines. This is addressed in Fig. 1. based on
a cummulative length weighted Q1 depiction. In contrast to
the obvious increase in fines content due to the addition of
primary fines, no relevant changes in fines content nor in the
fibre length distribution overall is noticable due to refining.
This shows that secondary fines were barely generated and
hardly any shortening of long fibers occurred during refining,
indicating that the PFI-mill treatment leads mainly to fibre
flexibilisation due to internal fibrillation which has also been
reported elsewhere [7][8][9]. Therefore the technological
changes due to the PFI-treatment has to be attributed mainly
to fibre flexibilisation and higher conformability of the fibres.

Methods
Each mixture was disintegrated in the lab disintegrator
according to ISO 5263-1. Afterwards the samples were
refined in the PFI-mill for 1000, 4500 and 6000 revolutions
(rev) (ISO 5264-2). Each blend and corresponding refining
intensity was prepared twice, to have enough material for all
measurements and investigations.
Hand sheets of 80g/m² were prepared according to ISO
5269-3 on a Rapid-Köthen handsheet former using white
water recirculation. Due to the special focus on the primary
fines and their technological impact, it was necessary to
make sure that no fines are lost because of retention issues.
To avoid this matter the first four handsheets were discarded,
to reach an equilibrium of fines in the recirculated white water
[5] and thereby 100% retention.
All hereafter described analytical methods were applied on
all blends as well as on the reference pulp. Fibre morphology
was determined using a L&W Fiber Tester+. This optical flow
microscopy analyzer has an optical resolution of 3.3µm/pixel
[6]. Samples are prepared at approximately 0.1g dry matter
and measurements were repeated three times. For each
repetition a minimum of 100000 particles was detected.
Results are discussed based on the length-weighted fiber
length distributions according to ISO 16065-1. The total fines
content was determined using the Britt Dynamic Drainage Jar
(BDDJ) according to SCAN-CM 66:05 using a 200mesh
screen. Additionally the drainability of the samples was
determined according to ISO 5267-1 (Schopper Riegler
method).
Handsheet testing was done after 24 hours in the climate
room at 23°C and 50% relative humidity. We determined
apparent sheet density according to ISO 534, breaking length
according to ISO 1924-2 and Gurley air permeability
according to TAPPI 460 om-16.

Results

Fig. 1. Cumulative length weighted fiber length distribution Q1
of blends after beating in comparison with the unbeaten
references
Dewatering ist the main paramater we expect to be affected
due to fines addition. Still, in the unrefined state the effect on
dewatering (based on °SR) is barely noticeable (Fig. 2a). For
low refining intensity at 1000rev a slight increase in
dewatering resistance is noticeable due to the added amount
of primary fines. This behavior becomes substantial for the
higher refining intensities, as for 4500 and 6000rev in the PFI
mill. At the upper end of our investigation the increase in °SR
at 12% primary fines content is more than double that of the
reference at 5% primary fines content.
A similar behavior compared to dewatering is evident for air
permeability (Fig. 2b). While there is only a minor effect for

MoV4-(02) page 2/5

16th Minisymposium Verfahrenstechnik & 7th Partikelforum, TU Wien, Sept. 21/22, 2020
lower refining intensity, the Gurley seconds are increased
substantially for higher intensities.
It seems, that the additional fines present in the pulp tend
to affect air permeability and dewatering especially in already
denser networks formed of more flexible fibers where they
are capable of blocking the remaining pores.
When it comes to mechanical properties there is a clearly
positive effect on breaking length (Fig. 2c) due to the addition
of primary fines. This effect is reduced for higher refining
intensities and therefore already densified sheets up to the
point where no significant difference in breaking length is
observable anymore after 6000rev, in the PFI mill.
Summing up there is clearly a strong effect of the dosed
primary fines on dewatering and air permeability especially at
higher refining intensities where the added fines seem to
have a tendency to block the already fine pores of the
densified sheet. Breaking length is mainly improved in the
unrefined state and at a low refining intensity whilst being
virtually unaffected for the highest refining intensity (6000
Rev. PFI).

Fig. 2. a) Development of dewatering (Schopper-Riegler), b)
Gurley air permeability and c) breaking length due to beating
However, when it comes to an application of such a
softwood bleached kraft pulp in paper production it is mainly
the properties at a certain breaking length that are of interest
as the pulp is refined to reach a certain strength level with the
corresponding dewatering properties being merely a side
effect. Looking at the direct relationship between air
permeability and tensile strength (Fig. 3) or dewatering and
tensile strength (Fig. 4) it is evident that there is not much
difference visible in this relationship whether primary fines are
added or not. The development of tensile strength (breaking
length) levels out after a certain refining intensity whilst
dewatering resistance and gas-barrier properties are
increasing further. In case of dewatering, the blend with 12%
primary fines seems to show a slightly higher °SR-value for a
given breaking length indicating higher dewatering resistance
even in the region of lower refining intensities, for 9% such a
trend cannot be observed. In case of air permeability no
significant difference is evident. Above of that it is evident in
these diagrams (Fig. 3+Fig. 4) that it is not possible to
produce higher mechanical strength by the addition of
primary fines. The maximum tensile strength is determined
by the pulp itself and is a kind of intrinsic pulp property.
Several publications are demonstrating this behavior for
mechanically modified pulps due to refining and also in
consequence of fines addition [1][8][10][11].

a)

b)

Fig. 3. Air permeability (Gurley) compared with breaking
length

c)

Both air permeability and dewatering resistance are
affected because of a certain densification of the sheet/the
filter mat due to flexibilisation of the fibres on the one hand
and blocking of the pores by the present fines on the other. If
we look at sheet density directly – keeping in mind that the
determination of sheet density is also always strongly
affected by formation and roughness of the sheets – we can
again directly relate sheet density to breaking length as it is
shown in Fig. 5. There is clearly a linear relationship between
sheet density and tensile strength which is to be expected as
higher density automatically increases the relative bonded
area and thereby tensile properties. How this densification is
achieved does not seem to affect this relationship too much.
It can be achieved by fibre flexibilisation, fiber shortening
and/or production of fiber fines. The strong effect of fines
when it comes to increased sheet densification and its
MoV4-(02) page 3/5
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consequence for mechanical properties was already shown
in the past.[12]
Still, in our case there seems to be a slightly stronger
increase in breaking length than in sheet density due to the
addition of primary fines in the region between densities of
550 up to 675kg/m³. An explanation for this phenomenon
could be that the increased amount of primary fines in case
of less flexible pulp fibers generates additional bonded area
due to an aggregation of the fines in the interstices between
two crossing fibers during dewatering. The improvement for
fiber-fiber bonding due to fines acting as a kind of bridging
material, was already described [2]. For a higher degree of
flexibilization, this effect is less pronounced and no significant
difference between the reference and the two blends is
evident for the denser sheets above 700kg/m³. Still, the fine
material is closing the voids more and more whilst no longer
affecting the apparent density. This leads to the above
mentioned lower air permeability and reduced dewatering at
comparable strength properties.

Fig. 4. Dewatering (Schopper-Riegler) compared with
breaking length

Fig. 5. Relation between density and mechanical strength
However, an increased amount of primary fines does allow
to reach a certain strength level with reduced refining efforts
and at maybe lower apparent density but with probably
slightly reduced dewatering ability.

Conclusion
The increase of primary fines in unbleached softwood kraft
pulp of the same origin enhances breaking length in the
unrefined state as well as at low refining intensities. The
maximum tensile strength on the other hand is not increased,
but stays at the level of the reference. However, in terms of
refining energy the introduction of primary fines would allow
to reach a certain strength level at lower energy consumption
with the drawback of slightly reduced drainability. The
apparent density on the other hand seems to be slightly lower
for a given tensile strength in the unrefined state as well as at
low refining intensities. At higher refining intensities the
increased amount of fines in the – due to fibre flexibilisation
in PFI refining – already densified network no longer
promotes tensile properties but mainly tends to block pores
and thereby increases dewatering resistance and reduces air
permeability.
In this study the primary fines do prove to show good
bonding ability. A comparison to secondary fines in this
respect is not possible based on this study because hardly
any secondary fines are produced during the PFI-treatment.
This is also an issue when it comes to the applicability of said
results under industrial conditions as an industrial refiner will
always produce a certain amount of additional secondary
fines and will also show some fiber shortening during
treatment. The corresponding results in an industrial setup
may therefore differ from our laboratory study.
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A length-based hydrodynamic fiber fractionation process
has been developed as an energy efficient alternative to
existing technologies (e.g., pressure screens) in order to
separate short fibers from long fibers of cellulose pulp.
Potential limitations to relatively low channel Reynolds
numbers were resolved by a radical downsizing of the
fractionation device to a channel diameter-to-fiber length ratio
of D/L1 ≤ 7. Results of a four-step single-channel fractionator
show, that placing of fractionation steps in series is the method
of choice to increase fractionator capacity without affecting
fractionation selectivity. For the numbering-up of fractionation
channels, a novel multi-scale bifurcation distributer was
designed, which was capable of (i) sufficiently splitting the
feed suspension flow rate, as well as (ii) homogeneously
distributing the fiber phase of the suspension. Experiments
with a multi-channel fractionator prototype with eight parallel
fractionation channels demonstrate the feasibility of our
numbering-up strategy.
Introduction
Length-based fiber fractionation is performed to separate
long fibers from short fibers and fines. The process can help
to improve the energy efficiency of paper recycling [1–3], to
produce high quality paper [4,5], and to produce multilayered
paper [6]. State of the art fiber fractionators for this purpose
are pressure screens, consisting of a screen basket and a
rotor. A disadvantage of using a pressure screen for fiber
fractionation is its low capacity due to its high clogging
tendency, i.e., the mass ratio of fractionated fibers (or fines;
accept) to fibers within the overflow (reject). One way to
improve this issue is to increase the energy input by the rotor,
obviously resulting in a loss of economic competitiveness.
Redlinger-Pohn et al. [7,8] have developed an energy
efficient fractionation process called hydrodynamic
fractionation. The process arose from the adaption of the
hydrodynamic filtration process [9,10] to cellulose fibers,
which consists of a flow channel with side branches: only
particles having their center of mass within the branch affected
volume will be sucked into the branch. These effects are also
proved for free flowing cellulose fibers [11,12] and clogging
issues are prevented by a backwards tilt of the branch [9]. The
clue in hydrodynamic fractionation is, that it profits from
network effects: for a certain range of Reynolds number Re,
fibers suspended in a flow channel will segregate into a central
plug surrounded by an almost fiber free annulus, see the ReRegime C in Figure 1: while the pressure drop of the pulp
suspension has a minimum (circles), the annulus thickness
(triangles) shows a peak. The particles present in the annulus
are mainly short fibers or fines. By sucking out only the
annulus volume, a length-based fractionation occurs. A
disadvantage of this kind of hydrodynamic fractionation is its
Re- limitation, i.e., Redlinger-Pohn et al. [7] suggest Reopt ≈
1,300, which results in a limitation of consistency, i.e., C <<
0.5%: For significantly lower Re, the annulus will decrease due
to a decrease in wall lift forces caused by a decrease in shear
rate; for significantly higher Re, the annulus will also decrease
due to an increase of shear rate, which will cause the fiber plug
to blur and disperse all over the channel cross section. Above
described behavior has been detected for industrially relevant
sized ducts; in small diameter channels, having a ratio of

channel diameter to length weighted average fiber length of
D/L1 ≤ 7, the pressure drop of a pulp suspension behaves
similar to the pressure drop of pure water [13,14], see Figure
2: an extruded single-floc is formed, which is surrounded by a
very thin annular lubrication layer. A dispersion of this floc in
radial direction is, due to its compression, impossible.

Figure 1: Pressure drop of pure water (red diamonds) and a
birch fiber suspension (black circles) flow in a pipe in plug
flow regime, D = 0.04m, consistency C = 1.0%, including
measured annulus thicknesses, data published by Jäsberg
[16].

Figure 2: Pressure drop within the experimental setup
(entrance channel D = 7 mm, 400 mm long + fractionator
geometry) of the chemical pulp (D/L1 = 3.15), C =0.4% and
pure water compared to the pressure drop of a TMP pulp in a
D = 7.5 mm pipe (D/L1 = 3.18) [13].
Schmid et al. [15] have exploited this behavior by
downscaling the fractionator channel to Di = 7mm and
increasing the Reynolds number to Re > 10,000 to keep the
suspension flowing, even at consistencies of C > 0.5%. They
show, that the fractionation efficiency with this novel
fractionator design is independent of the Reynolds number to
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a first approximation, up to at least Re = 25,500 and that the
selectivity of the fractionation profits from high consistencies
(C > 0.5%). Additionally, the fractionator design is changed to
a circumferentially uninterrupted suction slot, i.e., the
maximum available slot length is created.
The numbering-up of downsized fractionation channels
brings one further advantage: by decreasing the channel
width, the ratio between slot affected area (represented by
overall channel circumference) and overall channel cross
section increases, i.e., the overall size of the future fractionator
decreases. Since the capacity of one fractionation step is kept
relatively low to keep the fractionator selectivity high [15], also
a placing of fractionator steps in series must be considered. In
the following, we will present (i) the placing in series of the
fractionation steps, as well as (ii) the numbering-up of the
fractionation channels, both performed independently and on
a lab-scale.
Experimental
The experimental setup for placing in series of fractionation
steps is shown in Figure 3: the fiber suspension enters the
fractionation section from a stirred tank; the driving force for
flow is adjusted by (i) geodetic height of the stirred tank and
(ii) by a diaphragm valve downstream the fractionator section.
The fractionator section consists of four fractionators in series,
and is shown in form of a sectional view of the CAD drawing.
The reject of the fractionator enters a feed/reject tank to be
metered by a peristaltic pump into the stirred tank again. The
accept flows exit the fractionator sections via the annular side
channels and are metered by a laboratory peristaltic pump,
which is equipped with two pumpheads driven by the same
shaft. Pumphead one meters the cumulated accept flows of
the first and the second fractionator step into an accept tank.
Accept three and four are metered by the second pumphead.
The equal collection of two combined accept flows, i.e., to
ensure, that V̇accept,1 = V̇accept,2, turned out to be a challenge:
since the total accept flow rates are very small, i.e., 50 ml/min
< V̇accept < 200 ml/min, the pressure drop within each accept
channel is small compared to the pressure drop of the main
channel between two steps. As a result, the four accept hoses
before the T-junctions are chosen to be long (L = 1 m) and
narrow (Di = 1.6 mm) to make the main channel pressure drop
marginal compared to the accept channel pressure drop.

designed. There are two state of the art flow distributors for
fiber suspensions: (i) the crossflow distributor and (ii) the
central distributor. First experiments with a simplified lab-scale
crossflow distributor, i.e., a T-junction, showed, that the
distributor behaves similar to a hydrodynamic fractionator: if
the flow rate into the side channel was adjusted smaller than
the flow rate downstream the side channel, the downstream
flow was thickened. The reason for that behavior is the radial
consistency profile within the channel. Another disadvantage
of a crossflow distributor would be the implementation of a
recirculation pump and a control strategy thereof. Central
distributors consist of a cylinder with radially distributed outlets
within the cylinder wall. The suspension enters the cylinder at
its bottom through a diffuser plate, its top is closed and can be
eventually pressurized. This concept is rather simple, and is
already applied on a lab-scale. However, the distribution to a
great number of mini-channels (e.g., more than 50) would
require a large diameter of the central distributor, which would
lead to a comparably small velocity within the cylinder.
Since both traditional distributor concepts seem to fail for
our application, we decided to develop a novel, multi-scale
flow distributor, inspired by micro-reactor technology [17–19]:
our novel suspension distributor consists of a bifurcation
manifold, which can be combined with an upstream central
distributor or crossflow distributor. The bifurcation manifold
has several features: (i) each manifold includes a step diffuser
to disperse fiber flocs, (ii) the flow is accelerated downstream
the diffuser to generate an extensional flow, i.e., to prevent
fibers from re-flocculation and (iii) the step-wise decrease in
diameter offers a specific adjustment of Re to prevent the
channels from clogging. Additive manufacturing (AM) offers
the possibility to rapidly manufacture such a complex
geometry in a short time and for low cost. The manufacturing
process benefits from small sized parts to be coherent to our
design strategy.

Figure 3: process diagram of the single-channel and fourstep experimental setup including (i) a view of the
fractionator itself, (ii) the pulp tanks for accept, feed/reject
and for adjusting geodetic height upstream the fractionator,
and (iii) the accept and feed pumps, both peristaltic pumps to
exactly adjust flow rates.

Figure 4: prototype of a multi-channel fractionator including
(i) a feed pulp distributor, (ii) the fractionation section
including an accept collector and (iii) a reject collector (free
jet into a sheet metal box).

For the numbering-up of flow channels a higher constructive
effort was needed. First, a sufficient flow distributor had to be

The first multi-channel prototype in form of an eight-channel
fractionator is shown in Figure 4: the fiber suspension enters
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with the volumetric flow rates of feed V̇feed and accept V̇accept,
its gravimetrically determined consistencies Cfeed,accept and the
cumulative length distributions ΔQaccept,feed.
Results and Discussion
In a first multi-step experiment, only two fractionation steps
were applied, each step equipped with a separate pump head.
The accept ratio, i.e., the ratio between volumetric flow rate of
the accept and volumetric flow rate of the feed, Φ+, was
adjusted to Φ+ = 0.012 for each step to realize an overall
accept ratio of Φ+ = 0.024. Since the accept ratio is chosen to
be comparably small, the Reynolds number within the main
channel changed only marginally: it was adjusted to approx.
Re = 15,750 and the feed consistency was C = 0.5%. The
grade efficiency curves for this first experiment are shown in
Figure 5, ID37: the grade efficiency curves of each of the two
steps, i.e., ID37.1 (open circles) and ID37.2 (filled diamonds)
match to a first approximation. The accumulated grade
efficiency of the two-step fractionator, ID37 (open triangles), is
characterized by a significant increase in capacity, i.e., for
example, based on the amount of fractionated fibers within the
smallest fiber class (i.e., 0 < lfiber < 200 µm), the capacity
doubled from approx.0.5% to approx. 1.0%. The selectivity of
the process, which is characterized by the ratio between the
amount of fractionated short fibers to fractionated long fibers
did not suffer from this placing in series, taking a fiber length
of e.g. lfiber = 1.0 mm as a criterion.
In a second step, all four fractionators are connected as
indicated in Figure 3: the accept streams ID56.1 and ID56.2
are combined (ID56.12) and metered by the first pumphead
and the accept streams ID56.3 and ID56.4 are both metered
by a second pumphead (ID56.34). The channel Reynolds
number is kept similar to ID37 at approx. Re = 14,000 and the
accept ratio of each pumphead is adjusted to approx. Φ+ =
0.025, i.e., a similar value as in the previous two-step
experiment. The grade efficiency curves for ID56.12 (filled
triangles) as well as for ID56.34 (open rectangles) match
reasonably well. Furthermore, these two curves also match
the cumulated two-step curve of the previous experiment
(ID37, open triangles), where the single accept flow rates
could be adjusted individually to balance them. As a result, this
is an indicator, that the individual accept streams in ID56.12

Figure 5: grade efficiency curve of (i) a single-channel twostep experiment (ID37) including the grade efficiency curves
for each step (ID37.1 and ID37.2) with a feed consistency of
C = 0.6% and (ii) grade efficiency curve of a single-channel
four-step experiment (ID56) including the grade efficiency
curves of steps one and two (ID56.12) and of steps three and
four (ID56.34) with a feed consistency of C = 0.5%.
Figure 6 shows the flow rates and consistencies of the reject
streams exiting the eight-channel fractionator. The flow rates
vary between 4.5 l/min < V̇reject < 5.5 l/min, which implies a
channel Reynolds number of 13,600 < Re < 16,700. This Revariation is tolerable, because the mini-channel process is not
a strong function of the Reynolds number. The flow rate
through each channel was in a way sufficient, since no
clogging occurred. The consistency distribution varied
between 0.37% < C < 0.44%, i.e., the consistency distributed
sufficiently homogeneous over the distributer branches
(standard deviation: 2%)

flow rate

6,0

consistency

1,0

5,0

0,8

4,0

0,6

C [%]

T ( L fiber )  1 

and ID56.34 were also evenly balanced. The capacity of ID56
(1.5%) equals the sum of the capacities of ID56.12 (0.7%) and
ID56.34 (0.8%). Since the selectivity of the ID56.34 does not
significantly differ from ID56.12, we cannot identify a decrease
in selectivity for the overall process.

V̇reject [l/min]

the fractionator channels via a three-scale bifurcation
distributor, the accept streams are collected by a crossflow
collector, which is connected to an accept pump (laboratory
syringe pump); the reject exits the fractionator in form of a freejet and is collected by a deflector box (reject collector).
In order to evaluate the flow distribution, an adapter plate
was manufactured, which contained eight hose connectors.
The hoses were chosen to be one inch in diameter to keep the
free-jet condition at the fractionators outlet. Each hose was
then connected to a separate container, and the volumetric
flow rate of each reject stream could be measured.
The evaluation of (i) capacity and (ii) selectivity of the
fractionation process is performed based on grade efficiency
curves. Therefore, the mass flow rates of fibers are evaluated
gravimetrically, i.e., by measuring the volumetric flow rates of
feed and accepts and weighing the dry mass of fibers within a
sample of feed and accept. The volume weighted cumulative
length distributions of fibers within the samples are evaluated
by a flow-optical fiber tester by Lorentzen and Wettre,
measuring projected length and width of each detected fiber,
assuming each fiber to be a cylinder with constant density. The
grade efficiency is then
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Figure 6: Reject flow rate measurement and consistency
distribution over all eight fractionation channels of the eightchannel fractionator.
The fractionation efficiency of the eight-channel fractionator
is compared to a single channel experiment, in order to prove
our numbering-up concept, see Figure 7: the grade efficiency
curves of the numbered-up experiment (ID 80) and the single
channel experiment (ID73) collapse to a first approximation.
Both experiments were performed at similar process
conditions, i.e., an (averaged) Reynolds number of Re ≈
15,000, an overall accept ratio of Φ+ = 0.02 and a feed
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consistency of C = 0.5%. The multi-channel experiment
appears to be slightly more selective, because it has a lower
long fiber acceptance, indicated by the smaller curve offset ω
from T = 1 in the region of long fibers (c.f. detail in Figure 7).

[1]
[2]
[3]

ω

[4]
[5]

[6]
Figure 7: Grade efficiency curve of (i) a single-channel
single-step experiment (ID73) and (ii) of an eight-channel
single-step experiment (ID80) at both a channel Reynolds
number of approx. Re = 15,000, a volumetric accept ratio of
Φ+ = 0.02 and an inlet consistency of both C = 0.5%.
Conclusions
The downsizing of the hydrodynamic fractionation device
offers an efficient and coherent numbering-up strategy, since
(i) the process is insensitive to varying Reynolds number
within the fractionator channel, (ii) the required number of
fractionation channels in parallel can be minimized, since the
Reynolds number can be large in each channel and (iii), as a
result, the overall size of the fractionation device can be kept
small. The selectivity of the process is restricted by a low
accept ratio, which limits fractionation capacity per step. We
show, that placing of fractionator steps in series enables an
increase of fractionation capacity while keeping fractionation
selectivity relatively constant.
The numbering-up of fractionation channels is designed in
a way, that all accept streams of one step are collected to a
combined accept stream, which can then be more easily
controlled. We show, that the collection of accept streams has
no effect on fractionation. The small scale of the fractionator
channels necessitates the design of a novel distributor for fiber
suspensions, consisting of (i) a dispersion step, (ii) an
acceleration step and (iii) a smooth forward bifurcation.
Preliminary experiments show, that (i) the distribution of
suspension flow rates is (due to the Re- independency of the
process) acceptable and that (ii) the distribution of the fiber
phase is sufficiently homogeneous.
All in all, we prove, that a numbering-up of our downsized
mini-channel fractionator is feasible. Future studies will deal
with the implementation of the design into a pilot-scale
fractionation plant utilizing a multi-channel multi-step
fractionator.
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1. Introduction
Above 700 °C radiative heat transfer is the most dominating
heat transfer mechanism. Such high temperature processes
occur in a wide range of industrial applications. Examples are:
pebble bed reactors, laser sintering and high-temperature
particle oxidation or reduction processes [1].
The modelling of heat radiation is an ongoing challenge in
many simulation fields, e.g. Computational Fluid Dynamics
(CFD) and the Discrete Element Method (DEM). In this study
we investigate radiative heat modelling from a particle
perspective. In principle the emitted heat flux 𝑄̇ , between two
particles depends on the following factors: particles
temperatures 𝑇, surfaces 𝐴, emissivity 𝜖 and the view factor
𝜀
between these particles, as well as the Boltzmann
constant 𝜎 (see Eq.1). The view factor is the ratio of the
radiation leaving a surface 𝑖 and the radiation that is striking
surface 𝑗.

𝑄̇ , =

𝜎 (𝑇 − 𝑇 )
+

+

(1)
Figure 1: View factors in a typical random particle packing

View factors can be found by analytical or numerical
integration of the solid angles under which the surfaces can
see each other. Typical industrial processes feature billions of
particles and even in small research devices millions of
particles are interacting. Therefore, the view factor calculation
based on integration cannot be performed for real-sized
systems due to the astronomical computational cost. Walker
et al. [2] presented the so-called “Monte Carlo Raytracing” that
is derived from the scientifically widely adopted Monte Carlo
algorithm to determine view factors. Another (computationally
much more efficient) option is the “Projection Method” from
Forgber & Radl [3], where a certain number of test points is
distributed on the particle surfaces and then by using the solid
angle between the particles, the area fraction which the
absorbing particle actually sees is determined. The area
fraction is composed by an assemble of the distributed test
points. The view factor is then the number of test points on
surface 𝑗 divided by the total number of test points distributed
on the emitting surface 𝑖.
The Monte Carlo Raytracing and the Projection Method
reflect the in simulation science widespread tradeoff between
accuracy and speed. The Monte Carlo raytracing achieves
very accurate view factors, but takes up high computational
cost. The projection method provides precise view factors in
specified systems at significantly less computational effort,
although the demand is still too big to adopt the method in
general for heat radiation modelling in DEM simulations.
To overcome this tradeoff in the presented approach we use
Machine Learning (ML) techniques to create a pre-trained
heat radiation model based on a deep neural net (DNN), that
predicts accurate view factors at high speed. The training data
is generated with the Monte Carlo Raytracing method from a
small particle bed (see Figure 1).
The outcome of the presented approach will be compared
to the projection method and a simple regression analysis in
terms of accuracy and computational cost.

2. Neural Net Model Parameters
DNNs consist of an input layer, hidden layer and an output
layer. Each layer consists of an arbitrary number of nodes and
a DNN contains an arbitrary number of hidden layers.
Therefore, two important decisions are made when
implementing a DNN: the number of hidden layers and the
number of nodes for each of these layers.
Basically, a neural net with zero hidden layers can represent
linear separable functions or decisions. However, without a
hidden layer the neural net is not considered to be “deep” and
cannot model nonlinear behavior. With one hidden layer a
neural net can approximate any function that contains a
continuous mapping from one finite space to another. Using
two hidden layers enables the DNN to model an arbitrary
decision boundary to an arbitrary accuracy [4]. Therefore, two
versions of each DNN with different input layer will be
investigated: a one hidden layer version and a two hidden
layer version.
The input layer is defined by the features of the training data,
that are often called markers. Consequently, the number of
nodes for the input layer is the number of markers of your
training data. The output layer is then defined by the desired
output and the number of nodes for that reason equals one,
namely the view factor. The choice of the activation layers and
the used optimizer are also considered as neural network
model design. The Stochastic Gradient Descent (SGD)
optimizer is used as standard optimizer and the Adam
optimizer as advanced option [5]. In regression tasks no
activation function is applied to the output layer. The input
layer and the hidden layer are typically followed by the
Rectifying Linear Unit (ReLU) activation function in regression
tasks [6]. To avoid overfitting of the neural net two options are
tested: using so-called “Dropout Layers” or applying the early
stopping method [7]. The learning rate and if used the dropout
rate are called the hyperparameters of the neural network.
Together the model design and the hyperparameters form the
neural net model parameters. To achieve the best possible
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generalization with the DNN-based model it is essential to
optimize these model parameters. The optimization is
performed by the randomized search approach [8].
3. Training of the deep neural net
As previously mentioned, the view factor data is generated
with the Rayfactor tool from a randomly-positioned
monodisperse particle bed. The particle bed contains of 587
particles. The particle volume fraction of the system is 0.40.
Therefore, a dataset with 586∙ 586 can be generated since
every particle is emitting and absorbing. To ease up the
training a dataset with 33 emitting particles is considered. The
dataset is split into a training set, validation set and test set,
where 80 % is used for training and respectively 10 % for
testing and validation.
Figure 2 shows exemplarily the view factors that are
calculated by the Rayfactor tool for one emitting particle and a
simple regression over the dimensionless surface to surface
distance 𝑆 .

Representative for a local particle volume fraction the volume
of Voronoi cells achieved from Voronoi tessellation is also
considered as marker. Shadows between particles
significantly influence the radiative heat transfer, therefore an
algorithm that detects particles that are between the emitting
and the absorbing particle in a certain volume was
implemented. The number of particles in that volumetric area
is counted and the significance of that marker for the
prediction is also investigated. To adjust the results to
polydisperse systems additional markers, e.g., the ratio of the
radii could be used.
5. Results
The Projection Method (number of test points = 400)
achieves an MSE of 7.8∙10-7 on the test dataset. It took 16.24
s to distribute the test points and 24.55 s to calculate the view
factors on a single CPU core. The coefficient of determination
is 0.986.
A simple linear regressor derived from the total dataset (for
an example regression see Figure 2) achieves an MSE of
7.6∙10-7 on the test dataset at a basically instantaneous speed.
However, as can be seen quantitively in Figure 2, the simple
regression cannot accurately predict the spread of the view
factors for large distances between the particles.
Figure 3 shows the correlation of the DNN view factors with
that of the Monte Carlo Raytracing method. The DNN-based
Model achieves an MSE of around 5∙10-7 while taking around
0.30 s to calculate the view factors and 0.55 s to load the
pretrained model. The R value is 0.9906.

Figure 2: Exemplary view factor data for one emitting particle
in the particle bed shown in Figure 1.
The creation and the training of the DNN is performed within
the Keras® framework in Python®. The preparation of the raw
data and the randomized search optimization is made by using
the Scikit-learn® environment. One has to note that very small
view factors lead to negligibly small heat fluxes and are set to
zero if they are below a threshold value of 5 ∙ 10-6. The
thresholding is applied to the training data and also to the
prediction of the DNN. The mean squared error (MSE)
between the target and the prediction is one metric to describe
the performance of the DNN. Because the MSE is significantly
more influenced by big view factors and does not reflect the
overall quality of the prediction, the calculated view factors are
correlated to the view factors determined via Monte Carlo
Raytracing. The coefficient of determination (R ) is then used
to describe this correlation. For the use in dense settled
particle beds with very high particle volume fractions, separate
datasets need to be created. The derived DNN-based model
can be used for non-settled particle beds without limitation.
Particle distances or system sizes are also not restrictive,
since input markers are typically normalized before being fed
to the neural net.

Figure 3: Prediction of the DNN-based model vs. target from
Monte Carlo Raytracing of a test dataset
It is demonstrated that a pretrained DNN can model view
factors at higher accuracy and with significantly less
computational effort than other models in literature.
[1]
[2]

[3]
4. Marker Selection
As can be seen in Figure 2 a certain distance 𝑆 between
the emitting and absorbing particle can lead to varying view
factors. A neural net with a single input node always
represents the same output for the same input. Therefore,
additional markers that can be fed into the neural net need to
be found within the particle data.
The solid angle between the interacting particles is an
important quantity in the analytical integration of view factors.
For that reason, the solid angle will be investigated as marker.

[4]
[5]
[6]
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Introduction
In order to fight against global warming the energy system
is undergoing a transition leading to the demand of new and
improved storage technologies. Besides pumped hydro
storages and batteries, thermal energy storages (TES) can
contribute to handle volatile energy production and to enhance
the efficiency of industrial processes. In case of using steam
(especially saturated steam) as a heat source or the need of
providing it in the discharging period, a latent heat storage
system using a phase changing storage material (PCM) [1] is
advantageous, as it offers the possibility to absorb and provide
energy at a constant temperature. However, latent thermal
energy storage systems suffer from insufficient heat transfer
as the most latent storage materials have low thermal
conductivity. Furthermore, most common latent storage
systems [2][3][4] are not flexible enough based on their fixed
ration of storage capacity and thermal power. To sidestep
these disadvantages, it is the idea to use micro particles of a
PCM surrounded by a coating material and charge or
discharge through a fluidized bed reactor. The goal of the
investigation is to produce micro encapsulated phase change
particles, which are abrasion - and thermal resistant for the
utilisation in a fluidized bed storage system.

Figure 1: Conceptual sketch of the coating reactor

Properties of the micro encapsulated PCM particles
To use respectively produce steam, a latent storage material
with a melting temperature between 200°C and 400°C is
beneficial. Based on the availability and economic reasons
sodium nitrate (NaNO3, melting point 306°C [5]) is chosen. As
the heat transfer should be managed in a fluidized bed storage
system a particle size between 100 µm and 400 µm with a
narrow size distribution is ideal. For the coating a 10 µm thick
layer of polyimide P84, which is temperature resistant up to
400°C and enough mechanical resistant, is chosen.
Production of the micro particles
For the production of the micro encapsulated particles a
physico-mechanical method, called spray drying [6], is used.
This method has the advantage that it is easy to scale-up,
versatile and cheap. The NaNO3 is ground and sieved
resulting in loads with different particle diameter with around 2
kg each load. The loads of NaNO3 are coated in a fluidized
bed reactor, depicted in Figure 1, in batch mode. In the reactor
the NaNO3 particles are fluidized with preheated air inserted
through a special perforated plate. The perforated plate has
larger orifices in the center leading to higher velocities in the
middle area of the reactor than in the outer area. This unequal
fluidization is causing a particle circulation like it is sketched in
Figure 1. In the center of the distribution base a solution of
around 15% polyimide in dimethylformamide (DMF) is injected
into the fluidized bed within compressed air through a twocomponent jet. While the DMF is evaporated the polyimide
accumulates at the PCM. The DMF-air mixture leaves the
reactor by passing the bag filter and the activated carbon filter.
Figure 2 shows an optical microscopy picture of the produced
micro encapsulated NaNO3 particles.

Figure 2: Optical microscopy picture of coated particles
Independent from their size all particles tend to form clusters
during the coating process. The agglomeration can be
influenced by changing the process conditions. If a particle,
which is covered with polyimide solution hits another particle
until the DMF is evaporated, they stick together. Therefore, a
slower coating process by lower charging rate of the polyimide
solution can reduce the agglomeration. Furthermore, higher
temperatures and higher velocities shorten the evaporation
time. In Table 1 two exemplary coating experiments with an
equal initial size of the NaNO3 particles between 180 µm and
250 µm, are shown. Additionally to the charging rate and
pressure, temperature T and velocity at the middle area vm and
outer area va of the distribution base are given.
Table 1: Two different process settings
Charging
rate
(g/min)

Charging
pressure
(bar)

T

vm

va

(°C)

(m/s)

(m/s)

V1/2

8.6-11.4

1.4

40

3.2-3.7

0.9-1

V2/5

8

2.5

70

6.5-9.3

1.8-2.5
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To evaluate the quality of the encapsulated particles a sieving
analysis, a microscopic evaluation and a leak test is
performed. In Figure 3 the particle size distribution of the
coated particles based on the mass fraction xi and particle
diameter di is shown. The positive influence of the higher
temperature and velocities can be seen by the lower particle
size of the coated particles of experiment V2/5. The setting
V1/2 results in a Sauter mean diameter of dSV = 797.47 µm
while the process setup V1/2 leads to a dSV = 410.29 µm.
35%
V1/2
V2/5

30%
xi (%)

25%

Figure 5: Damaged particle samples after 10 heating cycles
Conclusion

20%
15%
10%
5%
0%
0

250

500

750 1000 1250 1500 1750 2000
di (µm)

Figure 3: Results of the sieving analysis
The tightness is evaluated by testing the electric conductivity
of the coated particles in water. If the particle coating is defect,
the NaNO3 leaks and dissolves in water. The more particles
are insufficiently coated, the higher the electrical conductivity
is.
Mechanical and thermic stress tests
In order to test the applicability of the micro particles, several
stress tests were performed:

Mechanical stability test by fluidization for 1-3
hours with different velocities

Singe heating cycle (330°C)

A series of 10 heating cycles (270-330°C)
After these tests, the electric conductivity and the structure of
the particles is analysed again. In contrast to the mechanical
stress tests the thermic stress tests were damaging the
coating. After one heating the tightness of the cover layer is
partially not given anymore, which is indicated by higher
conductivity in the leak test and scanning electron microscope
(SEM). Figure 4 shows a SEM picture of coated NaNO3
particles after one heating cycle, where some holes and
cracks can be seen. During 10 heating cycles all samples
changed their colour to a distinctive black, as it can be seen in
Figure 5. Moreover, the heating treatment leads to a
substantial volume increase. Based on their foam like
appearance with high porosity a still unknown chemical
reaction might have led to phase change during the heat
treatment. Despite ongoing investigations of the material by
the TU Wien Institute of Materials Chemistry the exact reason
for the reaction is still unknown.

Figure 4: SEM picture of a coated particle after heating
once

In this paper a production study of micro encapsulated
NaNO3 particles for the application in heat storage systems is
presented. Particles loads with different initial size between
100 µm and 400 µm are successfully coated with polyimide in
a fluidized bed reactor. During the coating process the
particles tend to agglomeration, which can be diminished by
adapting the process settings. After successful mechanical
stress tests, the thermal stress test of the produced particles
discovered that the particles are subject to some kind of
chemical reaction leading to a destruction of micro particles.
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Abstract

Water in Sludge

This paper describes the production of sewage sludge and the
need for dewatering. Since drying is an energy-intensive
process, mechanical dewatering prior to drying can minimize
the energy needed to reduce the water content respectively
total volume of sludge. The limit for mechanical dewatering,
the so-called bound-water content, is explained. Different
thickening/dewatering devices are described. Some of these
devices require the sludge to be chemically conditioned with
polymers or other conditioners. In order to reduce the amount
of conditioners needed, hydrocyclones for dewatering are
examined.
Hydrocyclones are not state of the art in the area of
dewatering, but some existing literature confirms the
possibility to dewater sludge with a hydrocyclone. The
hydrocyclone's operation mode for this process is different,
compared to the typical classification process. First tests in
small-scale with water and Carolith particles showed that
thickening is possible with a hydrocyclone. The particle
concentration in the thickened flow can be adjusted with a
mechanical device. This device is used to adjust the area for
the hydrocyclone's underflow. For large-scale experiments,
primary sludge and sewage sludge, with and without added
polymer, are used to test the thickening ability of a
hydrocyclone in a wastewater treatment plant. The
experiments show that thickening in terms of increasing the
dry matter content of sludge is possible with a hydrocyclone.
Hence a hydrocyclone is a possible alternative to common
thickening devices or could be used as a pre-dewatering
device.

Since untreated sewage sludge typically consists of less than
10% dry mater, water makes up most of the volume. The
moisture in sludges is classified into four categories [5]:
1.
2.
3.
4.

Free moisture
Interstitial moisture
Surface moisture
Bound moisture

Free moisture can be removed by gravitational settling, since
it is not directly attached to sludge particles. Interstitial
moisture is trapped inside flocs of particles or in capillaries and
can be removed by strong mechanical forces. Surface
moisture is located on the surface of solid particles due to
adsorption and adhesion. Bound moisture is referring to
chemically bound and intracellular moisture [1,5-6].
Sludges containing particles with large surfaces, like wasteactivated sludge, have a high content of surface water.
Surface moisture is unlikely to be removed by mechanical
dewatering, but can probably be removed by drying [6].
With mechanical dewatering only free water can be removed
from sludge. Free water consists of free, interstitial and
partially surface moisture. The bound water, which cannot be
removed by mechanical dewatering, consists of the chemically
bound and intracellular moisture, and partial surface moisture.
The theoretical limit of mechanical dewatering is the removal
of the so-called free water [5].

Introduction
The name sludge is used to describe the precipitated solid
matter produced in sewage treatment or other industrial
processes like drilling, coal washing, etc. [1]. This paper will
focus on the sludge produced in the wastewater treatment
process, the so-called sewage sludge [2].
During the wastewater purification, solid organic and inorganic
pollutants are removed from the water. Soluble organic
compounds are converted to CO2 and biomass. The residues
of the wastewater purification arise as sewage sludge with a
dry matter (DM) of around 2 to 5%. The dry matter itself
consists mostly of organic compounds while the residual 95 to
98% consist of water. Around 2 to 3 liters of sludge are formed
per person each day [3].
Sewage sludge can either be disposed, which is expensive, or
incinerated, which requires prior energy-intensive drying.
From the economic and environmental point of view, it is
necessary to thicken the sludge before it is disposed. During
this process, the solids content of the sludge is increased,
which results in a reduced total mass of the sludge and the
water-rich part is split off. In addition, water must be removed
from the sludge for incineration [4].

Fig. 1: Moisture distribution in sludges; adapted from [1]
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Conventional Thickening Methods

Thickening and Separation Efficiency

A sedimentation basin is a very common method for
thickening. The main disadvantage is that a very large area is
needed.
A similar method is the so-called flotation basin. The large
space-requirement and higher operational costs are
drawbacks for this method.
Decanter centrifuges contain electromechanical parts, e.g.
motor and gears, and therefore have higher maintenance
costs.
Hydrocyclone for Thickening
In most literature only the four methods, as mentioned above,
are listed for mechanical dewatering. In this chapter, the
method to use a hydrocyclone for dewatering shall be
discussed.
In most hydrocyclones, the bypass fraction equals the water
recovery to the underflow. The bypass fraction is the partition
number T(d) for small particle sizes. The bypass fraction refers
to the fraction of particles in the feed which bypass the
classification and land in the coarse stream (underflow). In
small hydrocyclones with small cut sizes (cyclone diameter 10
mm, cutsize < 5 µm) the bypass fraction is considerably larger
than the water recovery to the underflow. Consequently, the
particle recovery is larger than the water recovery, resulting in
high concentrations in the underflow [7].

The thickening factor 𝑓 was calculated with the following
equation, where 𝑐 describes the solid concentration in the
outer underflow 2, and 𝑐 describes the solid concentration in
the inlet flow.

𝑓 =

𝑐
𝑐

The thickening factor is independent from the total volume of
the thickened flow. A high thickening factor can be achieved,
even though the thickened volume is minimal. The thickening
factor alone is therefore not enough to evaluate the efficiency
of a thickening device.
The separation efficiency 𝜂 describes the ratio of the
separated to the total particles.

𝜂 =

𝑚
𝑚

The separation efficiency can also be calculated with the
thickening factor combined with volumetric flow ratio of
underflow 2 to inlet flow.

𝜂 =

Dubey et al. examined the underflow discharge pattern
concerning the dewatering performance. The three discharge
patterns are, from left to right: the spray discharge, the
transitional and the rope discharge, as depicted in Fig. 2.

𝑐

⋅ 𝑉̇
𝑐 ⋅ 𝑉̇

𝜂 =𝑓 ⋅

𝑉̇
𝑉̇

Concept Design and Experimental Setup
In the first step, a concept for the variable thickening of a solidliquid-suspension was designed and tested in a laboratory.
After promising results, this concept was scaled up and fitted
to an industrial solution for tests with sewage- and primary
sludge in a wastewater treatment plant.

Fig. 2: Discharge patterns of a hydrocyclone [8]
The results in Fig. 2 are depicted in Fig. 3 and show that the
roping condition is yielding a higher solids concentration in the
underflow, which is favorable for dewatering. Rope discharge
is also likely to occur when the viscosity of the feed is high,
like it is for sludges [8].

The underflow is split in two parts. The inner underflow 1 is
leaving the hydrocyclone through the vortex-finder, the outer
underflow 2 is leaving the hydrocyclone between the vortexfinder and the inner wall of the hydrocyclone, as depicted in
Fig 4.
The underflow-vortex-finder with a mounted conical plug was
inserted into the hydrocyclone. This tube can be moved
vertically up and down. This vertical movement is used to
adjust the area for the outer underflow 2.
The vertical movement was measured with the parameter Δh,
which was zero when the plug was sealing the hydrocyclone
(upper position). The vortex finder including the plug were then
moved down by Δh. According to [9], the solid-concentration
is higher on the outer side of the swirl inside the hydrocyclone.
The conical plug only lets the outer part, the particle-rich
fraction, leave the hydrocyclone as underflow 2.

Fig. 3: Solids ratio in underflow as a function of the solids
feed concentration in roping and spray discharge [8]

With the movement of the conical plug the achieved solid-ratio
in underflow 2 should be adjustable. The experiments were
carried out with a constant inlet volumetric flow V̇E, a constant
inlet solid-concentration 𝑐 , a variable Δh and a variable
underflow 1 V̇U1. The experiments were carried out with test
particles (Carolith) and water.
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Experimental Industrial-Scale Setup
Since the thickening concept was shown to be working in
laboratory, scale-up was the next step. A thickening module,
which could be applied to the flange of an existing
hydrocyclone, was designed and built. This module is shown
in Fig. 6.

Fig. 4: Working principle to adjust outer underflow area
The experimental setup for the above described concept is
depicted in Fig. 5. The stepper motor moves the spindle up
and down, while the pipe with the fitted conical plug is
connected to the spindle. The guiding rail provides stability to
ensure a straight vertical movement.
Fig. 6: Thickening module for industrial-scale hydrocyclone
The conical plug’s height is adjustable by rotating one of the
outer spindles. Since both spindles are connected with a
chain, each spindle will be rotated the same amount. A flat
steel is mounted onto these spindles, which will move up- or
downwards when the spindles are rotated. The pipe is locked
in between these two steel-parts. The conical plug has an
internal thread and can therefore be mounted to every part of
the pipe, if needed.
This thickening module was mounted onto a industrial-scale
hydrocyclone built for carrying out tests in wastewater
treatment plants. This mobile hydrocyclone, which is shown in
Fig. 7, is called “MobiKlon”.

Fig. 4: Setup for conceptual experiments

Lab-Scale Results
The results of the laboratory experiments with carolith-watersuspension are shown in Fig. 5. The thickening factor 𝑓 can
be changed by adjusting Δh, while the total separation
efficiency 𝜂 changes less.

Fig. 7: MobiKlon [10]
The experiments were carried out with sewage sludge without
added thickening agents. The sludge was provided directly
from the digestion tank, as depicted in Fig. 8. The MobiKlon
was installed as a Bypass before the heat-exchanger,
therefore not interfering with the operation in the wastewater
treatment plant.
Fig. 5: Thickening performance in laboratory experiments
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Discussion and Conclusion
Dewatering is an important unit operation before (thermal)
drying. The maximum dewatering efficiency depends on the
bound water content. A hydrocyclone was tested and is
considered as a potential method for thickening of solid-liquidsuspensions.
The operation mode in a hydrocyclone for dewatering is
completely different than the operation mode for
separation/classification. The thickening factor 𝑓 can be
adjusted by changing the height of the conical plug Δh, which
also affects the total separation efficiency 𝜂 . Typically, a high
thickening factor is paired with a lower separation efficiency
and vice versa. To sum up, there will be a trade-off between
separation and thickening operation, which can be adjusted
with the parameter Δh.
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Abstract
This research deals with applications for coatings with
amorphous carbon films, also called Diamond-Like Carbon
(DLC) in the wastewater sector for the prevention of fouling
with magnesium ammonium phosphate (M-A-P, MgNH4PO4,
struvite). In a major sewage treatment plant a 300 mm long
DN100 pipe was installed, which was coated inside with aC:H:Si (hydrogenated amorphous carbon coating doped with
silicon) coating of 5-10 µm thickness using a PACVD reactor
at the Wels Campus of the University of Applied Science
Upper Austria. The test trials (1 month, 5 months) showed
heavy M-A-P fouling with uncoated test-tubes made of
stainless steel of 1,5 mm and 15 mm. In contrast DLC-coated
tubes had no contamination at all. Furthermore, there is an
economic estimate about using DLC-type coatings inside
pipe-stocks presented which showed the need for further
scale-up and for the development of a suitable welding
technology for DLC-coated pipe-stocks.
Introduction
Sludge treatment in wastewater facilities has become a major
topic of interest, as the sludge is used for energy generation
and other applications. Therefore it has to be processed
within a narrow range of parameters. In these operations
fouling with magnesium ammonium phosphate (M-A-P,
MgNH4PO4, also called struvite) often inhibits proper
function. Not only pipes are affected, rather pumps,
centrifuges and aerators are also subject to the accumulation
of struvite [1, 2].
For this purpose in [3] the influence of the surface on M-AP formation was tested using a Phipps and Bird jar tester with
the following conclusions:
- Stainless steel is significantly faster affected with fouling
than Teflon and acrylic.
- With increasing surface roughness, there is an increase
in the rate at which materials are affected by M-A-P fouling.
- With increasing surface roughness, there is a reduction of
resistance that specific materials may have had to M-A-P
fouling.
- Suitable materials need to be smooth and resilient, as
centrate liquors are often coarse and abrasive.
Said experiments did not include DLC coatings. These
coatings are not used very much in the process industry but
have promising potential. Therefore University of Applied
Science Upper Austria (FH OOE) Wels Campus in
cooperation with Rübig GmbH & Co KG Wels, Austria,
developed a DLC-coating device. Using plasma-assisted
chemical vapor deposition (PACVD) technology, it is possible
to depose layers with thicknesses up to 60 µm in a process
known as „Thick DLC“. Other technologies can only coat
much thinner layers, typically about 15 µm, so these layers
have a lower mechanical load capacity.
An additional advantage of producing DLC layers in a
PACVD operation is that cavities can be properly coated. This
is especially relevant with workpieces used in the processing
industry. It is also possible to coat heavy pieces, often the
case in the processing industry. One of the characteristics of
DLC is its low friction coefficient, which is of use in machines

such as high pressure piston pumps [4]. However, in the
processing industry it is known that a low friction coefficient is
also relevant to minimizing the build-up of fouling in fluid
flows, as it has some correlation with surface energy [5]. The
use of plastic pipes is therefore recommended for fouling
prevention, but plastic has the clear disadvantage that it can
only be used at moderate temperatures and pressures. Also
the roughness increases over time, so the anti-fouling effect
deteriorates [6]. Research into the possibility of prove the
anti-fouling effect of steel tubes coated with a-C:H:Si was
conducted at the FH OOE Wels Campus. C:H:Si-coated
tubes were used in a sewage plant which was capable of
cleaning about 250,000 population equivalents, as there
were major problems with M-A-P fouling there. A population
equivalent in wastewater treatment is the number expressing
the ratio of the sum of the pollution load produced during 24
hours by industrial facilities and services to the individual
pollution load in household sewage produced by one person
in the same time.
DLC coating
In general, DLC films combine a series of interesting
properties, such as high hardness, excellent wear resistance
and low friction coefficient. Moreover, these films are
chemically inert in the most aggressive environments and
exhibit remarkable anti-corrosion behavior.
There is a systematic classification of carbon films divided
into the following groups [7]:
1. Plasma polymer films
2. Amorphous carbon films
3. Crystalline carbon films
The variety of plasma polymer films and of amorphous
carbon films is illustrated in Fig. 1 where carbon films are
plotted as a function of the hydrogen content and the ratio of
sp2-sp3 hybridizations in the C-C bonds.
In order to modify its properties such as thermal stability,
electrical resistivity, surface energy, friction coefficient,
elements such as F, Si, N (X) or even metals (Me) can be
added (see Fig. 1).

Fig. 1, Overview of carbon films [7]
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PACVD plant
The a-C:H:Si coatings in question were deposited using
PACVD. The apparatus used for the experiments is a
commercially available hot wall reactor as depicted in Fig. 2.
The system consists of a chamber with an auxiliary heating
system, a gas supply and distribution system and a pumping
system with pressure control. The discharge is maintained by
a pulsed DC power supply. The reactor is made up of a
stainless steel vessel, which acts as an anode, and a
substrate holder that serves as the cathode. The substrate
holder allows the positioning of parts up to a diameter of 400
mm and 600 mm in height. A viewport is available for the
observation of the discharge. The PACVD system was
modified to enable the deposition of Si-doped carbon layers
by the installation of a separate Si precursor line.

Fig. 2, Schematic view of a PACVD plant [8]
This Si precursor line consists of a storage tank, a mass
flow controller and a piping system, which is heated to avoid
condensation of the Si precursor. The process gas consisted
of a mixture of C2H2, H2, Ar and the silicon precursor HMDSO
(hexamethyldisiloxane) regulated by mass flow controllers.
The process pressure was achieved by a screw pump and a
roots blower and controlled by a throttle valve at pressures
from 0.7 up to 3.5 mbar.
DLC coatings for pipes
The main objective in this project was to prove the usability
of DLC as an economic and effective means to coat inner
walls of pipes. The procedure was divided into the following
steps:
- Finding adequate coating set-ups and test them.
- Improving the capability to coat into cavities.
- Finding promising use-cases in the processing industry
and test the effectivity under real conditions.
As mentioned above, a number of experiments on new DLC
coating layers had been conducted at the FH OOE, so a solid
basis of know-how had already been accumulated.
The possible use-cases in the process industry are mainly
corrosion protection, wear protection and anti-fouling or antiadhesion surfaces. The strongest benefit was found in the
latter application, as this is still an area with room for
significant improvement. There was the idea to test the effect
under real conditions and establish so a numeric
classification of the improvement. Further there are several
sources for fouling, but the crystalline type is of major
importance and has the benefit, that it can be easier
reproduced than others.

Magnesium ammonium phosphate
Magnesium ammonium phosphate (M-A-P), also known as
“struvite”, has the chemical composition MgNH4PO4. It can be
found as a deposit in crystalline form in various parts of a
wastewater treatment plant and causes serious operational
problems.
When magnesium is still present - a hardness agent in
almost all tap water – M-A-P can form and precipitate at
certain pH values. M-A-P forms preferentially in turbulent and
heavily-circulated areas, such as pumps, pipes and sliders.
Here, carbon dioxide (CO2) can evaporate, thus increasing
the pH value. In said wastewater treatment plant, the pH of
the centrate is already in the critical range of 7,9 to 8,1.
Increasing the total pressure could lead to a prevention of the
emergence of M-A-P but this option is not possible [9].
Investigated sludge pumping system
In the examined wastewater plant there is a 200 m long steel
pipeline (DN 100) from the digester to the building with the
dewatering units. This pipeline is affected by the growth of MA-P crystals at regular intervals. Chemicals are periodically
used to remove these crystals, but all of the deposits can
never be fully removed. This increases the risk of pipe
clogging, thereby endangering the stable, continuous
operation of the sewage treatment plant. Especially with pipe
narrowings and bows in the pipe system, M-A-P deposits
were detected in less than seven days.
The entire line is usually blown out with compressed air at
intervals of 1-2 months and then filled with citric acid. This is
able to dissolve all deposits in the line over a period of about
24 hours. However, this process requires additional
personnel and operating costs. Fig. 3 shows the theoretical
procedure at said plant: a fluid flows through the clean pipe
for a certain time (blue arrow), then deposits of M-A-P clog
the cross section (pink). After rinsing with citric acid (yellow
arrow) the pipe is clean again.

Fig. 3, M-A-P fouling and cleaning with citric acid, theoretical
model
Over a longer period of about 12-24 months, critical parts
of the piping system are opened to check the system
components and to do maintenance if necessary. However,
this is still preferable to a possible total failure of the line, the
rectification of which would entail digging and high costs.
The coefficient of friction between pipe and fluid plays a
major role in crystal fouling. Stainless steel has a higher
coefficient of friction than, for example, plastic. As a result, MA-P easily adheres to these pipes. Other types of soiling,
such as hair, sand and fabric fibre, negatively affect the
coefficient of friction as well.
However, the stainless-steel pipes used are a common
building material in sewage treatment plants. The use of
plastic pipes with a lower coefficient of friction is not common
for these dimensions and with these durability periods. In
addition, over time plastic pipes also acquire a "rough" inner
surface.
DLC on a pipe section
A DN100 pipe section of 300 mm in length was installed in
the existing pipe system. A corresponding test tube was
coated with DLC in the laboratories of the FH OOE, Campus
Wels (Fig. 4).
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section area had narrowed by up to 50%, resulting from a 15
mm thick M-A-P layer. It has to be noted that this layer (Fig.
8) also consists of other deposits, making it very firm and
more persistent.

Fig. 4, Pipe section without DLC (A) and with DLC (B)
The uncoated tube was then used for validation for about
the same duration of time. The pipe section was
manufactured with a front and rear flange (Fig. 5).
Table 1: Schedule of pipe installations
No

type of pipe

mount

01
02
03
04

Uncoated
DLC-coated
Uncoated
DLC-coated

14.01.2019
14.02.2019
08.04.2019
30.08.2019

use [d]
31
53
144
161

Fig. 6, Contaminations after campaign 01 and 02 (DLC)
In clear contrast, campaign 04 ended without any sticking
contaminations again. The surface prevented any sticking
under the given conditions. The result came as no surprise
after campaign 02, but as the plant requires regular flushing
for most of its installations, it was not fully possible to examine
the long term build-up with DLC.

Fig. 7, Comparison on campaign 03 and 04

Fig. 5, Line section with DLC pipe section No 02
The coating was applied in the PACVD reactor in a
temperature range between 400 and 550 °C with a process
time of about 7 hours, resulting in a layer thickness of about
5-10 m. The thickness and other parameters were chosen
based on past results of this set-up. The layer characteristics
are of a-C:H:Si type (see Fig. 1).
Test trials 01 and 02 – one month each
As Tab. 1 shows, the tests trials 01 and 02 each lasted one
month. The test was finished before the regular flushing of
the system was done. Fig. 6 shows that the uncoated section
acquires a 1.5 to 2 mm M-A-P layer whereas the DLC coated
one has no adhering contaminations.
Test trials 03 and 04 – five months each
According to Tab. 1 the test trials 03 and 04 were of about five
months each. The tests were finished before another flushing
of the system was carried out, but in between there was
regular rinsing cycle using citric acid.
Findings indicate that the rinsing cycle cannot clean the
standard type tube fully. As shown in the upper part of Fig. 7
there is a build-up of a M-A-P layer in the first treatment
period (blue arrow), but then there is no full cleaning (red
arrow), so some residuals still remain, resulting in even
greater subsequent build-up. After five months the cross-

Fig. 8, Contaminations after campaign 03 and 04 (DLC)
Concept for implementation
In a first approach, a cost estimation was carried out on the
basis of 1 m D100 pieces with flanges as in Fig. 4, which is
referred to as “DLC-Pipe-Stock-01”. A large commercial
standard PACVD reactor [10] was assumed to be used, which
has a volume of 1500 mm in diameter and 2400 mm in height.
Batches of 33 tubes were evaluated. For a pipeline of 200 m
seven passes would be required. There were no special
means foreseen so the tubes would be coated on the outside
as well (see Fig 4B), which can be viewed as additional
corrosion protection. Compared to a standard line the total
installation cost of such a “fully flanged” DLC-pipe stock
would be in the range of about four times the standard
equipment.
Potential of flanged DLC pipe stocks
One obvious way to reduce costs of producing “DLC-PipeStock-01” would be to use longer sections. Typically 6 m
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sections would be required to meet market standards. There
is the future possibility to test 2 m sections of standard D100
pipes of stainless steel in commercial DLC reactors at a
service coating shop. In such a test, first the proper quality of
the coating over the whole length has to be shown. The
resulting ratio of length to diameter would be 20, while in the
test trials it was 3.
After that step, there come tests of how to effectively load
the reactor with 2 m sections of flanged D100 pipes. It is not
yet clear what spacing is required and if the theoretical
maximum, which was found in the range of 33 in this
example, is valid or can be exceeded.
The results of this report show that suitable flanged fittings
such as bows for such a pipe-stock can be coated in a
standard DLC-reactor without any major restrictions.
Another step would then be to gradually increase pipe
lengths up to the above-mentioned 6 m sections. There are
theoretical concepts for building such a facility, as the PACVD
process has basically no height limit, but there are major
investment costs for such a plant. First, the filling procedure
would require a building height of at least about 15 m. The
operation of such huge reactors has also never been fully
tested, and additional means of managing the plasma in the
reactor might be required. The biggest disadvantage of such
a tall reactor would be that it would only be economical if
operated primarily with tall pieces, which cannot be
processed in standard DLC reactors of typically 2.4 m height.
Potential of welded DLC pipe stocks
At FH OOE (Dept. of Engineering and Environmental
Technologies, Dept. of Technologies of Materials) research
into how DLC-coated pipes can be welded together without
leaving areas lacking DLC-coating protection is ongoing. The
given situation of M-A-P fouling is likely to be improved even
with moderately good welding and it could be tested at the
aforementioned sewage plant using the test section (Fig. 5)
by cutting the DLC-coated section in the middle and instead
welding the connection.
Pipes without flanges could bring an increased output of
the described tall DLC reactor. That would require that
flanges are welded after DLC coating. This is another area
for investigation.
One final step would be the validation of the pipe-stock in
terms of European standards as well as ASME standards. If
this validation fails or remains incomplete, such a solution
would then not find great use. An important potential of
welded DLC pipe stock is also found in areas of high
temperatures (up to 450 °C) and high pressures, in which
only the welding technology and the method of validation by
the standards are a limitation, but not the coating itself.

Both together would reduce the cost dramatically and then
DLC coated steel tubes would be an antifouling option in the
process industry even with coarse particles in the fluid, high
pressure and temperatures up to 450 °C.
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Conclusions
It was shown that a flanged stainless steel tube DN100 of a
length to diameter ratio of 3 could be properly coated with
DLC inside using PACVD technology. Furthermore, there
were tests in the sludge treatment area of a sewage plant in
campaigns of 1 and 5 months. DLC coated tubes showed no
residuals after said periods whereas the standard tubes
suffered a build-up of 1,5 mm and 15 mm of a fouling layer
consisting of M-A-P (struvite) and other deposits. The DLC
layer was also to withstand the monthly flushing of the system
with citric acid. The significant antifouling property of DLC
was therefore confirmed under real conditions.
The economic situation of DLC coated tubes was
investigated on the basis of 1 m pipes of same type and a
total line length of 200 m pipe-stock assuming coating costs
at a standard PACVD reactor. The total cost would be about
four times higher than the standard type pipe stock. There is
potential to further increase the length of PACVD reactors up
to 6 m height and to introduce welding of DLC-coated pipes.
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Abstract
Anthropogenic micropollutants represent a major threat to
the environment and more efficient removal processes are
required. Drawbacks in the isolated application of either
activated carbon or membrane technology resulted in this
study where activated carbon is embedded into the matrix of
a multi-channel membrane. The successful fabrication of such
multi-channel mixed matrix membranes (MCMMM) from
different main polymers (PES and PVDF) in a steam-dry-wet
spinning process was complemented with diclofenac (DCF)
removal rates of up to 65 % after 60 min. The compatibility of
the filler material with the membrane matrix was variable: The
PES support structure seemed to disintegrate with the addition
of >2 % AC, whereas PVDF showed better interaction with the
filler and burst pressures of >3.5 bar. Humic acid filtration with
PVDF-based MCMMM and 3 % AC added to the spinning
solution showed a reduction of the normalized flux by 24 % –
a slight improvement compared to 29 % reduction in the case
of the pristine PVDF membrane. The fouling behaviour could
be described with a semi-empirical model. Altogether,
MCMMM are a promising approach for the efficient removal of
micropollutants.
Introduction
Nowadays, dissolved organic micropollutants can be found
in nearly all European streams [1]. Examples of these
micropollutants are pharmaceuticals, hormones, pesticides
and industrial chemicals, which – despite their low
concentration being in the micro- to nanogram per litre-range
– are detrimental to aquatic ecosystems [2]. If drinking water
is produced from these waters, damage to humans cannot be
ruled out [3]. Wastewater treatment plants (WWTP) do not fully
degrade harmful micropollutants, even if the state-of-the-art
activated sludge technology is applied [4]. Hence, research
efforts are directed towards removing these micropollutants
using different technologies, of which the most important ones
are activated carbon adsorption and ozonation [5,6].
Switzerland’s legislation has responded to the rising
micropollutant load in the environment by upgrading over 100
WWTP in an investment of 1.2 billion CHF, whereas in the EU,
lawmakers have been more conservative; so far, mostly
regional efforts (e.g. in Baden-Württemberg or NordrheinWestfalen, Germany) have been initiated [7].
In the past decades, membrane technology has developed
into one of the most important technologies to remove colloids
and dissolved substances from water [8]. According to the
principle of size exclusion, the feed solution is separated into
permeate and retentate. However, for an effective removal of
these micropollutants through membrane technology, very
small pore sizes and, consequently, high energy cost would
be required.
Mixed matrix membranes (MMM) are a relatively new
research field, in which filler materials are combined with –
usually polymeric – membranes matrices for either liquid or
gas separation [9,10]. A variety of organic and inorganic fillers

have been used, and activated carbon (AC) MMM – due to
their enhanced characteristics – are a strong contender to
conventional
membranes
[11].
Besides
potential
enhancement of the membrane surface properties such as
hydrophilicity, porosity, and surface roughness by utilizing AC
for MMM synthesis, the excellent adsorption capacity of AC
allows for the combination of an adsorptive stage and a
filtration step in one single process [11].
A wide range of applications of AC MMM has been reported
in the literature. The removal of ionic components such as
heavy metals [12–16] and uranium [17,18] has been
described. In terms of aromatic organic compounds, AC MMM
have been used for phenol removal [19,20] as well as benzene
and toluene elimination [21]. Further research has been
conducted on dairy wastewater treatment [22], E. coli removal
[23], and blood toxin removal [24,25]. In addition, the removal
of organic micropollutants has been mentioned in several
studies on flat sheet membranes with diverse realisations to
combine the two processes (e.g. dual layer membranes) have
been described [26–31].
Regarding the MMM fabrication process, the filler materials
are normally dispersed in the casting solution and then
processed in a phase inversion process, where either flat
sheet or hollow fibre membranes are obtained. The phase
inversion may be induced by evaporation (dry phase
inversion), by immersion precipitation (wet phase inversion),
or a combination of the two. Other techniques create two-layer
membranes by using co-casting knives or dual layer
spinnerets.
Multi-channel membranes provide an appealing geometry,
as their mechanical stability is enhanced and the filtration area
to volume ratio may be superior compared to their singlechannel counterparts [32]. Moreover, the high shear forces at
the channel surfaces may induce a fouling mitigation [33],
tackling one of the biggest drawbacks in the application of
membrane technology.
The aim of this research was the fabrication of multi-channel
mixed matrix membranes (MCMMM) for the removal of
micropollutants from different spinning solution compositions
using the common painkiller diclofenac (DCF) as model
micropollutant. The influence of AC addition on the mechanical
stability of the MCMMM was also investigated. Moreover, the
potential enhancement of the membrane surface properties in
terms of fouling reduction was evaluated by fouling
experiments using humic acid, and by applying a semiempirical modification of the resistance-in-series model.
Materials and Methods
Membrane fabrication
In the first step of the membrane fabrication process,
polymeric solutions were prepared by homogenizing the main
polymer (polyethersulfone (PES, Ultrason E 3020 P, BASF) or
polyvinylidene fluoride (PVDF, Solef 1015, Solvay)), the
additives (polyvinylpyrrolidone (PVP) with different Mw (10 or
360 kDa) and/or propane-1,2-diol (PD)), and the solvent (N,N-
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dimethylacetamide (DMAc)). These polymeric solutions are
the result of previous optimizations [32,34]. Pre-dried
activated carbon (AC, Carbopal AP supra, Donau Carbon) as
solid filler material and adsorbent (d10 = 4.7 µm, d50 = 26.1 µm,
d90 = 74.8 µm [35]) was then added to the solution. This
solution was stirred carefully at 30 rpm for 30 min and
sonicated for 15 min, in order to achieve an outgassed and
homogeneous polymer-AC-solution (Tab. 1). The reference
quantity was the polymeric solution (e.g. 300 g), to which AC
was added in the reported percentages (e.g. + 3 g for + 1 %
AC). It is assumed that the main polymer (PES or PVDF) and
the co-polymer (PVP) form the solid membrane matrix and
that the AC is embedded into that matrix; the AC content with
respect to the total solids hence varied between 4.0 and
25.9 %. As the additive content was not varied, the membrane
batches are referred to by their main polymer content and their
AC content (e.g. 15 % PES/1 % AC) hereinafter. The rheology
of the polymer-AC-solutions was analysed with a rotational
viscometer at shear rates between 10 and 500 s-1 and 20 °C.
The multi-channel membranes were prepared in a steamdry-wet spinning process with an advanced, 7-bore spinning
nozzle (Fig. 1 a,b) via non-solvent induced phase inversion.
The polymer-AC solutions were processed in the spinning
process directly after production to prevent particle settling.
Water at 30 °C was applied as bore fluid, i.e. internal
coagulant. The external coagulant was also H2O at 30 °C.
Further details concerning the fabrication process are
described elsewhere [32,34].
Fig. 1: MMMCM production process via non-solvent induced
phase inversion (a), spinning nozzle (b) and MCMMM
operation mode (c).

Membrane characterization
The membrane pure water flux J and permeability P were
determined at 25 °C and 1 bar transmembrane pressure
(TMP) with a membrane testing plant applying an inside-out
crossflow operation mode (Fig. 1c) with single-fibre modules.
For macromolecule retention R measurements, 1 g L-1
dextrane (500 kDa) solutions were filtered at 25 °C and 1 bar
TMP. The concentrations in the feed and in the permeate were
determined with a TOC analyser.
Micropollutant retention R was tested via filtration of
15 mg L-1 DCF sodium salt-solutions (25 °C, 1 bar, feed flow
rate: 40 L min-1). The feed and permeate concentrations were
measured with an acetonitrile/5 mmol L-1 phosphoric acid
gradient HPLC with a reverse phase column at 278 nm, as
described in [35].
The mechanical strength of the MCMMM was evaluated in
terms of burst pressure and tensile strength.
The morphology was investigated using scanning electron
microscopy (SEM) at 20x and 150x magnification,
respectively, and at an acceleration voltage of 15 kV.
Fouling behavior
The MCMMM fouling susceptibility of PVDF MCMMM was
studied by filtering a humic acid solution. The resistance-inseries model – derived from Darcy’s law – was applied for the
semi-empirical time-dependent analysis of the fouling
behavior (Eq. 1) [36]:

Here, η is the dynamic viscosity, Rt is the total resistance,
and Rm is the hydraulic resistance of the clean membrane – a
constant value regardless of the operation conditions. Rif is the
resistance of internal fouling resulting from the adsorption

Tab. 1: Compositions of polymer-AC-solution for steam-drywetting spinning.
Main polymer, Additives, content
Solvent,
AC
content
content
content
PES 13 %
DMAc 67 %
PES 15 %
DMAc 65 %
PVP 360 kDa 5 %,
PES 17 %
DMAc 63 %
+3%
PD 15 %
PES 19 %
DMAc 61 %
PES 21 %
DMAc 59 %
+0%
+1%
+2%
PVP 360 kDa 5 %,
PES 15 %
DMAc 65 %
+3%
PD 15 %
+4%
+5%
+7%
+0%
+1%
+2%
PVDF 18 %
PVP 10 kDa 6 %
DMAc 76 %
+3%
+4%
+5%
of fine fouling material on the inside of the membrane pores –
assumed to occur instantaneously at the beginning of the
filtration and not to be significantly influenced by the operating
conditions [37,38]. Rcp is the resistance resulting from
concentration polarization, and Rc is the resistance from the
formed cake layer on the membrane surface. Rcp and Rc are
the main components for the fouling resistance during
operation; however, as the calculation of separate values is
challenging, they are combined into Rf.
In order to determine said resistances, firstly, the pure water
flux Jpw was measured (25 °C, 1 bar) and the hydraulic
membrane resistance Rm is calculated (Eq. 2) [36].
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Secondly, the humic acid solution (1 g L-1, 25 °C) was used
as feed solution and the flux J0 was recorded after stably
adjusting the operation conditions to 40 L min-1 feed flow rate
and 1 bar TMP for typically 5 min. The declining flux J was
determined in intervals for a filtration period of 240 min at a
constant TMP of 1 bar. The internal fouling resistance Rif is
calculated, assuming that fine fouling material is adsorbed
instantaneously (Eq. 3).

The subsequent and more complex step is the estimation of
the time-dependent part of the fouling resistance Rf. It is
assumed that in a cross-flow process, the resistance will
approach a steady-state behavior after time (Eq. 4).
The change of the fouling resistance with time is described
via a pseudo first-order rate law (Eq. 5 and 6) [39,40].

Inserting Eq. 4 and 6 into Eq. 1 yields Eq. 7 – the timedependent description of the flux, and Eq. 8 – the normalized
flux.

The latter equation is applied for parameter fitting of b and k
to the normalized flux over time using R [41]. The estimation
of b subsequently allows for the calculation of the steady-state
fouling resistance Rfss.

of the filler material and the PVDF-based membrane matrix.
The filtration performance was evaluated in terms of pure
water permeability P and macromolecule retention R (Fig. 3 ac). The membrane permeability ranged from 18 to
175 LMH bar-1, and the dextrane 500 kDa retention varied
between 43 and 84 %, indicating that the membranes be
classified at the borderline between micro- and ultrafiltration.
While a clear trend is apparent for a main polymer content
variation (Fig. 3a) – a higher content leads to denser and less
permeable structures [8] – the addition of AC does not imply
an obvious tendency. This may suggest that the active filtration
layer – which is mainly responsible for the filtration
performance – is not altered substantially through the addition
of AC within the reported range.
The permeability/retention-trade-off is mostly, but not
always represented. The formation processes of both mixed
matrix and multi-channel membranes, and particularly the
combination of the two, are highly complex. This deviation
from the commonly accepted P/R-trade-off in some cases may
indicate that unknown variables, which were not adequately
controlled during the presented membrane manufacturing and
characterization process, have a potential influence on the
shown data. These potential “white spots on the MCMMMmap” should be eliminated in an extensive parameter study in
order to further the understanding of this complex process.
Regarding DCF retention over time (Fig. 3 d-f), the
effectiveness of MCMMM for micropollutant elimination is
clearly shown in the comparison with pristine membranes. As
small micropollutant molecules such as DCF are not retained
by ultrafiltration membranes, the adsorbent availability of the
embedded activated carbon is demonstrated. However, it
remains unclear whether the adsorption capacity is altered
due to changes in the pore structure of the adsorbent during
the mixed matrix membrane production process.

Results and Discussion
Membrane characteristics
MCMMM were successfully fabricated in a steam-dry-wet
spinning process from polymeric solutions with suspended AC
particles via non-solvent induced phase inversion. SEM
images (Fig. 2) reveal a clean and uniform formation of the
seven feed bores and the outer wall, and the diameters are in
the range of the spinneret dimensions. AC was uniformly
distributed and seemingly well embedded in the membrane
matrix (Fig. 2 c-d, g-h), and AC particles, in the expected
dimensions (d10 = 4.7 µm, d50 = 26.1 µm, d90 = 74.8 µm), were
clearly visible in the SEM images (Fig. 2 c-d, g-h), which may
point to particle integrity, or the absence of particle breakage
during the production process, as opposed to previous studies
[42]. The tendency of AC particles to settle near the membrane
wall has been described before [20–22], but could not be
confirmed for MCMMM. This could imply a favourable
polymer-filler interaction and signify enhanced adsorption
characteristics of micropollutants. However, the SEM images
do not clearly indicate whether the pore structure of the AC is
affected by the main polymers, the additives, or the solvent.
This would impair the adsorption capacity of the AC and,
hence, deserves further attention.
For the case of PES being the main polymer (Fig. 2 a-d), the
addition of AC led to the formation of more macro-voids and a
less uniform secondary structure. When PVDF was used as
the main polymer (Fig. 2 e-h), the finger-like structure of the
pristine membrane remained largely unchanged by the
addition of AC, both at the active filtration layer and in the
secondary structure. This may indicate a better compatibility

Fig. 2: SEM images of MCMMM: 15 % PES/0 % AC (a,b),
15 % PES/5 % AC (c,d),
18 % PVDF/0 % AC (e,f),
18 % PVDF/5 % AC (g,h).
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Fig. 3: Filtration performance (a-c), micropollutant removal (d-f), and mechanical stability (g-i) of MCMMM; rheological analysis
of corresponding polymer solutions (j-l) with typical shear-rate dependency (inset in (k) – 15 % PES/7 % AC).
Retention values decrease over time, which is ascribed to
firstly, approaching the adsorption capacity of each membrane
and, secondly, to smaller gradients in the adsorption process,
which results in slower kinetics. For mixed matrix membranes,
the DCF retention after 60 min decreases to 7–65 %, which
indicates that the maximum adsorption capacity of the
adsorbent is not reached in the studied timeframe. In typical
feeds such as WWTP effluents or even industrial effluents, the
micropollutant concentration is much lower than in the
presented study – for WWTP effluent a mean DCF
concentration of
260–647 ng L-1 was found [43]. The
potabilization of surface water – another envisaged application
– faces even lower DCF concentrations; an average of
17 ng L-1 was found for European rivers. A better retention for
such diluted feed solutions is expected, even though a great
variety of pollutants and other substances may be present; a
field study is suggested to investigate the elimination of a
wider range of micropollutants from more complex solutions.
It is noted that a higher PES content – i.e. a denser
membrane – led to a higher DCF retention (Fig. 3d). The
reason for this observation must be sought in transport
mechanisms: A denser membrane exhibits a lower

permeability (Fig. 3a) as well as – at constant pressure – a
higher dwell time of the feed solution in the membrane matrix.
The dimensions of the diffusion layers of the adsorption
process are expected to remain largely unchanged, as the
flow in the membrane matrix is laminar in any case [8]. Hence,
a higher dwell time will increase the likelihood of a DCF
molecule to diffuse into the AC particle and to be adsorbed.
Furthermore, an increase in adsorbent content generally
resulted in a higher DCF retention (Fig. 3 e-f). The pristine
membranes showed a decline to under 5 % retention in the
first 10 or 40 min for PES and PVDF, respectively. This
seemingly higher adsorption capacity for pristine PVDF
membranes may be due to the fact that PVDF is the more
hydrophobic polymer, due to the lower molecular weight of the
co-polymer PVP in the fabricated PVDF membranes, or a
combination of both.
Exceptions to the general trend are the membranes
15 % PES/4 % AC and 15 % PES/5 % AC – the batch with the
higher AC content has a lower retention over time. The
permeability of these two batches in Fig. 3b follows an
opposing trend: The batch with the higher AC content exhibits
a higher permeability, which corroborates the si-gnificance of
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membrane density – a denser membrane batch may lead to
higher dwell times and enhanced micropollutant elimination
behaviour, even though the total adsorption capacity is lower.
Micropollutant elimination by MCMMM thus represents a
complex interplay of membrane density, dwell time, adsorbent
content, adsorbent availability, adsorption capacity, adsorption
kinetics, and potentially further factors. The presented study
may hence be considered as a proof of principle, but the
elucidation of the micropollutant removal mechanisms
requires further research.
In terms of mechanical stability (Fig. 3 g-i), most
membranes withstand the typical pressure applied in micro/ultrafiltration of 2 bar. Again, a higher main polymer content
leads to denser and, in this case, more sturdy membranes.
The AC addition of 2 % or more to the membrane matrix leads
to a significantly diminished mechanical stability for PES. This
effect is less significant in the case of PDVF. It is also noted
that PVDF membranes invariably show a burst pressure over
3.5 bar as opposed to PES membranes. The tensile strength
of PVDF membranes, however, is invariably below 2 N mm-2.
This behaviour may be explained through differences in
polymer-filler interactions: The properties of the hydrophobic
polymer PVDF may be better compatible with the relatively
hydrophobic AC compared to the polymer PES. The polymerfiller interaction is therefore enhanced in the case of PVDF
MCMMM. This is in line with previously discussed SEM
images (Fig. 2), in which a disintegrated secondary structure
was observed for PES/AC MCMMM. This lack of connectivity
in the support structure may be the root cause for diminished
mechanical stability at filler contents > 2 %, whereas 1 % may
be the limit for this polymer-filler system to remain stable. The
generally lower tensile strength of PVDF membranes may be
related to shorter main polymer and co-polymer chains.
However, it should be mentioned that burst pressure is the
prime mechanical characteristic when considering the
application as a membrane filter, as tensile forces will rarely
occur. Hence, PVDF may represent the more convenient
choice of polymer in this case.
Rheological analysis of the polymer-AC-solutions (Fig. 3 j-l)
revealed shear-thinning behaviour for all solutions (example
shown in inset in Fig. 3k). The increase of PES expectedly
increased the viscosity (Fig. 3j). The addition of AC only had a
minor impact on the solution viscosity (Fig. 3 k-l), which may
signify that from a rheological standpoint, the membrane
production process follows similar rules when fillers are
added. In other words, the maximum allowable viscosity for
the spinneret and polymer pumps is mainly determined by the
polymeric solution, not by the filler content. This maximum
viscosity was approached for the case of 21 % PES/3 % AC,
as higher PES contents resulted in an unstable manufacturing
process. Furthermore, it is noted that the viscosity of the
polymer solutions with 18 % PVDF (Fig. 3l) is similar to
solutions with a comparable PES content (Fig. 3j).
Nonetheless, the properties of the membranes vary
significantly (e.g. permeability/retention, tensile strength).
Hence, the membrane properties are not dominated by the
viscosity alone and the choice of polymer must be tailored to
the eventual filtration process requirements.
Fouling behaviour
As PVDF MCMMM display enhanced performance in terms
of the permeability/retention-trade-off and regarding the burst
pressure, they represent a promising prospect for the
application as micropollutant elimination technology. In real
feed solutions, however, varying quantities of fouling

Fig. 4: Time dependency of normalized flux J/J0 for 18 %
PVDF/~AC MCMMM in humic acid (1 g L-1, 1 bar) filtration.
components may be present. The fouling behaviour of PVDF
MCMMM was hence studied with humic acid (Fig. 4). The
normalized permeate flux decreased over time to under 60 %
of the original flux after 240 min for 1 and 5 % AC. MCMMM
with 0, 2, 3, and 4 % AC performed slightly better; the flux
declined to 65 to 80 %.
A semi-empirical approach was chosen using a first-order
rate law combined with the resistance-in-series model in order
to describe the fouling behaviour and to investigate the
different resistances. The models are plotted in Fig. 4 and the
fitting parameters are tabulated in Tab. 2. The coefficient of
determination r2 is invariably >0.95, indicating that the
behaviour may be adequately described by the selected
approach. Although only a levelling-off of the flux, instead of a
steady state flux, was observed within the studied time frame
of 240 min, the flux – according to the chosen model –is
expected to reach a constant value due to an equilibrium state
of shear forces with the cross-flow and particle deposition.
This behaviour is represented in the model parameter b,
whereas k is the rate constant related to the time which is
required to reach this steady state. The equilibrium steadystate flux is inversely proportional to the total resistance at the
steady state predicted by the model Rtss (Fig. 5). The
membrane resistance Rm is inversely proportional to the pure
water permeability P in Fig. 3c.
The steady-state fouling resistance Rfss first increases after
AC addition of 1 %, then decreases to the lowest value at 4 %,
and finally escalates again at 5 % AC. On the other hand, the
internal fouling Rif increases up to 4 % AC addition and
decreases thereafter. A correlation between the fouling
resistances in Fig. 5 and the membrane characteristics in
Fig. 3 has not been observed. Fouling is a very complex
phenomenon, which has been linked to many different
influencing parameters, such as cross-flow velocity,
hydrophobicity of the membrane surface, and surface
roughness. Hydrophilization has been observed through the
incorporation of AC in the membrane matrix [16]. Nonetheless,
more research is suggested to understand the observed
fouling behaviour. The best compromise between adsorption
capacity and membrane fouling seems to be re-presented by
the PVDF MCMMM with 3 and 4 % AC added.
Tab. 2: Fitting parameters for fouling of 18 % PVDF/~AC
MCMMM during humic acid filtration.
AC content / %
k / min-1
b/r2
0
0.0048
0.592
0.976
1
0.0038
1.640
0.959
2
0.0026
0.862
0.963
3
0.0030
0.674
0.969
4
0.0120
0.509
0.986
5
0.0015
2.692
0.956
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[6]

[7]
[8]
[9]
Fig. 5: Membrane fouling resistances for 18 % PVDF/~AC
MCMMM determined from pure water filtration and modelled
humic acid experiments.
[10]

Conclusion
In order to combat the challenge of rising micropollutant
concentrations in the environment, MCMMM with embedded
AC have been developed. Both of the tested main polymers
PES and PVDF resulted in acceptable membrane structures,
whilst PVDF seemed to be slightly better compatible with the
added AC. The model pollutant DCF showed declining
removal rates over time, with a maximum of 65 % removal
after 60 min. The fouling behaviour with humic acid could be
described with a semi-empirical model. The presented study
should be considered a proof of principle for the application of
MCMMM as micropollutant elimination technology, but further
efforts should be directed to the elucidation of the fabrication
process and the removal mechanisms as well as to the
implementation of field and pilot studies.
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Abstract
Region coupling is an interesting approach to combine
different solvers in complex multi-physics problems. In
OpenFoam® region coupling is usually employed to couple
the temperature between solids and fluids but it is generally
not limited to this type of problem. For example when
simulating a porous medium in a fluid flow it is necessary to
not only couple temperature but also pressure, species
concentration and velocity of the porous medium and the
surrounding fluid in order to be able to combine appropriate
solvers for each of the two regions. Such a coupling for porous
media was implemented in OpenFoam®-7 based on the loose
coupling approach. The influence of grid size and number of
solver iterations on the on the coupled solution and it’s
divergence from an uncoupled reference solution was
investigated. The coupled approach is shown to perform better
with increasing number of cells in the simulation domain, as
opposed to treating the whole simulation domain with a pure
two-fluid approach. However, its accuracy depends on
additional iterations for the coupling.
Introduction
As the availability of numerical resources for researchers
keeps increasing, increasingly complex problems can be
investigated by simulations. These problems are often
multi-physics problems combining different physical
phenomena in a single simulation. Reactive flows, where fluid
dynamics and chemistry are coupled, are a common example
for these complex problems. It is important to combine
effective solution strategies for each of the sub-problems to
ensure efficiency [1].
One way to handle complex multi-physics problems in an
efficient manner is to split the problem in distinct regions
according to the prevalent physical phenomena. Those
regions can then be solved separately using specialized
solvers and the individual solutions are coupled through an
interface. Such a procedure has been successfully employed
for the coupling of solvers for compressible and
incompressible fluids [2], as well as for the coupling of LES
and RANS solvers to model turbulent flows [3]. The motivation
for the coupling algorithm presented in this work is to couple
single and two-phase Euler simulations to simulate porous
particles surrounded by a stream of gas.
chtMultiRegionTwoPhaseEulerFoam implemented in the ESI
OpenFOAM® version v1906 [4] and a similar in-house
developed solver provide the basis for the current
implementation of the multi-region solver. Both developments
are capable to couple solid and fluid or solid and two-fluid
phases. The new in-house solver is also capable to couple
fluid regions with two-phase regions that contain a fluid as well
as a solid part. The mixed coupling boundary conditions for
temperature are the basis for implementing the coupling of
species, pressure and velocity in the in-house solver which is
based on OpenFOAM®-7 [5].

Figure 1: Schematic illustration of the discretization of the region
coupling approach. Two neighboring cells belonging to two different
regions, where the function fi(x) has a distinct value in each cell center.
The distance from each cell center to the interface is Δxi, while the
interface is located at xF and the value of f(x) at the interface has to be
calculated by assuming a continuous function across both regions.

Region Coupling Boundary Conditions
In general, OpenFoam® employs a loose coupling approach
for coupling different simulation regions. This approach is also
known as explicit Robin-Neumann coupling, for details see [1].
Loose coupling means that the solution of the first region is
obtained using the initial conditions specified at the interface
between the coupled regions. This solution is then used to set
the boundary condition value at the interface to the second
region. The second region is now solved based on the already
known solution of the first region at the interface as an initial
condition. This introduces a hierarchy of solutions where the
second region’s solution depends on the previously obtained
first region’s solution. In order to break up this hierarchy an
iterative solution procedure is employed, where, without
advancing the time step, both regions are repeatedly solved
based on each other’s previous solutions as initial conditions.
This approach is analogous to the one employed by the ESI
OpenFoam® version v1906 and the procedure is repeated
until convergence or a maximum number of iterations is
reached. In order to couple two simulation domains through
an interface any function f(x) (e.g. species concentration,
pressure or velocity) needs to be continuous at that interface.
This can be treated analogous to most boundary value
problems with periodic boundary conditions in physics, where
a continuous solution is needed, by requiring f(x) and its
derivative df(x)/dx to have the same values at each side of the
interface. This means the following two equations must hold
true exactly at the interface:
𝑑𝑓 (𝑥)
|
𝑑𝑥
𝑓 (𝑥)|
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Here xF is the spatial location of the interface, as illustrated in
Figure 1. To convert these requirements into a boundary
condition, the conservation equations have to be discretized
at the boundary for each region. The first order approximation
of the discretized first derivative is:
𝑑𝑓(𝑥) 𝑓(𝑥 ) − 𝑓(𝑥 )
≈
,
𝑑𝑥
𝛥𝑥

(3)

here xa and xb are two points at a small distance 𝛥xab. At the
interface this yields:
𝑓(𝑥 ) − 𝑓 (𝑥 )
𝑓 (𝑥 ) − 𝑓(𝑥 )
(4)
𝜆
=𝜆
,
𝛥𝑥
𝛥𝑥
Here 𝜆1 and 𝜆2 are transport coefficients, for e.g. thermal
conductivities or diffusion coefficients, and 𝛥x1 and 𝛥x2 are the
distances between the cell center and the interface. Solving
the discretized equation for the boundary value gives the
following expression for the interface value:
𝜆 𝑓 (𝑥 ) 𝜆 𝑓 (𝑥 )
+
𝛥𝑥
𝛥𝑥
𝑓(𝑥 ) =
.
𝜆
𝜆
+
𝛥𝑥
𝛥𝑥

(5)

fraction 𝛼 of each phase, similar to OpenFOAM®-v1906 [4]:
𝜅

=𝛼 𝜅 +𝛼 𝜅 .

(10)

For species diffusion the contribution of the solid phase is
negligible and only the fluid phases of both regions are
coupled. A weighted or effective diffusion coefficient Deff is
needed to account for the reduced fluid volume in the
two-phase region:
𝐷

=𝛼

𝐷

.

(11)

OpenFoam® 7 [5] uses Schmidt analogy to determine the
mass diffusion coefficient D from the viscosity 𝜇 :
𝜈
𝜇
𝑆𝐶 = =
(12)
𝐷 𝜌𝐷
where 𝜐 is the kinematic viscosity and 𝜌 the fluid’s density.
Test Case Setup
For the analysis of the region coupling method presented in
this work, the five 1D test cases with different grid spacings,
shown in Figure 2, were employed.

In OpenFoam® 7 [5] the coupling condition is implemented as
mixed boundary condition (BC), which is a linear combination
of a Van Neumann and a Dirichlet boundary condition and has
the following form:
(6)

𝑓(𝑥 ) = 𝜁 ⋅ 𝛷 + (1 − 𝜁) ⋅

Here ζ is the weighting factor between the Van Neumann and
Dirichlet conditions:
𝜁=

𝜆
𝛥𝑥
𝜆
𝜆
+
𝛥𝑥
𝛥𝑥

(7)

.

The reference value Φ is the boundary value for the Dirichlet
part of the BC and
is the surface gradient at the interface
used together with the function value fi(xi) of the adjacent cell
center for the Van Neumann part of the BC:
𝜕𝛷
=
𝜕𝑥

𝑓(𝑥 ) − 𝑓(𝑥 )
|𝑑|

𝑆

𝑆 ⋅𝑑
𝑆 ⋅ |𝑑|

,

(8)

with Sf being the surface vector of the interface and d being
the vector connecting the two adjacent cell centers [2]. This
gradient expression is only used in the pressure and velocity
coupling at the interface.
Region Coupling Single-Phase and Two-Phase Regions
The coupling of a single-phase and a two-fluid region requires
special attention since the heat flux from the boundary face to
the adjacent cell center proceeds via two phases. Discretizing
equation 4 for two-phase fluid gives the following equation at
the region interface:
𝑓(𝑥 ) − 𝑓 (𝑥 )
=
𝛥𝑥
𝑓 ′(𝑥 ) − 𝑓(𝑥 )
𝑓 ′′(𝑥 ) − 𝑓(𝑥 )
𝜆 ′𝛼 ′
+ 𝜆 ′′𝛼 ′′
.
𝛥𝑥
𝛥𝑥
𝜆

(9)

On the right-hand side of equation 9 contributions of both
phases in the two-phase region is needed, where 𝜆2’ and 𝜆2’’
are the transport coefficients and α2’ and α2’’ are the phase
fractions of each phase.
The temperature boundary condition uses an effective thermal
conductivity 𝜅eff at the interface, which is the sum of the
thermal conductivity in each phase, weighted with the phase

Figure 2: Illustrations of the 5 grids that were used to investigate
dependency of solution accuracy on grid spacing. The total number of
cells in each grid from top to bottom are: 20, 50, 100, 200 and 500.

Each case is setup identically with a single-phase region
extending to the negative x direction and a two-phase region
extending to the positive x direction. The interface between the
regions is located at x=0 m.
Subsequently, the single-phase region will be referred to as
region 1 and the two-phase region will be referred to as region
2. The initial and boundary conditions are identical for each
case and are summarized in Table 1.
The solid phase fraction was set to zero in region 2 to allow
for a smooth solution in this initial simple test case. The solid
phase’s temperature at the region interface is set to the same
value as the fluid phase temperature to satisfy the initial
condition of uniform temperature. Furthermore, the
concentrations of N2 and O2 are only coupled for the fluid
phases in both regions and their concentration is assumed to
be constant zero in the solid phase of region 2. The pressure
coupling is independent of the two phases in region 2 since
the two-fluid model uses the shared pressure [6].
Each case is simulated with the multi-region setup described
in Table 1 and an identical single-region setup to evaluate the
influences of the coupled boundary conditions by determining
the deviation between both solutions.
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Table 1: Boundary conditions (BC) and initial values for the singlephase region 1 (R1) and the two-phase region 2 (R2). Here a
inletOutlet boundary condition is either a zero gradient condition,
when there is an outward flow or a fixed value condition (inletValue)
when there is an inward flow. The value-keyword sets the initial value
at the patch. The fixedFluxPressure boundary condition calculates the
pressure value at the boundary according to the flux set in the velocity
boundary condition.
Field

BC R1

Initial
Value
R1

Initial
Value
R2

BC R2

Tfluid [K]

zerogradient

2000

1000

zero-Gradient

Tsolid [K]

-

-

1000

zero-Gradient

N2,fluid
[mass fraction]

fixedValue
=0

0.8

1

inletOutlet=
inletValue(0),
value(1)

O2,fluid)
fixedValue
[mass fraction]
=1

0.2

0

inletOutlet=
inletValue(1),
value(0)

-

1

zero- Gradient

Csolid
[mass fraction]
Prgh [Pa]
Ufluid [m/s]

-

fixedFlux100000 100000
Pressure
(0 0 0) to
(0.08 0 0)
in 3s

(0 0 0)

(0 0 0)

relevant for cells at the interface between two regions, local
mesh refinement at the boundary is sufficient to capture the
coupling correctly. This greatly reduces the computational cost
of coupled multi-region simulations.
A uniform grid resolution was chosen for studying the grid
dependence of the region coupling approach, due to its easier
evaluation. Figure 4 compares snapshots of solutions for
identical multi- and single-region simulations. It is clearly
visible that the two solutions for lower grid resolution diverge

fixedValue=
internal-Field
inletOutlet=
inletValue(0 0 0),
value(internalField)

Figure 3 shows the temporal evolution of the single-region
solution to give an impression of how the system is supposed
to evolve over a time of 10s.

Figure 4: The solutions for identical multi-region and single-region
simulations of N2 concentration and velocity at two different grid
resolutions (20 and 500 cells). All simulations were performed using
10 coupling loops of each of the three types (PIMPLE, PISO and
Coupling iterations).

more for the velocity since the coupling also depends on the
surface normal gradient (equation 8). Figure 5 shows a
quantitative analysis of the deviation of single- and
multi-region simulations by comparing the root mean square
error (RMSE) as a function of the iteration settings and grid
resolution. The figure also reveals the dependence of the
multi-region coupling on the iterative solution procedure,
which will be discussed in the next section.
Coupling iterations

Figure 3: The temporal evolution of the single-region’s solution for
500 grid points. The simulation approaches a steady state towards
the maximum simulation time of 10s.

Grid Space Influence on Region Coupling
Mesh resolution is a key parameter in any CFD simulation.
Especially, when using multi-region coupling. As can be seen
in equations 1 and 2 the gradient and values of any function in
both regions need to be identical at the interface. Equation 1
also shows that the numerical derivative is calculated in a first
order approximation using the patch value and the adjacent
cell center properties. However, to satisfy the boundary
condition the derivatives need to match exactly at the face
center of the boundary. Due to the first order approximation of
the derivative its error is inversely correlated to the distance
between the face and adjacent cell center. As this effect is only

Due to the loose region coupling in OpenFoam® an iterative
solution is needed to ensure proper coupling of the boundary
conditions at the region interfaces. Three types of iterations
were investigated in the current work: PIMPLE, PISO and
Coupling iterations. PIMPLE iterations recalculate the whole
set of conservation equations including the matrix coefficients
(outer iterations). PISO iterations only recalculate the pressure
equation (inner iterations). Coupling iterations recalculate the
conservation equations of the coupled quantities.
To identify the solution dependence on the different iteration
loops, a case study has been conducted for the five grid
spacings used in the previous section. The case study
considered all possible combinations of 2, 5 and 10 iterations
for PIMPLE, PISO and Coupling iterations. The RMSE was
calculated using the multi-region and single-region simulations
of identical grid size and varying the number of iteration loops
of the multi-region simulation to assess the solution accuracy.
Figure 5 reveals that the RMSE depends on both grid size and
number of coupling iterations.
At least two PIMPLE iterations were needed in the
investigated cases for a stable simulation. This is reasonable
due to the loose coupling and that the first region to be solved
is otherwise solely responsible for setting the solution at the
interface while the second region has no influence on the
interface. That can lead to unphysical simulation results. The
RMSE can be seen to converge at a reasonably low total
number of iterations and a good coupling across all fields and
grid sizes could be achieved using 5 PIMPLE-, 2 PISO- and 5
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for a reasonable loose coupling can increase with the number
of grid points. However, the minimum of the RMSE can also
converge at a lower value when using more grid points. The
velocity solution is the most dependent on the number of grid
points as is visible in Figure 4, as well as Figure 5. Overall an
increase in the number of grid cells is favorable for accurate
region coupling.
The temporal evolution of the test problem shown in Figure 3
compared to the RMSE of the solutions at 7 s indicates that
the number of iterations becomes less important if the
gradients at the interface are small. It can be concluded that
the number of iterations required for an accurate multi-region
solution increases with increasing solution complexity at the
interface. A possible reason for having to use a higher number
of solver iterations at a higher number of grid cells could be a
similar increase in complexity at the interface due to being able
to resolve finer details of the solution, which can lead to larger
gradients at the interface. For steady state problems the
results indicate that no decidedly coupling loops are required.
The RMSE of the solutions at 7 s for temperature and N2
concentration increases with number of grid cells,
independently of solver iterations. However, for those two
figures the actual variation of within the RMSE are very small.
For the temperature, the difference between maximum and
minimum RMSE is in the order of 1 and for the N2
concentration it is in the order of 10-5. Both variations are lower
than what can be seen at 0.1 s. The minimum RMSE for the
temperature is comparable for both times and the minimum
RMSE is three orders of magnitude lower for the pressure
solution at 7 s than at 0.1 s. Thus, the argument that an
increase in number of grid points generally increases solution
accuracy is not invalidated.
Scaling with number of cells in each region
In order to justify region coupling for large simulations, the
computational cost needs to be smaller than for a pure
two-fluid case. Employing the multi-region approach reduces
the number of two-phase fluid cells compared to the
single-region approach. For the comparison of simulation
times a large three-dimensional simulation domain was set up
with a spherical particle in a cubic box.

Figure 5: Root mean square error (RMSE) of the solution between
the single and multi-region case for various grid sizes and
combinations of PIMPLE, PISO and Coupling iterations at 0.1 s and
7 s.

Coupling loops. PIMPLE and Coupling loops show a higher
influence on the solutions than PISO loops which is confirmed
by Figure 5, since the RMSE is lower when more PIMPLE and
Coupling loops were used. Between those two the PIMPLE
iterations are more important than the Coupling iterations, as
can be seen in Figure 5 for the velocity at 0.1 s with 500 grid
points.
When increasing the number of grid cells the RMSE can
increase for smaller numbers of solver iterations. This
indicates that the minimum number of solver iterations needed

Figure 6: Comparison of the calculation time for the single- and
multi-region versus the cell count.

This geometry leads to an unequal number of cells in the two
regions. The cubic box includes more cells than the spherical
particle. The number of cells in the sphere as well as the box
are shown in Table 2 for each simulation. Figure 6 indicates
that, for the given test case, the multi-region approach’s
performance scales better with the cell count of the simulation
domain than the single-region approach.
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Table 2: Number or cells in the two-phase region and surrounding
single-phase region, as well as total number of cells in the simulation
domain of the test case.

Total cells

675

3125

25000

84375

Two-phase cells

189

875

7000

23625

Single-phase cells

486

2250

18000

60750

The superiority of the multi-region approach depends on the
required coupling iterations. However, it was shown in the
previous section that a small number of coupling iterations
should be sufficient for a reasonably accurate solution.

[4]

[5]
[6]

Summary & Conclusion
The region coupling algorithm for OpenFOAM® presented in
this work has been tested for the coupling of temperature,
species concentration, pressure and velocity between a fluid
and a two-fluid region. The region coupling algorithm has been
implemented in OpenFOAM®-7 [5] in the form of special
boundary conditions for the coupling of temperature, species
concentration, pressure and velocity for the case of coupling a
fluid with a two-fluid region. The investigation of the existing
coupling parameters showed that the multi-region approach
gives similar results as the uncoupled approach.
The grid size and solver iterations were found to be crucial for
accurate multi-region solutions. The solution accuracy
increases with the number of PIMPLE and Coupling iterations
and to a lesser extend with the number of PISO iterations.
When the number of grid cells is increased, slightly more
solver iterations are needed to reach the same RMSE.
However, the minimum of the RMSE also decreases, which
means the solution accuracy increases.
The region-coupling boundary conditions have a wide variety
of possible applications and can be included in any existing
OpenFOAM®-7 [5] solver that has the capability to simulate
multiple regions. The idea is to couple single-phase fluid and
two-phase porous regions for the simulation of heterogeneous
processes, e.g. adsorption and solid fuel conversion.
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Abstract
The accuracy of simulation results to predict surgical
outcome to improve nasal breathing is important to satisfy
patients. Therefore, in the presented work lattice Boltzmann
simulation results are compared to acoustic rhinometry and
rhinomanometry data.
The basis is an already laser Doppler anemometry validated
lattice Boltzmann code to simulate nasal breathing. To further
investigate the quality of the simulation results,
rhinomanometry and acoustic rhinometry data of a patient
with nasal septum deviation are used for comparison. The
lattice Boltzmann simulation is based on an air-segmented
computer tomography dataset. Rhinomanometry and
acoustic rhinometry are measurements to evaluate
functionality of the nasal breathing process. Both methods
are applied on the patient without and with a medication that
the swelling of the mucosa is reduced.
Lattice Boltzmann simulations show that the results are
closer to rhinomanometry without the medication that reduce
the swelling of the mucosa. On the left side of the nasal cavity,
the simulation is in comparison with rhinomanometry data, in
between both measurements. In contrast to the right nasal
cavity simulation predict a higher pressure drop (10 %) than
rhinomanometry.
Segmentation compared to acoustic rhinometry shows up to
a distance of 6 cm from the nostril good accordance.
However, surgeons experience is that acoustic rhinometry is
at bigger distances not trustful anymore.
Based on the presented result there is the conclusion that the
segmentation process of the CT dataset is a good way to get
a digital twin of the nasal cavity that can be used for numerical
simulations. As expected simulation and measurements are
not coincident. Based on the presented results there is no
need to change the segmentation process or imaging
technique.
Introduction
Since studies show that 30.9 % of patients in ENT [1]
departments of hospitals have a nasal septum deviation and
the success rate is only between 65 % and 80 % [2], there is
the need to support surgeons with novel approaches. Support
is performed either during the surgery (intraoperative) or in
the preoperative planning.
In the preoperative planning, simulation techniques to
simulate the flow through the nasal cavity could help finding
regions with high pressure drop that indicate a constriction as
presented at the Minisymposium Process Engineering 2019
in Leoben [3]. The used lattice Boltzmann (LB) simulation

based on Sailfish CFD [4] is validated already by laser
Doppler anemometry (LDA) measurements [5]. Patient data
based on rhinomanometry and acoustic rhinometry allow a
further comparison.
So far, the quality of the segmentation process is not taken
into account since LDA and LB are based on the same
dataset. There is no proof whether the segmentation process
based on CT image of the nasal cavity accurate enough.
However, there is one publication that shows that
thresholding with -460 Hounsfield units [6] to perform air
segmentation in the computer tomography (CT) dataset is a
good choice. The CT dataset is limited to image air and the
nasal mucosa [7] that might influence the quality of the
simulation result. Therefore, of a patient with nasal septum
deviation a CT dataset, rhinomanometry and acoustic
rhinometry measurement are used for the investigation.
CT allows to give a three-dimensional inside into the human
body by x-rays [8] that is so far the state-of-the-art available
imaging technique with the disadvantage of radiation
exposure.
Rhinomanometry controls the air flow rate through the nasal
cavity of left and right side separately and measure the
pressure drop between nostril and throat [9]. It generates a
“system curve” of the nasal cavity to differentiate between a
geometrical problem or a swelling of the nasal mucosa.
Acoustic rhinometry determines the air flow cross-section as
a function of the distance from the nostril by acoustic waves
[9] of left and right channel of the nasal cavity separately to
find the constrictions that causes the breathing problem.
The fluid flow simulation method LB is chosen since it is easy
to apply and numerically stable on complex geometries.
Sailfish CFD features GPU (graphical processing unit)
support and fast computation (less than 5 minutes) to know
the velocity vector field and pressure scalar field of the nasal
breathing process.
The topics investigated in this study are to find the accuracy
of the LB simulation with segmentation process by a
comparison with rhinomanometry and acoustic rhinometry
data. Therefore, in the segmentation process for the
simulation the left or right nasal cavity is locked. The outcome
should be a decision whether there is the need for changes
in the CT segmentation process, or whether there is the need
for a different imaging method like magnetic resonance
imaging (MRI).
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Methods
Segmentation of the CT dataset
An anonymous patient CT dataset with a nasal septum
deviation and a resolution of 0.3 x 0.3 x 0.3 mm³ from
Siemens Somatom is air segmented by thresholding to -460
Hounsfield units [6]. To define a label map of the voxels inside
the nasal cavity, at the nostril and throat a horizontal cut is
defined. Subsequently, a region growing algorithm removes
the voxels outside the nasal cavity. By a marching cubes
algorithm [10], a surface geometry file is generated and
saved in stl format. In Blender [11] at the nostril and throat a
cuboid is added to define mass flow rate by a velocity
boundary condition later on at the fluid flow simulations. Since
at rhinomanometry investigation the left or right side of the
nasal cavity is investigated separately, at the stl surface
geometry one nostril is locked, created by a Boolean
operation, as depicted in Fig. 1. All segmentation operations
are performed in 3D Slicer [12], an open source software for
medical image informatics, image processing, and threedimensional visualization. Fig. 1 shows the triangles of the stl
surface geometry with the locked nostril.

pressure drop between inlet and outlet converged, after 0.025
seconds simulation time. The overall computational time of
one simulation is smaller than 5 minutes. The spatial
resolution of the LB simulation was chosen based on
experience of previous investigations [14] so that the result is
mesh independent. This pressure drop between nostril and
throat is taken for comparison with the rhinomanometry.
Cross-section determination for comparison with
acoustic rhinomanometry
For the comparison of segmentation with acoustic
rhinometry, the coronal air flow cross-section must be
determined in the CT dataset. The basis is the surface
geometry file in stl generated by the segmentation process in
3D Slicer. Coronal cross-sections with a spatial discretization
of 5 mm are chosen (coronal distance from the nostril). In total
19 cross-sections are investigated. The cross-section
calculation is performed by numerical integration of the
surface integral

dxdy,
where x and y are the spatial coordinates in the coronal
investigation plane. The numerical calculation is performed in
ParaView [15]. So this investigation is independent of the
simulation, this is just a comparison of the segmentation
process with cross-section determined by acoustic
rhinometry.
Results
Fig. 2 depicts the comparison between LB simulation
results of the segmented nasal cavity based on the CT
dataset and rhinomanometry data of the same patient.
Results colored in red show flow through the left nostril,
whereas the right nostril was locked. Results colored in blue
investigated the flow through the left nostril, whereas the right
nostril was locked. Points with a black stroke are LB
simulated data, all the other depicted data are the results of
rhinomanometry digitized by WebPlotDigitizer [16].

Fig. 1: Air segmented nasal cavity saved in stl format. The
cuboids at the inlets and outlets are used for setting the
boundary conditions at the fluid flow simulation. In total
there are two stls, one is locked at the left nostril, the other
one at the right nostril.
Lattice Boltzmann simulations of the nasal cavity
For the lattice Boltzmann (LB) fluid flow simulations the
python based framework Sailfish CFD [4] with GPU
implementation is used. In order to deal with turbulent
structures at a flow rate higher than 300 ml/s the LES
turbulence model Smagorinsky Lilly with cs = 0.14 [4] is used.
The turbulence model is used since temporal and spatial
resolution is computationally limited to resolve turbulent
structures. With artificial viscosity in average turbulent
structures are modelled. This critical flow rate was
determined by Reynolds number calculation compared to a
critical Reynolds number in a pipe with 2300 [13]. The flow
boundary condition is taken from rhinomanometry. Since the
result is a continuous pressure/flow rate curve, there would
be the need for infinite amount of simulations. To recalculate
the curve a discretization of 50 ml/s is chosen. With a
maximum flow rate boundary from rhinomanometry (600
ml/s), there are 12 simulations for inhalation/exhalation of left
and right side of the nasal cavity (48 simulations). The
simulations were initialized with 𝑣⃗ = 0 and stopped when the

Fig. 2: Comparison of simulated data with rhinomanometry
data. In the measurement are basically two curves, one
originates from the initial, the second one with a
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decongestant of the mucosa, where there is a pressure drop
decrease.
The rhinomanometry measurement consists of two
investigations: An initial one with higher pressure drop, and a
second one where with a medication the swelling of the
mucosa is reduced, with a lower pressure drop. So on
locations where there is a big difference in both
rhinomanometry measurements, it is not a geometrical
breathing problem like a nasal septum deviation, but a
swelling problem of the mucosa. At the simulations of the left
side of the nasal cavity, the simulated results are in between
both rhinomanometry curves. Thus, thresholding, the main
important step in the segmentation process, represents the
shape well. At the inspiration curves the simulated pressure
drop is higher than the measured one by rhinomanometry.
Fig. 3 shows a comparison between acoustic rhinometry data
and the coronal cross-section calculations of the
segmentation process performed in ParaView. Again, the
curve with less cross-section is due to swelling of the
mucosa. The distance in cm is measured in coronal direction
from the nasal tip. The reason for negative distance at the
acoustic rhinometry data is because the sensor is put on the
nostril and outside. On the acoustic rhinometry data one can
see that the mucosa is present after 2.5 cm distance from the
nostril. In general, the cross-section determination on the
based on the CT dataset is closer to the smaller cross-section
with a swelling of the mucosa. Medical doctors experience is
that acoustic rhinometry data is trustful only the first 5 cm of
the nostril.

None of them have proofed, whether the segmentation
process and the imaging technique is sufficient. Therefore, in
this study rhinomanometry and acoustic rhinometry data are
compared with patient CT data and the corresponding lattice
Boltzmann simulation. From the results one can see that
there are differences between imaging and measurements of
the nasal cavity and the paranasal sinus. This is because the
anatomy consists of different densities, i.e. bone, air, mucosa
and not all can be imaged with CT in a good way.
At least one publication [6] tried to find the best thresholding
value for air in a CT image to extract the nasal cavity. Since
we used the same value, we see that this is not a bad
assumption.
The next step is to repeat this study with more CT,
rhinomanometry and acoustic rhinometry dataset to further
proof the results presented in this paper.
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Abstract
During the pharmaceutical product development it is
important, especially in the early phases, to get a good idea
about the processability of the candidate formulations.
Especially for hot melt extrusion (HME) based formulations,
choosing the appropriate equipment and process setup that
will result in the desired product quality is not trivial. Even with
small amounts of the active pharmaceutical ingredient (API)
it is crucial to be able to access the processability of the
formulation and possible process setups. In order to fulfil the
goals mentioned above, development of formulation and
process specific knowledge is required, as well as
development of potent in silico methodologies capable of
mirroring the actual process itself. This work focuses on the
development of suitable in silico tools for the accurate HME
process capturing, extended experimental investigations and
product quality correlation and prediction.
Introduction
Hot melt extrusion (HME) is a continuous manufacturing
process primarily using co-rotating closely intermeshing twinscrew extruders (TSE) as the equipment of choice. The
process was first established in the polymer and food
industries and then gradually introduced into the
pharmaceutical industry, primarily as a way of increasing the
solubility of purely soluble active pharmaceutical ingredients
(API). The increase of API solubility is achieved by creating
an amorphous solid dispersion (ASD) of the poorly soluble
API by dispersing it in polymer carriers [1]–[6]. In addition to
ASDs, the HME process can facilitate the creation of
amorphous solid solutions and can be used as a way of
controlling particle size distribution (PSD) of (nano-)
crystalline APIs and imbedding them into a polymer carrier
[7]–[11]. In addition to different drug delivery systems (DDS),
the timing of the API release can also be controlled, resulting
in DDS with immediate or controlled (extended) API release
[12]–[14].
The process setup itself is extremely modular, allowing for
a tailor made process for every formulation in question, with
a product specific screw configuration, screw speed,
throughput, barrel temperature setting, feeding points, die
size and degassing pressure. However, the high process
flexibility, together with the black-box nature of the process,
makes choosing the appropriate process settings challenging
for every new formulation and/or extruder at hand. Besides
the process setup challenge, the process scale-up is a
considerable issue during the different product development
stages (from formulation development to pilot plant/clinical
study to production scale). The current state-of-the-art is
based on utilizing different extruder similarity based
approaches (simple 0D models), developed mostly in the
polymer industry and heavily coupled to extensive
experimental efforts. The immediate restriction in the
pharmaceutical industry is the lack and the expense of APIs
in the early development stages in addition to the connected
costs and efforts in handling the process in a GMP

environment. Moreover, the 0D models do not provide any
insights into the process, as they are not predictive and do
not guaranty the most important aspect in the process
transfer and scale-up: the equivalence of product quality at
different scales [15]. Hence, understanding what role
individual screw elements play in the process setup and how
certain process settings lead to a certain product quality is the
key for ensuring an easy process setup and a reliable
subsequent process scale-up.
Materials and Methods
To respond the challenge, simulations have been
increasingly used as a mean for increased process
understanding. In general, HME simulations have been used
for understanding individual extruder screw element pairs,
the HME process as a whole and to relate HME to other unit
operations in a continuous manufacturing line. The most
notable among them is the investigation of individual extruder
screw element pairs using the Lagrangian based Smoothed
Particle Hydrodynamics (SPH) simulation approach. SPH
has been used for the capturing of the melt flow and mixing
phenomena in fully and/or partially filled extruder screw
elements, applied for both Newtonian and non-Newtonian
fluids [16]–[19]. The spatial discretization in the SPH
framework is achieved by introducing moving fluid “particles”,
making it suitable for simulating complex moving geometries,
high fluid domain deformation and free surface flow. The
weakly compressible SPH method described by Monaghan
[16], [20], [21] was used to discretize the Navier-Stokes
equations. The discretization is done using the interpolation
method, allowing the representation of a function as a set
point of randomly distributed fluid “particles”.
The continuity equation used is discretized as follows:
𝑑𝜌
=
𝑚 (𝑣⃗ − 𝑣⃗ ) ∙ ∇⃗ 𝑊
𝑑𝑡
Where 𝑚 is the particle mass, 𝑣⃗ the particle velocity and
∇⃗ 𝑊 is the gradient of the kernel function. The momentum
equation can be discretizes as follows, including the
Morris[22], [23] viscosity term and the tensile correction term
(𝑅(𝑓 ) ):
𝑑𝑣⃗
=−
𝑑𝑡

𝑚

𝑝
𝑝
+ + 𝑅(𝑓 ) ∙ ∇⃗ 𝑊
𝜌
𝜌
𝑚 (𝜂 + 𝜂 ) 1 𝜕𝑊
+
|𝑟⃗ | 𝜕𝑟
𝜌 𝜌

𝑣⃗

+ 𝑎⃗

Where 𝑝 is the particle pressure, 𝜂 is the dynamic particle
viscosity, 𝑟⃗ is the distance vector between the two particles,
𝑣⃗ is the relative particle velocity and 𝑎⃗ is a body force (i.e.
gravity). The body force in the screw axis (back-pressure) is
used in order to ensure different pressure states.
In order to close the system, a simplified Tait´s equation of
state is used (with 𝛾 = 1):
𝑝 = 𝑐 (𝜌 − 𝜌 ) + 𝑝
Where 𝑐 is the speed of sound, 𝜌 the reference density
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and 𝑝 a background pressure ensuring good particle
distribution (without voids for fully filled simulations).
The speed of sound is important in order to limit the
maximum allowed relative density variation, which is defined
as 𝛿 = ∆𝜌⁄𝜌 and is mostly assumed to be 𝛿 = 0.01.The
speed of sound is determined in accordance to the theoretical
criteria proposed by Morris:
1
𝜈𝑉
𝑐 ≥ 𝑚𝑎𝑥 𝑉 ,
, 𝑎𝐿
𝛿
𝐿
Where 𝑉 is the maximum expected fluid velocity, 𝜈 the
kinematic fluid viscosity, 𝐿 is the relevant length scale. For
predicting the required time step four time step criteria were
used:
ℎ
ℎ
ℎ
0.3ℎ
∆𝑡 ≤≤ 𝑚𝑖𝑛 0.25 , 0.125 , 0.25
,
𝑐
𝜈
𝑎 𝑐(1 + 1.2𝛼)
Where ℎ is the smoothing length characteristic for SPH,
𝛼 = 10 𝜈⁄ℎ𝑐 is the artificial viscosity calculated from the
kinematic viscosity. The first criteria is the standard CourantFriedrich-Lewy (CLF) condition, the second and third are due
to viscose and body forces respectively, and the last one
takes into account the CLF and viscose limitations combined.
The kernel function used is a simple cubic-spline function,
defined by the smoothing length ℎ and the particle distance
|𝑟⃗ |:
|𝑟⃗ |
⎧1 − 3 |𝑟⃗ | + 3 |𝑟⃗ |
0≤
≤1
2 ℎ
4 ℎ
ℎ
⎪
⎪
1
|𝑟⃗ |
|𝑟⃗ |
1
𝑊(|𝑟⃗ |, ℎ) =
2−
1≤
≤2
𝜋ℎ ⎨
4
ℎ
ℎ
⎪
|𝑟⃗ |
⎪
0
2≤
⎩
ℎ
The smoothing length is usually set as ℎ = 1.2 ∙ ∆𝑥, as
proposed by Monaghan [16], where ∆𝑥 is the particle spacing.
The results of the SPH simulation of individual screw
element pairs can be represented in a dimensionless form,
making it possible to rank different screw elements according
to their conveying capacity, pressure build-up capacity and
power consumption. Using a dimensionless representation of
the results also allows for comparison and ranking of the
screw pair performance at different extruder scales, allowing
for a science based screw setup transfer during process
scale-up. The dimensionless analysis started first with singlescrew extruders [24] and was afterwards extended for twinscrew extruders [6]. The results are presented in the form of
so called pressure and power characteristics of the individual
screw element pairs. The pressure characteristics consist of
the relation between the dimensionless throughput 𝑉̇⁄𝑛𝐷
and the dimensionless axial pressure drop (∆𝑝𝐷 ⁄𝜂𝑛𝐿),
whereas the power characteristics is a relation between the
dimensionless throughput and the dimensionless driving
power (𝑃⁄𝜂𝑛 𝐷 𝐿 ), where:
𝑉̇ – is the volumetric throughput;
∆𝑝 – is the pressure drop;
𝑛 – is the screw speed;
𝐷 – is the screw nominal diameter;
𝐿 – is the considered screw length;
𝜂 – is the fluid viscosity.
Theoretically and experimentally it was shown that using
the correlations of the pressure and power characteristics it
possible to describe the flow in fully filled, single- or twinscrew extruder elements. For the special conditions of the
creeping flow regime (𝑅𝑒 → 0), occurring in the HME process
(due to high fluid viscosities), and a temperature-independent
Newtonian fluid, these correlations are linear and
independent of the length scale, viscosity and screw speed.
The pressure and power characteristics can then be
represented using the axial intercepts: A1, A2 and B1, B2:

∆𝑝𝐷
1 𝑉̇
=𝐴 ∙ 1−
𝜂𝑛𝐿
𝐴 𝑛𝐷
𝑃
1 𝑉̇
=𝐵 ∙ 1−
𝜂𝑛 𝐷 𝐿
𝐵 𝑛𝐷
The A1 parameter is termed as the inherent conveying
capacity, represents the dimensionless flow rate of a fully
filled screw element when conveying without back-pressure.
The B1 is analogy the dimensionless flow rate at zero
dimensionless driving power. The A2 and B2 parameters
represent the dimensionless pressure drop and driving power
respectively. These parameters are different for different
screw elements and are a characteristic of the screw
geometry. Knowing the dimensionless theory it is possible to
describe the flow in the extruder in a simplified manner with
help of a reduced order 1D HME model. This reduced order
approach has the focus on understanding the process, either
by investigating the melt flow in detail and/or by investigating
the influence of the process settings on the process state
variables like melt temperature and RTD.
The reduced order mechanistic 1D model used is the
model proposed by Eitzlmayr et. all [25], [26]. Rather than
representing the flow in the co-rotating twin-screw extruder
as a simplified potential and shear flow, the flow is
represented via mass flow rates. The geometry of the screw
elements, and their ability to convey and build-up pressure,
are represented by their A1 and A2 values. The extruder is
discretized in the axial direction (x-axis), resulting in N
different numerical elements. The numerical elements
themselves are connected with two different types of mass
flow rates. The first one account for the shear driven mass
flow due to the screw geometry, and the second one accounts
for the pressure driven mass flow rate due to pressure
differences in the vicinity of the observed numerical element.
In order to account for different types of screw elements,
three numerical elements are used representing forward
conveying, backward conveying and non-conveying
elements. Two transition elements are used to switch
between forward and backward (and vice versa) conveying
elements. One additional numerical element is used to
represent the die, adding up to six numerical elements types
in total. The shear driven mass flow rate for forward and
backward conveying elements (only the flow direction differs)
for the numerical element i is represented as:
𝑚̇ , = 𝜌 𝐾 , 𝑛𝑓 𝐴 𝐷
Where 𝑓 is the filling degree in the numerical element i, 𝐴
is the free cross section area and 𝐾 , is a dimensionless
parameter accounting for the conveying ability of the
considered screw element. The pressure driven mass flow
rate is calculated for element i as:
𝐷 𝜌 Δ𝑝
𝑚̇ , = −
𝐾 , 𝜂 Δ𝑥
Where 𝐾 , is the dimensionless parameter accounting for
the flow resistance.
The dimensionless 𝐾 and 𝐾 parameters are calculated
from the A1 and A2 dimensionless parameters for every used
screw element in the screw configuration. For actively
conveying elements the parameters are calculated as:
𝐴 𝐷
𝐾 , =
𝐴
𝐴
𝐾, =
𝐴
Non-conveying elements naturally can´t be represented via
A1 and A2 dimensionless parameters, but are represented via
the slope of the pressure curve, accounting for the flow
resistance as 𝐴 = 𝐴 ⁄𝐴 for 𝐴 , 𝐴 → 0. Accordingly, the 𝐾
and 𝐾 parameters for non-conveying elements are
calculated as:
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𝐾 , =0
𝐾 , =𝐴
Combining all the mass flow rates into a mass balance
equation for the observed numerical elements, taking into
account the in- and outflow, it is possible to calculate the
derivative of the mass content:
𝑑𝑚
𝑑𝑓
= 𝜌 𝐴 ∆𝑥
𝑑𝑡
𝑑𝑡
= 𝑚̇ , + 𝑚̇ , + 𝑚̇ , − 𝑚̇ , − 𝑚̇ ,
− 𝑚̇ ,
Depending on the state of the numerical element observed,
i.e. is it partially filled or fully filled, it is possible to calculate
either the filling degree or the pressure in the observed
numerical element respectively.
In addition to mass balances, energy balances are also
taken into consideration. The considered heat exchange
phenomena, from the side of the melt, are convection, meltbarrel and melt-screw heat transfer as well as viscose
dissipation. On the side of the screw, the melt-screw heat
transfer and conduction along the screw axis are taken into
consideration. And on the side of the barrel, the melt-barrel
heat transfer, conduction along the barrel, environmental
cooling as well as external barrel heating points are taken into
account.
In addition to the two simulation methods used for HME
process description, the formulation being investigated has to
be properly parametrized to be used as a viable input. Four
main formulation properties were identified as key for the
process setup: the melt viscosity, specific volume, heat
capacity and thermal conductivity. The viscosity of the
formulation is often represented using the Carreau-Yassuda
model for non-Newtonian fluid:
𝜂 𝑎
𝜂(𝛾̇ , 𝑇) =
|𝛾̇ |𝑎
1+
𝛾̇
Where 𝑇 is the melt temperature, 𝛾̇ is the shear rate, 𝛾̇
is the critical shear rate, 𝜂 the zero-shear-rate viscosity and
𝑎 is the Williams-Landel-Ferry temperature shift factor
calculated as:
𝐶 (𝑇 − 𝑇 )
𝑎 = 𝑒𝑥𝑝 −
𝐶 +𝑇−𝑇
With 𝑇 being the reference temperature. The specific
volume of the formulation can be represented using the
Schmidt model:
𝐾
𝐾 ∙𝑇
𝑣( , ) =
+
𝑝+𝐾
𝑝+𝐾
Two sets of K1 to K4 parameters are used, once for the solid
phase (if the temperature T is below the transition
temperature) and once for the liquid phase (if the temperature
T is above the transition temperature). The transition
temperature is a function of the pressure p, and is calculated
as:
𝑇 ( ) =𝐾 +𝐾 ∙𝑝
The heat capacity and thermal conductivity are usually
parametrized by using a simple linear model showing the
dependency of the formulation as a function of the melt
temperature.
Results
Using the two simulation approaches, together with
extensive experimental efforts, it is possible to establish
science based process setup and scale-up protocols. In this
case, the detailed analysis of the individual screw element
pairs (conveying, kneading and mixing) of two extruder sizes
was performed via SPH. The two extruder sizes were chosen
such to represent the formulation development (18mm size
extruder) and pilot plant scale process development phase

(27mm size extruder). The various screw elements were
compared in regards to their pressure and power
characteristics and also in regards to their distributive mixing
action, Figure 1.

Figure 1. An example showing the performance
comparison of different conveying elements screws in terms
of their pressure characteristic for the two investigated
extruder scales.

Figure 2. The DoE setup on the ZSE12 extruder showing
the impact the process throughput, screw speed and barrel
temperature have on the API degradation in the final
extrudate.[27]
Following the SPH study, various DoE settings on the
smaller 12mm extruder were performed with the goal of
understanding the resulting API degradation, and connecting
it with the process settings and resulting process state, Figure
2. The results of the API degradation were carefully analyzed
and correlations were established showing the API
degradation as a function of the used independent process
variables, like screw speed, throughput and barrel
temperature. In addition to the correlations to the
independent process variables, the dependent process
variables like the specific mechanical energy consumption
(SMEC) and the residence time distribution (RTD) were also
investigated and correlations with the API degradation were
established, Figure 3 and Figure 4.
It was found that neither the independent nor dependent
process variables are uniquely suited to ambiguously indicate
the level of API degradation expected in the product. As a
response, detailed 1D HME simulations of the various HME
process states were performed and analyzed, showing the
axially resolved (in the direction of the screw) values of the
melt temperature, SMEC, filling degree, pressure distribution
and local RTD. This additional information helped to make the
process more transparent and allowed to establish a unique
relation between the API degradation and the internal
process state that resulted out of the chosen process
settings.
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increasing the certitude that in silico tool can be used as a
means for science based HME process setup and scale-up.
Conclusion

Figure 3. Influence of the SMEC on the API degradation in
the final extrudate. [27]

Based on the knowledge gained from extensive and
systematic HME processing experiments; detailed screw
element pair and whole process simulations, and product
quality investigations, it is clear that knowing only the
dependent and independent HME process variables in not
enough to guaranty the desired product quality as an
outcome of the process. Using the different in silico tools, in
combination with traditional approaches, helps in making the
HME process more approachable and in moving away from
a black box process. Understanding the process state certain
process settings produce helped in directly correlating the
achieved API degradation to the melt temperatures and local
RTD in the HME process.
Outlook

Figure 4. Influence of the mean residence time on the API
degradation in the final extrudate. [27]

The next challenge is the development of tools for the in
silico prediction of the product performance, i.e. not only
correlating the product quality with the process state, but
actively predicting the product quality out of the prevailing
process state before any extrusion experiments are
performed. Apart from relating the process state to the
product quality, as done in this study, it is important to develop
simple, extrusion like, early formulation screening tools for
establishing formulation process maps. Such maps would
then be used to specify the limits of the process states can
reach, and via in silico tools like SPH and 1D HME, it would
then be possible to perform process setup and scale-up
purely in silico, before any actual extrusion experiments were
yet performed. This would further significantly reduce the cost
and risk of pharmaceutical product development via the HME
continuous manufacturing route, and greatly reduce the time
to market of such pharmaceutical products.
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Abstract
High temperature combustion processes produce NOx
emissions (mainly NO and NO2), which cause various health
and environmental effects. Emission of NOx results in the
formation of acid rain, ozone depletion and reacts with
chemicals in the air to form particulate matter thereby
resulting in air pollution [1]. To predict the formation of NOx
in turbulent combustion, several models such as fluid
dynamics, heat transfer and chemical kinetics need to be
modelled. In recent years various research work have been
done to reduce the NOx emissions. CFD has been proved
to be an important tool in predicting the NOx emissions. But
using CFD with a detailed chemistry model for modelling
combustion in industrial burners requires a lot of
computational effort and hence, the present study
concentrates on further reduction in the computational time
of the existing NOx postprocessor [2]. In this study, two
optimisation approaches were investigated to further
increase the performance. The existing postprocessor uses
a constant temperature field, so that an optimisation
approach was implemented to modify the reaction rate
constant calculation method in OpenFOAM. Another
optimisation approach was investigated by predicting the
initial values for the postprocessor with Zeldovich
mechanism [3]. Both optimisation approaches were
analysed with the benchmark test case of Sandia Flame D
[4]. The approaches are currently being investigated and the
achieved results indicate that, even though a minimum
increase in performance was achieved, further optimisation
needs to be done for increasing the performance of the
postprocessor.
Introduction
CFD is a valuable tool to determine NOx emissions more
precisely which requires immense computational effort. The
decrease in computational effort causes less accurate
prediction of emissions. For determining realistic NOx
emissions from combustion processes in a rapid approach,
a postprocessor was developed by W. R. Pollhammer [2].
As a preliminary step, a flamelet model was used to describe
the flame and then the data from this flamelet model was
transformed to the postprocessor to estimate the NO mass
fraction.
The existing NOx postprocessor revolves around the idea
that a detailed chemistry approach could be used only at the
final stage of simulation and a computationally cheap
approach could be used to model the flame. The discrete
ordinate radiation model was implemented along with the
flamelet model in OpenFOAM [5] [6] and was used to
describe the flame temperature, pressure, flow field,
turbulence and radiation.
Subsequently the data from the flamelet model was
transferred to the postprocessor in which only the species
transport equations are solved, with chemical reaction rate
as the source term, to estimate the NOx using PaSR
(Partially Stirred Reactor) combustion model. The chemical

kinetics were solved using the GRI 3.0 mechanism. The
chemical reaction rate calculation was further optimized, so
that the chemistry is solved only when the species
concentration in a cell changes more than 5% and for other
cells, where the change is less than 5%, values from the
previous iterations are used. To avoid nonphysical values,
i.e. if a concentration of certain species falls below zero, then
the entire chemistry is computed again. As a final step, to
avoid divergence, the entire chemistry is computed every
200 Iterations.
This paper presents further optimisation strategies to
reduce the calculation time of the existing postprocessor and
evaluates the performance and accuracy of the proposed
approaches. The first approach modifies the reaction rate
constant calculation method in OpenFOAM, and the second
approach starts the postprocessor by generating initial
values using the Zeldovich mechanism.
Performance optimisation approach
The current implementation of the reaction rate constants
calculation in OpenFOAM is based on the concept that the
temperature field is changing every iteration in the chemistry
calculation.
Based on the implemented chemistry model in
OpenFOAM, the reaction progress rate Ωi , as in equation
(1), is calculated for every iteration, for every cell, for every
chemical time step and for every reaction.

Ω =𝑘

[𝑀 ]

− 𝑘

[𝑀 ]

(1)

where, [Mk] is the concentration of the species k and 𝜈 is
the stoichiometric coefficient of the species k. The forward
rate constant kf is calculated based on the Arrhenius
equation as in Eq. (2), which is mainly dependent on the
temperature field. Whereas the reverse rate constant kr is
calculated from the forward rate constant kf and the
equilibrium constant kp.

𝑘 = 𝐴 𝑇 exp

−𝑇
𝑇

𝑘 = 𝑒𝑥𝑝

𝜈

𝑘 =
𝑆
𝐻
−
𝑅 𝑅𝑇

𝑘
𝑘

𝑝
𝑅𝑇

∑

(2)

where, A is the pre-exponential constant, T is the
temperature and β is the temperature exponent and Ta is the
ratio of the activation energy Ea and the gas constant R. Hk
and Sk are the molar enthalpy and entropy of the species k.
The above shows an example calculation of reaction
progress rate in reversible Arrhenius reaction. A similar
procedure is followed for irreversible Arrhenius reaction,
third-body reaction, and other reactions as in the standard
OpenFOAM code.
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For a single calculation of kf, approximately 30 floating
point operations per second, would be used. This calculation
is repeated N number of times (number of iterations times
number of reactions times number of cells times number of
chemical time steps) which is unnecessary in case of the
existing postprocessor, where the temperature field remains
constant. Hence calculating the rate constants only once
would tremendously reduce the simulation time.
Accordingly, the chemistry model in OpenFOAM was
adapted to reduce the calculation time as the first
optimisation approach. The rate constants are different for
every reaction and every cell but remain constant throughout
the simulation. Therefore, volScalarFields are created for kf
and kr for every reaction and the rate constants are
calculated and stored in the first iteration, thereby instead of
calculating the rate constant N number of times, they are
calculated only once for each cell and each reaction. In
further iterations, the rate constants are looked up from the
stored data.
To analyse the computational effort of this approach
initially the forward reaction rate calculation was modified
(hereafter called ‘code 1’), and the efficiency of the code was
compared with the existing postprocessor and then both
forward and reverse reaction rate constant calculations were
modified (hereafter called ‘code 2’) and compared.
As a second optimisation approach, initializing the NO
concentration with more proximate and realistic values to the
experimental data was analysed. According to W.R.
Pollhammer [7], the flamelet model overpredicts the NOx
mass fraction ([8] and [9]) and hence transferring the species
concentration data from the flamelet model to the
postprocessor results in increased simulation time. Instead,
starting the postprocessor by initializing some of the species,
which take part in the formation of NOx with zero
concentration results in reduced simulation time.
To initialize the postprocessor with more proximate
values, the NO mass fraction was predicted by computing
the source term, the rate of NO formation, from Zeldovich
mechanism and then solving the species transport equation.
The Zeldovich mechanism is formulated by the elementary
reactions with rate coefficients k1, k2 and k3 as follows.

𝑂+ 𝑁

⎯⎯⎯ 𝑁𝑂 + 𝑁

𝑁+ 𝑂

⎯⎯⎯

𝑁𝑂 + 𝑂

𝑁 + 𝑂𝐻 ⎯⎯⎯

𝑁𝑂 + 𝐻

concentration of O2 and N2 were used from the flamelet
model.

[𝑂] =

𝑘

( ) [𝑂

(𝑅𝑇)

]

.

(5)

.

where kp(o) is the equilibrium rate constant of the oxygen
atom.

𝑑[𝑁𝑂]
= 6.10
𝑑𝑡

(𝑇

.

) 𝑒𝑥𝑝

−69090
[𝑂 ]
𝑇

.

[𝑁 ] (6)

The NO concentration was predicted by both methods,
one by using Eqs. (3) and (4) (hereafter called ‘code 3’) and
another by using Eq. (6) (hereafter called ‘code 4’). After
predicting the NO concentration by both methods, the data
was transferred to the postprocessor and the simulation was
carried out to evaluate the performance.
Performance Evaluation
To evaluate the performance of the optimisation
approaches, numerical simulations were performed, and the
results were compared with the existing postprocessor on
AMD Ryzen 7 3800x, 8 core processor. As a benchmark
test, numerical simulations were performed and compared
with experimental data [4]. The optimised postprocessor was
evaluated with a mesh size of 204,800 cells on a 2Daxisymmetric mesh and chemical kinetics were solved using
the GRI 3.0 mechanism with 325 reactions and 53 species.
After calculating the flame properties using the flamelet
model, the data was transferred to the optimised
postprocessor and simulated.
For code 1, the postprocessor completes 0.3 s of real time
simulation in 32,459 s of computation time and the existing
postprocessor takes 49,983 s as could be seen in Fig.1.
Whereas in case of code 2, it takes 43,969 s of computation
time. This certainly proves that the optimized approach
reduces the calculation time. The discrepancies between
both codes is because of the memory consumption during
the simulation. Creating a volScalarField for every reaction
result in additional 325 data fields for the used GRI 3.0
mechanism. When both kf and kr calculation methods were
modified, it results in additional 650 data fields. Hence code
2 consumes more memory and thereby slows down the
simulation.

The rate of NO formation [10] from the above reactions is

𝑑[𝑁𝑂]
= 2𝑘 [𝑂][𝑁 ]
𝑑𝑡

(3)

The N2 concentration is obtained from the flamelet model
whereas the concentration of oxygen atoms is determined
by the partial equilibrium approach as in Eq. (4) of hydrogen
combustion mechanism [10], by using the concentration of
O2, H2 and H2O from the flamelet model and the appropriate
rate coefficients.

[𝑂] =

𝑘
𝑘

𝑘
𝑘

[𝑂 ] [𝐻 ]
[𝐻 𝑂]

(4)

Eq. (3) was further extended by using the equilibrium
oxygen atom concentration as in Eq. (5) to predict the NO
formation rate as in Eq. (6) [11]. The temperature,

Fig. 1 Comparison of performance between the existing
and optimization approaches (code 1 and 2)
By doing further studies with increased mesh size, which
increases the size of the data fields, thereby consuming
more memory and results in slower calculation time. Also,
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creating a volScalarField in OpenFOAM results in additional
fields for storing the values of previous iteration, which is
unnecessary for the proposed optimised approach. The
reaction constants do not change throughout the entire
simulation and they are only dependent on the temperature
field on each cell, which is also constant throughout the
simulation. Hence reducing the memory consumption and
optimizing the code further will reduce the simulation time.
To verify that the code did not influence the results, a
comparison with experimental data was done and the code
produces exact results as the existing post processor, which
could be seen in Fig.2. Since, only the calculation method
was modified, there is no change in the results between the
existing postprocessor and the optimisation approach.

Fig. 4 Initialized NO mass fraction values using code 3

Fig. 5 Initialized NO mass fraction values using code 4
This optimisation approach using Zeldovich mechanism
modifies the results and requires longer time for
convergence. The convergence of the postprocessor was
evaluated by calculating the integrated reaction rate of NO.
The existing postprocessor requires around 0.004 s for
convergence while the postprocessor started with NO mass
fraction values obtained from code 3 and code 4, requires
more time for convergence as could be seen in the following
figure.

Fig. 2 Comparison of accuracy between the existing and
optimisation approaches (code 1 and 2) along the centreline
with experimental data

Fig. 3 NO mass fraction computed from existing post
processor.
The computations show that the optimisation approach
using Zeldovich mechanism modifies the results, since the
NO mass fraction values are initialized. In the existing
postprocessor, the NO concentration is initialized with zero,
whereas in the optimization approach the NO concentration
is initialized as shown in Fig. 4 and Fig. 5. When using the
equilibrium concentration of the oxygen atoms with code 4,
the NO mass fraction is overpredicted throughout the flame
and when using the partial equilibrium approach with code
3, even though NO mass fraction is slightly higher, the
predictions are closer to the experimental values than the
code 4. The equilibrium approach always underestimates
the concentration of oxygen atoms and the better
approximation for estimating the concentration of oxygen
atoms is the partial equilibrium approach [12]. Due to the
data transfer from the flamelet model, which overpredicts the
NO concentration, Zeldovich mechanism also overestimates
the NO concentration. Initializing the postprocessor with NO
mass fraction values from code 3 and code 4, reduces the
accuracy of the results.

Fig. 6 Comparison of Integrated Reaction Rates between
existing post processor and the optimised approaches.
Also, starting the postprocessor with initial values
produces a hump shaped prediction of the NO mass fraction
as shown in Fig.7 which is due to the initialization of the
values in the same pattern as in Fig. 4 and 5. Even though
both code 3 and 4 are initialized with different values, solving
the steady state transport equation with the converged data
produce almost similar results. To achieve the exact results
as the existing postprocessor, the simulation needs to be
continued for a longer time. Fig.7 shows the results obtained
at 0.01 s from the optimized code 3 and 4. The simulation
was stopped at this point, since the existing postprocessor
was able to produce better results at 0.004 s.
As the
accuracy of the results is not as expected, predicting more
precise initial values will optimize the performance of the
postprocessor.
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Fig. 7 Comparison of experimental data with the optimisation
approaches along the centreline at 0.01 s – code 3 and code
4.
Conclusion
Performance optimisation approaches were implemented
on the existing NOx postprocessor and were investigated
with the benchmark case of Sandia Flame D. The reaction
rate calculation method reduces the computation time as
expected for some cases. Increasing the mesh size, number
of reactions or modifying both forward and reverse rate
constant calculation method results in increased memory
consumption which slows down the simulation and hence
the developed code needs to be further optimised.
Predicting the initial values with Zeldovich mechanism
requires more time for convergence and influences the
results of the postprocessor. Therefore, more precise
prediction of the initial values would increase the efficiency
of the postprocessor.
Outlook
The investigations from the proposed optimisation
approaches provide inputs for further optimisation. The next
step is to develop a more efficient code for the reaction rate
calculation method and as a third optimisation strategy,
dynamic mesh refinement would be used. After the flamelet
calculation, the mesh could be coarsened in far regions from
the flame and only the necessary regions near the flame
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Acknowledgements
The authors gratefully acknowledge the funding support of
K1-MET GmbH, metallurgical competence center. The
research program of the competence center K1-MET is
supported by COMET (Competence Center for Excellent
Technologies), the Austrian program for competence
centers. COMET is funded by the Federal Ministry for
Transport, Innovation and Technology, the Federal Ministry
for Science, Research and Economy, the province of Upper
Austria, Tyrol, and Styria and the Styrian Business
Promotion Agency.

[4]

R. Barlow and J. Frank, Piloted ch4/air flames c, d, e,
and f–release 2.1 15-jun-2007, 2007. Available:
http://www.sandia.gov/TNF/DataArch/FlameD/SandiaP
ilotDoc21.pdf [Accessed Sep 1, 2020]

[5]

A. Cuoci, A. Frassoldati, T. Faravelli, and E. Ranzi,
“Formation of soot and nitrogen oxides in unsteady
counterflow
diffusion
flames,” Combustion
and
Flame, vol. 156, no. 10, pp. 2010–2022, 2009. doi:
10.1016/j.combustflame.2009.06.023

[6]

A. Cuoci, A. Frassoldati, T. Faravelli, and E. Ranzi,
“Kinetic modeling of soot formation in turbulent non
premixed
flames,” Environmental
Engineering
Science, vol. 25, no. 10, pp. 1407–1422, 2008. doi:
10.1089/ees.2007.0193

[7] W. R. Pollhammer, “A cfd-dem model for nitrogen oxide
prediction in shaft furnaces using openfoam,” PhD
thesis, Montan Universität Leoben, Feb. 2019.
[8] L. Cutrone, P. de Palma, G. Pascazio, and M.
Napolitano, “A rans flamelet-progress-variable method
for computing reacting flows of real-gas mixtures.”
Computers and Fluids, 39(3):485-498, 2010. doi:
10.1016/j.compfluid.2009.10.001
[9] M. Ihme and H. Pitsch. Modeling of radiation and nitric
oxide formation in turbulent nonpremixed flames using
a flamelet/progress variable formulation. Physics of
Fluids, 20(5):055110, 2008. doi: 10.1063/1.2911047
[10] J. Warnatz, “Concentration, pressure, and temperature
dependence of the flame velocity in hydrogen oxygen
nitrogen mixtures,” Combustion Science and
Technology, vol. 26, no. 5-6, pp. 203–213, 1981. doi:
10.1080/00102208108946961
[11] J. B. Heywood, “Internal combustion engine fundamentals,”
McGraw-Hill,
Inc.,
1988.
Available:
https://www.accessengineeringlibrary.com/content/boo
k/9781260116106 [Accessed: Sep 1, 2020]
[12] J. Warnatz, U. Maas and R. W. Dibble, Combustion.
Springer, 1996, vol. 2 doi: 10.1007/978-3-540-45363-5

References
[1] C. E. Baukal Jr, Oxygen enhanced combustion. CRC
press, 2013. doi: 10.1201/b13974
[2] W. R. Pollhammer, C. Spijker, H. Raupenstrauch, and
M. Koller, “Numerical modelling of industrial burners for
reduction of no x emissions using flamelet methods in
DiV2-(04) page 4/4

This article is part of the
Proceedings of the 16th Minisymposium Verfahrenstechnik and 7th Partikelforum
(TU Wien, Sept. 21/22, 2020)

Title:
Empirical modeling of compositions in chemical engineering
Corresponding author:
Karim Khodier (MU Leoben), karim.khodier@unileoben.ac.at
Date of submission:
04.08.20
Date of revision:
12.09.20
Date of acceptance:
14.09.20
Chapter ID:
DiV4-(01)
Length:
4 pages
License:
This work and all the related articles are licensed under a CC BY 4.0 license:
Download available from (online, open-access):
http://www.chemical-engineering.at/minisymposium
ISBN (full book):
978-3-903337-01-5

All accepted contributions have been peer-reviewed by the Scientific Board of the 16.
Minisymposium Verfahrenstechnik (2020): Bahram Haddadi, Christian Jordan, Christoph Slouka,
Eva-Maria Wartha, Florian Benedikt, Markus Bösenhofer, Roland Martzy, Walter Wukovits

16th Minisymposium Verfahrenstechnik & 7th Partikelforum, TU Wien, Sept. 21/22, 2020

Empirical modeling of compositions in chemical engineering
Karim Khodier1, Markus Lehner1, Renato Sarc1
1: Dept. of Environmental and Energy Process Engineering, Montanuniversitaet Leoben, Austria
Corresponding author: renato.sarc@unileoben.ac.at
Keywords: compositional data, simplex, amalgamation, log-ratio, Aitchison-distance
Abstract
Many of the data used in chemical engineering are compositional. When mass balance based theoretical models
cannot be used, and empirical statistical modeling is applied,
the compositional, dependent, multivariate nature of the data
must be considered. Log-ratios are a powerful approach for
transforming compositional data to an unconstrained vector
space of linearly independent coordinates, allowing the
application of standard statistical methods. Three of them, the
additive, centered, and isometric log-ratios, as well as
amalgamations, are introduced in this work, to the chemical
engineering community, discussing their potentials,
advantages, and possible pitfalls when using them.

Introduction
Compositions are omnipresent in chemical engineering:
some examples are chemical compositions of liquids like
petroleum, gases like air, compositions of solid wastes in
terms of sorting fractions (e.g. metals, plastics), or mixtures
of sources of electrical energy. Less obvious, also particle
size distributions (minerals, waste, spray droplets) can be
described as compositions when assigning particles to discrete particle size fractions – as done for example in sieve
analyses.
The shares of the compositions’ parts may appear like ordinary real numbers, but in fact, they are not. As described by
Pawlowsky-Glahn et al. [1] for example, J-dimensional
compositions (compositions with 𝐽 parts) belong to a (𝐽 − 1)dimensional cartesian subspace of the 𝐽-dimensional real
space, called the 𝐽-dimensional simplex. Within the simplex,
all numbers (the shares of the parts) must be positive, and
they sum up to a constant number – for example 1 or 100%
(the three-dimensional simplex, well known as the ternarydiagram is illustrated in Figure 1). While this may seem trivial
at a first glance – no engineer would report a share of -10%
for the content of metals in a waste composition for example
– it is important to consider when the resulting numbers are
not that obvious.

Figure 1: 3-dimensional simplex: the ternary diagram and its
position in the 3-dimensional real space

For example, when sampling a highly variable material, like
mixed solid waste, standard calculations may indicate a
plastics content of 5% with a standard deviation of 4%.
Achieving such results is feasible, considering the possible
appearance of much higher shares than 5% in some samples. But looking at the normal distribution, which is usually
an inherent assumption when reporting arithmetic means and
standard deviations, the 95% confidence interval of the share
of plastic would range from -2.8 to 12.8%.
Another implication of compositional data is that the compositional parts cannot be regarded independently. A
J-dimensional composition has only (𝐽 − 1) degrees of freedom. As soon as the share of one compositional part
changes, the share of at least one other part has to change
as well. While multivariate models are extensively used in
statistical modeling, the multivariate character usually refers
to the covariates, i.e. the explanatory variables of a model.
When statistically predicting a resulting composition – for
example, a particle size distribution after comminution –
models and analysis tools must consider the multivariate
nature of the dependent variables (responses). And while
methods exist for doing this, they are quite specialized kinds
of mathematics that are usually not taught in chemical engineering degrees.
Khodier et al. [2] report the empirical observation, that the
constraints of the simplex are automatically fulfilled when
applying the same regression equation to all compositional
parts in least-squares approximations of valid compositions.
While this is the case for the expected values produced by
the models, it does not consider the resulting confidence
regions. As long as these are calculated based on the (multivariate) normal distribution, the probability distributions of
the parts always include all real numbers. So, at the very
least, the (multivariate) normality of the residuals must be
examined. In many cases, normality will be observed, and the
confidence regions of interest (e.g. 95%) will fall within the
simplex and therefore possibly deliver sufficient approximations. But sometimes this will not be the case.
Pawlowsky-Glahn et al. [1] furthermore give examples, of
why handling compositions as relative data is crucial. The
problem referred to is called sub-compositional incoherence,
and describes changes in the correlations of parts, when
working with sub-compositions, i.e. eliminating one or more
parts, and describing the others as parts of the remaining
whole. In their example, the affiliations of different types of
companies over time to Social Security in Spain are evaluated. Considering the full composition, a correlation of 0.17
was found between agricultural and service companies, while
the correlation for the two showed a value of 0.99 when only
considering a sub-composition which excludes construction
companies.
Another effect, that is highly relevant for chemistry, and that
is considered through a relative point of view, is the
importance of small proportions. So, when considering the
absolute values of compositional shares in the interpretation
of certain effects, the influence of or on substances which are
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only present in exceedingly small shares would be immediately neglected. Whereas a relative approach considers
the potential importance of changes of these parts. A wellknown example is the change of the share of H+-ions
compared to the share of water molecules.
Since the 1980s, the field of compositional data analysis
(CoDa) has evolved, starting with John Aitchison’s publication “The statistical analysis of compositional data” in 1982
[3]. Ever since, a whole community, researching on this very
specialized field of mathematics has grown, contributing
specialized methods for dealing with compositions.
This work aims to introduce CoDa methods to the Austrian
chemical engineering community, by giving a short introduction and a rough overview of these, as well as to discuss
advantages but also limitations and possible pitfalls, when
using CoDa approaches.

Methods
The basic idea of compositional data analysis, as introduced by John Aitchison, is to take compositional data out of
the limited simplex into an unrestricted real vector space. This
is done by calculating the logarithms of ratios of compositional parts. Doing so results in new coordinate variables,
which may take any value from −∞ to +∞. It furthermore
results in sub-compositional coherence, since the ratios of
parts, stay the same, independent of whether the whole
composition or just a sub-composition is examined
(Greenacre [4]). There are different ways of doing so. In the
following, some of the most applied approaches will be
introduced.
The simplest log-ratio that results in (𝐽 − 1) linearly independent real coordinates is the additive log-ratio transformation (alr) according to Greenacre [4]. It is calculated,
choosing one compositional part as the denominator for all
alr’s while one of the other parts is chosen as the numerator
in the ratio for each of the alr coordinates. So if 𝐗 is a matrix
where each row contains a composition and each column 𝑗
contains one of the 𝐽 compositional parts, then the alr coordinates 𝑎𝑙𝑟(𝐗) are computed according to Equation (1),
where 𝐗 denotes the 𝑗th row of the matrix.
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Further log-ratios can be obtained, by amalgamating parts
(summing them up before transformation). So, for example in
a three-part composition 𝑥, with the parts 𝑥 , 𝑥 and 𝑥 , the
following two log-ratios could be defined: log(𝑥 /𝑥 ) and
log (𝑥 + 𝑥 )/𝑥 . There are controversial discussions on
amalgamations in the CoDa community. While some regard
them as completely unsuitable for building log-ratios (not to
confuse with amalgamating them prior to transformation to
summarize certain groups of parts), stating that they change
the dimensionality of the simplex and therefore the sample
space (e.g. Pawlowsky-Glahn et al. [1]), others regard this
procedure as beneficial in terms of interpretation (e.g.
Greenacre and Grunsky [5]).
Another commonly used kind of log-ratios are the isometric
log-ratios. While they are often used in CoDa analysis due to
beneficial theoretical properties (like preserving the so-called
Aitchison distance between compositions, which is discussed
in section “Discussion”), some of John Aitchison's co-authors
like Michael Greenacre and John Bacon-Shone criticize their
problematic and thus sometimes wrong done interpretation.
When working with ilr’s usually (𝐽 − 1) of the many possible
ilr’s are chosen, building an orthonormal basis of linearly
independent coordinates. To calculate ilr coordinates, the
compositional parts are grouped for each coordinate, following a sequential binary partitioning. This means, that for the
first coordinate, all parts are assigned two one of two groups
(+1 or -1). Every group that contains more than one part is
then again partitioned into two groups (+1 and -1) to form
another ilr coordinate, while parts that were not present in the
now partitioned group are not considered in the new
coordinate (and are therefore assigned to group 0). An example of the sequential binary partitioning of a 5 parts composition is shown in the so-called balance dendrogram in
Figure 2.

)

⎤
)⎥
⎥
)⎥
⎥
⎥
)⎦

(1)

When performing inference statistics for compositional responses, the total log-ratio-variance is often used. Its calculation involves determining the variances of all pairwise logratios and therefore 𝐽(𝐽 − 1) log-ratio variances. Another kind
of log-ratios, the so-called centered log-ratios (clr) are often
used, because of their beneficial computational properties,
which allow calculating the total variance from 𝐽 variances.
Unlike the alr’s in the clr transformation 𝐽 log-ratios are
calculated, resulting in a set of linearly dependent coordinates, while each subset of (𝐽 − 1) clr’s is linearly independent. The geometric mean of all compositional parts is
used as the denominator, while each part is the numerator for
one clr coordinate. The computation of clr’s is shown in
Equation (2) (Greenacre [4]).

Figure 2: Balance dendrogram of a 5-part composition
The 𝑘 th ilr coordinate is computed according to Equation (3), where the index 𝑗 stands for the 𝑗th compositional
part. 𝑎 is a scaling factor that is calculated according to
Equation (4), where 𝑟 is the number of parts in group +1 and
s is the number of parts in group -1.
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Discussion
Before discussing the differences and the choice of a logratio method, as well as important considerations and potential pitfalls of using log-ratios at all, a short discussion shall be
given, regarding the question of the necessity of using CoDa
methods – considering the existence of other modelling
methods that are classically used in chemical engineering.
In chemical engineering, modeling is usually performed
using theoretical models on, for example, fluid dynamics,
mass transfer, and reaction kinetics, considering mass and
energy balances. They are applied in comparably simple
models, e.g. the 1-dimensional ideal plug flow reactor model
that can be solved by hand, as well as in more sophisticated
calculations, like computational fluid dynamics. As these
methods are usually based on mass balances, they work with
absolute amounts of substances, and hence are not affected
by the compositional constraints.
So why could CoDa methods be relevant for chemical engineers? While theoretical models are advantageous, as they
provide an insight into chemical and physical processes, and
allow some extrapolation due to their theoretical nature, such
models are not always available, or sometimes not
applicable, due to metrological limitations, regarding model
values. In such cases, empirical regression models, based on
well-approximating regression functions with no necessary
connection to the theoretical nature of a process (or an
interconnection of processes, when modeling a whole plant
for example) can be beneficial for process optimization and
for minimizing experimental efforts.
In these cases it is important, to consider results, for example a product’s composition, as the interconnected, dependent compositional datasets that they are. And therefore,
in such situations CoDa methods may provide valuable tools
to improve the correctness and trustworthiness of drawn
conclusions.
Comparing the presented log-ratios, the ilr’s are the most
sophisticated, with beneficial theoretical properties from a
mathematical point of view. Nevertheless, the authors agree
with Greenacre’s [4] concerns regarding the interpretability of
ilr’s. Hence, their use must be well suited for a certain task. If
the aim allows using a black box for transformation, without
the necessity of interpreting correlations, then ilr’s may be
well suited. Such a case could for example be the description
of a probability density function of compositions for Monte
Carlo models, as discussed by Khodier and Sarc [6].
Clr’s are simpler to calculate but were never intended for
interpretation according to Greenacre [4]. This must be
remembered, when applying them. They provide an efficient
way to determine the total log-ratio variance. This can be
interesting for example when performing an analysis of
variance (ANOVA) to determine the significance of different
process factors on a resulting compositional response. But
after evaluating the significance and concluding a potential

describing model for factor influences, another log-ratio
should be used for more detailed interpretations.
Alr’s, in contrast, do not perfectly reflect the variance
structure of the total set of pairwise log-ratios, as the clr’s do
(Greenacre [4]), but are advantageous in terms of interpretation: it is hard to understand the meaning of a change of
the log-ratio of one part in contrast to a geometric mean of
some or all (other) parts. But pairwise log-ratios, as the alr’s
are, can easily be understood. If the value of an alr increases,
then the share of the part in the numerator increases in
relation to the one part in the denominator.
Amalgamations also lead to equally understandable logratios. And in some cases, such amalgamations may also
make sense from a domain point of view. Remembering the
example of discreetly described particle size distributions
from sieve analyses, log-ratios could be defined by contrasting the theoretical sieve overflow to the corresponding
undersize fraction for every sieve. Considering the evaluations of Greenacre [4], where the distortion of the variance
structure due to different log-ratio approaches was examined,
the authors conclude that the benefits of alr’s and log-ratios
involving amalgamations outweigh the mathematical
theoretical disadvantages. This is especially true when relating the errors introduced by the chosen log-ratios to the order
of magnitude of experimental uncertainties, chemical
engineers are often confronted with.
Two pitfalls shall finally be discussed: the issue of zerovalues and the interpretation of distances in the log-ratio
space. Zeros-values for individual compositional parts of
individual observations belong to the ongoing challenges of
CoDa: as soon as one of the compositional parts gets zero,
at least one log-ratio coordinate is not defined anymore.
There are different methods for replacing such zeros in
literature, that are chosen based on assumptions regarding
the origins of the zeros (e.g. real zeros, values below a
detection limit), that shall not be discussed in detail in this
work. But it is important to note, that the choice of the substituting values may have a huge influence on models and
conclusions, due to the relative understanding of distances in
the log-ratio space.
The meaning of distances in the log-ratio space is important to be kept in mind. Ilr coordinates are for example said
to preserve the distance between the compositions. But this
distance is not the Euclidian or geometric distance, but rather
the Aitchison distance. The Euclidian distance (𝑑 ) between
two compositions 𝑥 and 𝑦 is shown in Equation (5). Applying
the same calculation on according ilr coordinates to get the
Euclidian distance in the ilr space (𝑑 , , Equation (6)), the
resulting distance in terms of the non-transformed
compositions is the Aitchison distance 𝑑 , which is shown in
Equation (7).
𝑑 =

𝑑

,

𝑑 =

∑

=

(5)

(𝑥 − 𝑦 )

∑

∑

ilr (𝑥) − ilr (𝑦)

∑

ln

− ln

(6)

(7)

As Equation (6) and (7) show, the Euclidian (absolute)
distance in the log-ratio space corresponds to the relative
distance in the simplex, meaning that such points are equidistant that have the same ratios between their parts.
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Summary and conclusion
In this work, the specific characteristics and constraints of
compositional data were shown. The necessity of applying
specialized maths for modeling was discussed, concluding
that this is not the case for mass balance-based theoretical
models, but may well be necessary for empirical statistical
modeling, particularly of compositional responses.
Different log-ratio transformations were discussed, as tools
to transform compositional data to unconstrained real data,
enabling the use of standard statistics. The differences,
advantages, and disadvantages of the alr, clr and ilr transformation as well as of the use of amalgamations were discussed, concluding that interpretability will be most important
for many chemical engineering purposes, hence alr’s and
amalgamation-based log-ratios will be the most suitable for
many cases.
Log-ratios are powerful tools for handling compositional
data across different disciplines, including chemical engineering. But their use can be challenging in certain circumstances, in particular when zeros are present, and the impact
of applying them on distances must be considered in
consequent interpretations, to avoid misleading conclusions.
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Abstract
Adhesion depends on the area in molecular contact (AMC).
Though, is extremely difficult to measure AMC, mostly
because areas that appear to be in full contact, show no
AMC, when observed at higher magnification.
Here, we show how AMC can be measured using Förster
resonance energy transfer (FRET) spectroscopy, a technique
capable of measuring the nanometric distance between
interactive surfaces. FRET uses the non-radiative energy
transferred between fluorescence molecules (donor and
acceptor) to study their exact molecular distance. If the
molecules are close enough to each other (molecular
contact), a FRET signal can be detected. Through a FRET
signal, it is possible to calculate the energy transfer efficiency
which indicates the degree of molecular contact between the
surfaces.
For the experiments, poly(2-Hydroxyethyl methacrylate)
thin films labelled with the fluorescence molecules, 7(diethylamino)coumarin-3-carbohydrazide
(donor)
and
fluorescein-5-thiosemicarbazide (acceptor), were produced

at the same dye(s) molar concentration and bonded using
different pressure loads.
Our results reveal that AMC increases with the pressure
applied in the bonded thin films, resulting in higher FRET
signal and adhesion force. Hence, in this work, we implement
an experimental measuring method for AMC and validate the
relationship between AMC (measured with FRET
spectroscopy) and adhesion (force energy) within polymeric
thin films.
Introduction
Adhesion is caused by intermolecular forces (e.g. hydrogen
bonds, Van der Waals and Coulomb forces)[1], [2]; that result
from the degree of molecular contact, and thereafter, become
stronger with the proximity of the surfaces [3], [4]. However,
any surface studied at the atomic length scale contains
roughness. Thus, when two surfaces are put into intimate
contact, the observed AMC is smaller than their total
superficial area[5] (Fig.1); due to the open gaps, formed due
to surface roughness, molecular contact is changed, and this
affects the adhesion force[6].

Fig. 1 - Two surfaces in physical contact observed at the nanometric scale. AMC decreases with magnification. In AMC zone a
FRET signal can be observed between Donor and Acceptor thin films. One can also see that FRET does not occur in the areas
with no molecular contact.
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Fig. 2 - DCCH and FTSC thin films and their fluorescence properties as a FRET pair. (a) donor and acceptor individual thin films;
(b) excitation and emission florescence spectra; (c) molar attenuation coefficient spectra; (d) donor-acceptor mixture thin film and
(e) pure donor, pure acceptor and donor-acceptor mixture fluorescence spectra.
Here, we propose to measure AMC using Förster
resonance energy transfer (FRET) spectroscopy, a technique
capable of measuring the nanometric distance (0-20 nm)
between surfaces in close contact[7], [8]. For that, each
surface is labeled with a fluorescence dye, Donor or Acceptor
(Fig. 2a). And through it, FRET uses the non-radiative energy
transferred between donor and acceptor molecules to study
their exact molecular distance. The distance range of FRET
depends on the Förster Radius (R0) of the dye system used
in each study. If the molecules are close enough to each other
(molecular contact), below the critical distance of 2R0, a
FRET signal can be detected (Fig. 1). FRET microscopy and
spectroscopy have been already used to estimate the
bonding area between fibers/thin films[7], [9]–[11] and
protein/cellular adhesion[12]–[14].
To apply FRET spectroscopy, Donor and Acceptor
molecules need to have different but, yet overlapping,
fluorescence spectra (Fig. 2b). Thus, the interaction amid
Donor and Acceptor molecules can be detected at the same
wavelength. A FRET signal is identified when in the presence
of each other and in relation to their pure spectra, donor
intensity drops and acceptor intensity rises (Fig. 2e). Through
a FRET signal, it is possible to calculate the energy transfer
efficiency (FRET efficiency)[8] which indicates the degree of
molecular contact between the surfaces.
In this work, we seek to implement an experimental
measuring method for AMC and validate the relationship
between AMC (measured with FRET spectroscopy) and
adhesion (force energy) in thin films.
Methods
For the FRET system, 7-(diethylamino)coumarin-3carbohydrazide (DCCH, donor) and fluorescein-5thiosemicarbazide (FTSC, acceptor) were selected as the
fluorescence pair[7], [9], [11], [15], [16]. DCCH and FTSC
were dissolved in tetrahydrofuran (3 mM). Donor-Acceptor

mixture solutions were prepared in a ratio of 1:1 (1.5 mM).
Briefly, 100 µL of dye(s) solution were added to 500 µL of 10
% (m/v) pHema solution in an ethanol/water mixture 95:5
(v/v) and 5 µL of triethylamine, to ensure alkaline conditions.
The polymeric solutions were doctor bladed over polyvinyl
chloride cling films using a bar film applicator (3M BYKGardner GmbH, Geretsried, Germany) and left at room
temperature for the evaporation of the solvents and
consolidation of the films.
The thickness of the thin films was determined with a
Bruker DekTak XT surface profiler. The scan length was set
to 1000 µm over the time duration of 3 s with the hills and
valleys scanning profile. The diamond stylus had a radius of
12.5 µm and the employed force was 3 mg. The measured
profile was then used to determine the thickness. All thin films
were produced by the doctor blading technique at the same
dye(s) molar concentration. Each layer thickness has been
determined by averaging 6 measurements on three different
thin films.
Pressed thin films were prepared by bonding pure donor
(D), pure acceptor (A) and pHema thin films without any dye
(H), as demonstrated in Fig. 3a-3c. The thin films were
pressed at 1.5, 50, 100 and 150 bar (hydraulic pressure
PU30, V. Jessernigg & Urban, Graz, Austria) for 10 minutes
at room temperature.
Spectra measurements of the individual and bonded thin
films were recorded in a Spectra Fluorophotometer RF5301PC (Shimadzu, Kyoto, Japan), at an excitation
wavelength of 440 nm. FRET signals were detected from the
individual/bonded thin films and analyzed by the Förster
Theory, that can be found in detail in the book of Prof. Van
der Meer (FRET – Förster Resonance Energy Transfer, From
Theory to Applications), based in the original Förster papers.
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Fig. 3 - Bonded thin films FRET and separation energy experiments. (a) Donor/pHema, (b) pHema/Acceptor and (c)
Donor/Acceptor bonded thin films; (d) tensile tests, separation energy of the Donor/Acceptor thin films; Fluorescence spectra of
D/H, H/A and D/A thin films pressed with (e) 1.5, (f) 50, (g) 100 and (h) 150 bar; (i) tensile force curves from the bonded
Donor/Acceptor thin films (presented results refer to mean average ± 95 % confidence interval, n=10); (j) FRET efficiency and
separation energy per area of the D/A bonded thin films (presented results refer to mean average ± 95 % confidence interval, n=3
for FRET efficiency and n=10 for the separation energy per area).
At the dye concentration used in the experiments, the
DCCH/FTSC system presents a FRET distance range (2R0)
of 0-10.2 nm (R0 = 5.1 nm), that can be calculated via Eq. 1:
𝑅 =

(

)

(nm)

(1)

where NA is Avogadro’s constant (6.02 x 1020 mmol-1), k2
is the orientation factor, n is the refraction index, QDonor is the
donor quantum yield (calculated by the absolute method,
QDonor = 0.14 and QAcceptor = 0.12) and J is the overlap integral
calculated with Eq. 2:
𝐽 = ∫ 𝑓 (𝜆) 𝜖 (𝜆) 𝜆 𝑑𝜆

(2)

where fD is the area normalized fluorescence intensity of
the donor, εA is the attenuation coefficient of the acceptor
(mol-1.cm-1.104) and λ is the wavelength (cm-1).
FRET efficiency (%) was calculated by the Acceptor
Sensitization method (Eq. 3) ratio of acceptor luminescence
intensity in the presence (IAD) and in the absence (IA) of
donor, through the fluorescence spectra of the individual and
bonded thin films. With this method, is also necessary to
consider the direct excitation of the acceptor at the excitation
wavelength used for exciting the donor. So, to achieve
appropriate FRET efficiency results the direct luminescence
of IA from IAD are subtracted and multiplied by the ratio of the
molar attenuation coefficients of acceptor and donor (εA and
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εD) at the excitation wavelength used for the FRET
experiments.
𝐹𝑅𝐸𝑇𝑒𝑓𝑓(

)

=

−1

(%) (3)

The molar attenuation coefficients (mol-1.cm-1.104)
(Fig.2c) are related with the absorbance by Beer Lamberts
Law (Eq. 4):
𝐴=𝜀𝑐𝑙

(4)

where A is the absorbance defined as the negative decadic
logarithm of the measured transmittance, c is the
concentration of the dye in the polymeric matrix (mM) and l is
the length of the light path, in this case, the thickness of the
thin films (cm). Thus, pure donor and pure acceptor thin films
absorbance was measured with a Varian Cary, UV-vis
spectrophotometer (Agilent Technologies, California, USA).
To minimize the inner filter effect and deviations from BeerLamberts law the optical density of the transmission
measurements never exceeded 0.5 OD.
Z-direction tensile tests were performed in a Zwick Roell
Z010 (Georgia, USA) equipped with a lower and upper steel
bars, in which the upper steel bar moves up and down thanks
to a liner motor. Briefly, a double-sided adhesive tape is stuck
on the upper and the lower steel bars. After the sample is
placed on the lower steel bar, the linear motor moves the
upper steel bar down until it touches the sample. To
guarantee good junction between the sample and the steel
bars, a defined compression force of 1.5 bar is applied. Then
the sample is pulled apart in z-direction until it fails between
the two previous pressed thin films. The force F with respect
to the separation distance x is recorded. The two main values
for interpreting the tensile tests are the tensile force and the
bonding energy. The bonding energy is the integral of the
force along the separation distance x which is the area under
the strength curve.
Results and Discussion
The thickness (1.5 ± 0.1 µm) and low roughness (0.04 ±
0.01 µm) of the thin films show a uniform distribution of the
dye(s), which is of extreme importance in this work.
The fluorescence spectra (Fig. 2b) of the pure donor and
acceptor thin films (Fig. 2a) show the DCCH emission and
FTSC excitation spectra overlapping area, on which FRET
depends. Donor and acceptor molar attenuation coefficients
(ɛD and ɛA, respectively) spectra (Fig. 2c) were calculated
through the absorbance spectra of pure donor and pure
acceptor thin films and Beer Lambert’s Law (Eq. 4). ɛD and ɛA
spectra (Fig. 2c) show how well the dyes absorb the light and
the regions where both dyes can be analyzed at the same
wavelength. Since FTSC exhibits a high quantum yield, its
appropriated to select a wavelength where ɛA is lower in order
to avoid inner filter effects. Therefore, the fluorescence
spectra measurements were collected at 440 nm (ɛA/ɛD =
0.07) where the absorbance of FTCS is low and DCCH
absorbance is good.

To begin with, individual thin films of the pure donor, pure
acceptor (Fig. 2a) and a donor-acceptor (D-A) mixture (Fig.
2d) were used as a positive control. Here, the D-A thin film
was produced with a donor-acceptor mix solution, both dyes
remained together, in molecular contact, in the thin-film
polymeric matrix. Therefore, the D-A mixture thin-film
represents the maximum value of FRET efficiency that the
system can reach, at this dye concentration. Fig. 2e exhibits
their fluorescence spectra where a clear FRET signal can be
observed. Comparing the pure donor and acceptor with the
D-A mixture spectra, we can notice a drop in the donor
intensity and an increase of the acceptor signal. This
behavior is a typical FRET demonstration of donor providing
energy to the acceptor when in the presence of each other.
Whereas, pressed thin films were prepared by bonding
pure donor (D), pure acceptor (A) and polymeric thin films
with no dye (H), as demonstrated in Fig. 3a-c. To ensure
coherence between experiments, the arrangement of bonded
thin films was the same for all fluorescence spectra
measurements, with the pure donor in the back and acceptor
in the front positions (Fig. 3a-c). Fig. 3e-h depicts the
fluorescence spectra of all bonded thin films (D/H, H/A, and
D/A). The respective intensity peaks can be analyzed in
Table 1.
Analyzing all D/A thin films (Fig. 3e-h, red spectra) a
tendency can be observed: when the pressure applied in the
bonded thin films increases, the FRET signals, and their
corresponding FRET efficiencies (Table 1), also increase
accordingly.
In addition to the FRET experiments, the bonded thin films
were detached in z-direction tensile force assays (Fig. 3d) to
measure the adhesion force created between them in the
pressing process. The tests results show that tensile force
gradually increases with the pressure used in the bonded thin
films preparation (Fig. 3i and Table 1). Thus, after applying a
higher load, a larger force is necessary in order to separate
the bonded thin films. Thus, as the pressure increases the
bonding/adhesion forces among the thin films become
stronger.
Through the integral of the force-displacement curves (Fig.
3i), were calculated the bonded thin films separation energies
per unit area (Fig. 3j).
The overall results of this work can be analyzed in Fig. 3j.
Here, we can observe that when the pressure rises, the
bonded thin films FRET efficiency and separation energies
per unit area also increase proportionally. As mentioned, the
open gaps between the bonded thin films (Fig. 1) get smaller
and therefore, the distance among them is reduced, which
results in a higher AMC. In terms of FRET, this means that
donor and acceptor molecules became closer to each other
and FRET signal/efficiency increases, indicating that
molecular contact is taking place. Consequently, stronger
intermolecular forces between the films are formed that result
in a larger adhesion force. Combining these results, it is
possible to establish a relation between FRET efficiency and
adhesion force, both dependent on AMC.

Table 1 - Fluorescence spectra intensities, FRET efficiency, maximum tensile force and separation energy per unit area of the
individual/pressed thin films, prepared under different pressures. FRET efficiency determined by Acceptor Sensitization (ƐA/ƐD =
0.07, accordantly with the Molar attenuation coefficients of DCCH and FTSC at 440 nm, Fig. 1c). The presented results refer to
mean average ± 95 % confidence interval (n=3).
FRET efficiency Maximum Tensile Separation energy per
Sample
ID (a.u.)
IA (a.u.)
IAD (a.u.)
/%
Force (N)
unit area (mJ/cm2)
D-A Mixture
370.1
41.3
234.4
29.6
D/A 1.5 bar
77.7 ± 2.3
13.59 ± 1.8 32.94 ± 2.2
1.20 ± 0.4
18.69 ± 1.2
0.09 ± 0.02
D/A 50 bar
67.9 ± 4.0
10.75 ± 0.4 37.30 ± 6.5
3.57 ± 0.7
25.06 ± 1.1
0.17 ± 0.01
D/A 100 bar
96.2 ± 15.2
9.95 ± 0.8
53.36 ± 17.5
7.10 ± 1.1
32.57 ± 1.6
0.22 ± 0.01
D/A 150 bar
165.05 ± 6.5
14.67 ± 1.7 96.22 ± 3.2
9.70 ± 1.2
41.75 ± 2.3
0.30 ± 0.03
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Conclusion
FRET spectroscopy was used to evaluate the AMC
between polymeric thin films. AMC increases with the
pressure applied in the bonded thin films, resulting in higher
FRET efficiency and adhesion force. A relationship between
AMC and adhesion force was validated by the FRET acceptor
sensitization method.

[8]
[9]
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Energy Efficiency and Renewable Energy
kleinkraft helps transforming companies towards an
decarbonized or de-fossilized industry.The engineering
office founded in 2015 and help companies to profit from
the energy transition.
To reach this goal, kleinkraft offers technical consulting to
mainly industrial companies identifying viable energy
efficiency and renewable energy measures. As these
measures result in significant energy and CO2 emission
savings the implementations are supported through public
funding’s. Therefore, kleinkraft offers this whole process until
implementation to its customers ranging from energy audits
over photovoltaic plants to industrial heat pumps. Beside
these state-of-the-art measures, research projects for more
complex topics are initiated. kleinkraft actively promotes
scalable innovations for a climate-neutral future.
kleinkraft is developing processes in the area of CO2
conversion to chemicals together with the TU Wien (Vienna
University of Technology), the Austrian Institute of
Technology, and further industrial companies. Together we
are developing scalable processes for the use of CO2 as
a raw material.
CO2: from waste to resource
Carbon dioxide (CO2) is mainly responsible for global
climate change and its serious consequences. However, the
greenhouse gas CO2 does not only have disadvantages. As
a carbon supplier, CO2 can be used as a raw material for
the production of fuels or chemicals. By capturing and using
CO2, new markets can be opened up, with domestic raw
materials, can promote regional value supply chains.
Although the capture and use of CO2 alone will not be able
to prevent climate change, they are essential technologies
through which the use of fossil fuels can be avoided.
To reduce CO2 levels in the atmosphere, three
possibilities exist [1]:

Increasing energy efficiency

Changing to renewable energy carriers

Capturing CO2 with subsequent storage or reuse
There are many existing and emerging technologies in
which CO2 can be utilised. The application possibilities are
equally diverse. There is no commercial utilization pathway
which is universally applicable. Various factors have to be
considered, e.g. location, available CO2 sources, and
available technologies.

primary oil and gas demand is consumed by the chemical
industry. More than half of this is used directly as raw
material for production [2].
Carbon from Carbon Dioxide shall be utilized to produce
different hydrocarbon chains, resulting in net-negative
emission production process for chemicals with various
application potentials. The focus of our consortium is on the
production of chemicals which are already utilized in the
industry or have additional potential future applications
which help to foster the ongoing energy transition.
Nevertheless, realizing this basic idea comes with several
technical challenges including the thermodynamic stability of
CO2, the qualities and quantities of CO2, process conversion
efficiency, but also process and reactor design and
upscaling challenges. Last but not least, to bring this idea to
life, it is necessary to develop a sound business model to
guarantee a rapid uptake of the idea from the market.
Research progress
Currently
the
above-mentioned
research
and
development partners are successful producing two
chemicals in lab-scale and we are therefore currently
working on process optimisation and upscaling challenges
from a technical as well as from an economical point of view.
Thereby also the extension of the partner network with
interested industrial companies and multiplicators is ongoing
as well as the continuous development within public funded
research projects to continue our promising research and
development approach.
Specific projects in this context are funded through the
Vienna Business Agency and Austrian Research Promotion
Agency (FFG)
References:
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However, advantages from using CO2 as a resource are
very promising. CO2 from regional sources to produce high
quality products creates

independence from fossil fuels,

local added value,

is climate friendly and

is a scalable technology.
CO2-to-Chemicals
Currently, the entire chemical industry is based on the use
of fossil raw materials. Approximately 11% of the world's
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Abstract

Experimental setup

Industrial separation and reaction processes mostly require
more than one phase. Defined phase contact of solids (S),
liquids (L), and gases (G) forms the physical backbone
regarding process intensification and optimization. Novel
reactor and contactor design for liquid-liquid operations in the
Taylor-Couette Disc Contactor (TCDC) serve in optimizing
the contact of two phases as for example in bubble columns
or liquid-liquid extraction columns [1]. The Taylor-Couette
Disc Contactor combines the advantages of a Taylor-Couette
reactor (TCR) and a Rotating disc contactor (RDC). The
toroidal Taylor vortexes are stabilized with rotor discs. This
geometric design was optimized by CFD simulation and
resulted in TCDC design recommendations [2]. The main
differences between the RDC and the TCDC are that the
TCDC does not need stator rings. The increased rotor disc
and shaft diameter combined with optimal compartment
height is sufficient to decrease axial backmixing in a stable
flow regime without the presence of stator rings. The
prevention of hydraulic deadzones due to missing static
internals provides ideal conditions to process additional
phases like solids or gases. In this work, stable and
continuous operation up to four phases has been performed
in a TCDC column and proofs the suitability for defined, stable
multiphase contact in the TCDC.

Continuous G/L and G/L/S flow was implemented in a
TCDC column with a column diameter of 50 mm and 700 mm
active mixing height. Table 1 shows the geometric data for
the TCDC DN50 column. For investigations of
hydrodynamics, deionized water as continuous phase,
compressed air as gas phase and the solid catalyst
Amberlyst 15® was used as solid phase.

Introduction

The solid phase was continuously added to the continuous
liquid phase on top of the column. The solid phase sediments
towards the collector pin at the bottom of the column.
Peristaltic pumps were used for transporting the continuous
phase as well as the solids suspension. The gas phase (air)
was added at the bottom of the column. The effect of varying
rotational speed (0-1000 rpm) and hydraulic load of the
continuous water phase (10-18 m3 m-2h-1) on the volumetric
holdup of the dispersed gas and solid phase was recorded.
The gas flow was controlled by a Bronkhorst mass flow
controller (F-201CV) and was fed through a porous sinter
metal pin at the bottom of the column. The used sinter metal
pin is a common silencer for compressed air with a porosity
of 40%. The gas flowrate was varied from 0 to 6.9 ln/min
(liters per minute at standard conditions: 273.15 K and
1013.25 hectopascal). Two different perforation patterns
were tested. Figure 1 shows the two rotor disc designs. The
disc on the left side (HOLE #1) has a perforated area of
0,92% related to the whole rotor disc area, with five 1 mm
holes to ensure the gas phase to raise up continuously. The
second rotor disc design is shown in figure. 1 (SLOT #1) the
perforated area being increased from 0.92% to 17.32% using
slots instead of holes.

Gas phase feed into a TCDC column requires an
improvement of the original design concept [2]. Visual
observations of G/L flow showed that the gas phase tends to
form a stable gas layer around the shaft (hydrocycloning) and
accumulating below the rotor discs. This results in completely
blocked compartments by the gaseous phase. The gas phase
in a single compartment accumulates up to a critical gas
fraction, when exceeding maximum compartment load the
gas layer abruptly rises to the next compartment and inhibits
continuous stable G/L phase contact. To overcome this
problem and to ensure proper phase contact, the rotor discs
of the TCDC need to be perforated. For this reason, the effect
on the flow behavior of different perforation patterns in the
rotor discs of the TCDC was examined. This work is focused
on the G/L flow provided by different perforation patterns.
Literature shows a very limited selection of well investigated
and suited apparatus designs that can be used for G/L or
G/L/S phase contact like bubble columns, stirred vessels or
loop reactors [3]. Defined G/L phase contact in a TCDC
column is possible to be established by design measures and
appropriate operation. The TCDC rotor discs are perforated
to allow continuous gas rise along the column height.
Different perforation patterns result in a specific volumetric
holdup for the gas phase in the active mixing part of the
column. Two different perforation patterns were investigated.

Table 1:-Dimensions TCDC DN50 column
Abbreviation

Value

Unit

Column Diameter

DC

50

[mm]

Shaft Diameter

dSh

25

[mm]

Column height

H

700

[mm]

Compartment height

Hc

25

[mm]

Rotor disc diameter

DR

43

[mm]

Number of compartments

Nc

23

[-]
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height change of the solid phase in the collector pin at the
bottom of the column. The gas distributor design has a major
influence on the flow regime in standard G/L contactors like
stirred vessels [5]. The gas distributor design in a TCDC
column has minor effect on operation, since each
compartment acts like an individual mixer and the gas phase
is uniformly distributed along the column height. The flow
regime and gas distribution in a single compartment at a
specific operating point is representative for the whole
column height. Figure 3 gives an example of two different G/L
flow patterns in a single compartment of the TCDC for two
different operation conditions using the rotor disc design
HOLE #1, as shown in figure. 1a.

Figure 1: a.) Perforated rotor discs with five holes and
0.92% perforated area (HOLE #1); b.) Perforated rotor discs
with slots and 17.32% perforated area (SLOT #1).

Measurement Methods
The volumetric gas holdup was determined by measuring
the height of the water level at the top of the column with and
without aeration. The holdup of the gas phase is defined in
equation 1.
𝑉
𝑉 +𝑉

𝜑 =

Constant column
equation 2.
𝜑 =

𝐻 −𝐻
𝐻

In general, three different flow regimes are observed. The
rising bubbles can take their way up mainly at the outside of
the rotor disc, as happens at lower rotation speed, which is
called “outside pass”. A so called “mixed flow” (figure 3b) is
possible when the bubbles either pass the discs on the
outside or through the perforation. At high rotational speed
the centrifugal force dominates and the whole gas fraction is
pressed through the holes in the discs (“inside pass”) as
shown in figure 3a.

(1)
diameter

simplifies

equation

1

to

(2)

The heights (H0, H1) used for calculation of the proportional
gas holdup in equation 2 are shown in figure 2.

Figure 3: G/L flow regime for 0.92% perforated area (HOLE
#1) in two compartments a.): at 1000 rpm, 5.13 ln/min and
B=10 m3 m-2h-1 (“inside pass”) b.): at 600 rpm, 3.84 ln min-1
and B=10 m3 m-2h-1(“mixed flow”)

Exemplarily, the limiting rotational speed for the change of the
flow regimes is shown in table 2. The observed flow regimes
for the given gas and water flow rate change in dependency
of the rotational speed. Variation of the air or water flowrate
will change the region of the rotational speed for the specific
flow regime.

Table 2: Flow regimes for 3.84 lnmin-1 of air and
hydraulic load of BC=10 m3 m-2h-1

Figure 2: Aerated Taylor-Couette Disc Contactor with
definition of heights, used for volumetric gas holdup
determination.

The hydraulic load BC [m3 m-2h-1] is defined in equation 3 and
relates the volumetric flow rate of the continuous water phase
to the free cross-sectional area. The free cross-sectional area
in aTCDC is defined as column diameter minus shaft
diameter (DC-dSh).
𝐵=

𝑉̇
𝐴

Flow regime

rpm [1/min]

Outside pass

0-400

Mixed

400-600

Inside pass

700-1000

Visual categorization of the varying flow regimes was
performed by evaluation of slow motion videos using a FDRAX700 4K HDR camcorder. This slow motion videos clearly
indicate the changing flow regime with increasing rotational
speed.

(3)

The solids phase holdup in the active mixing area of the
column is also determined volumetrically by measuring the
DiV4-(04) page 2/4
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Results
Characterization of the gas phase holdup in the column
was performed by changing the rotational speed in steps of
100rpm in the range of 0rpm up to 1000rpm. These gas
holdup measurements were done for 17 different air flow
rates in the range of 0 to 6,8 ln/min, resulting in 170 data
points for fixed volumetric flowrate of the continuous phase.
This experiments were carried out for three different hydraulic
loads of the continuous phase (BC = 10, 14, 18 m3/m-2h-1) and
two different rotor disc designs (figure 1). Maximal gas holdup
of approximately 20% was achieved in the TCDC DN50
column. Figure 4 shows the effect of three different rotational
speeds and increasing air flow rate on the gas holdup for the
rotor disc design HOLE #1 with 0.92 % perforated disc area.

.
Figure 5: Doughnut shaped gas layer below the rotor discs
(0.92% perforated area) at a hydraulic load of
B=18.14 m3 m-2h-1, 500rpm and 0.38 ln/min
The comparison of the two different rotor disc designs (figure
1) for Bc=10 m³m-2h-1 and varying gas flow rate on the gas
holdup is illustrated in figure 6. The solid line with full dots
(1000 rpm HOLE #1) shows the same trend as the 1000 rpm
line in figure 4, with the difference that experiments in figure
6 were done at a lower hydraulic load of B=10 instead of
B=18,14. The HOLE #1 rotor disc design ensures a
significantly higher holdup at elevated gas flow rates
compared to the SLOT #1 design. This is caused by the small
holes limiting the amount of rising gas from one compartment
to the next. There is nearly no difference in the gas holdup
when comparing 500rpm to 1000 rpm using the SLOT #1
rotor disc design. Investigation of slow motion videos showed
that 17.32% perforation is sufficient to allow for an
unhindered rise of the gas phase.

Figure 4: Effect of varying rotational speed and gas flow rate
on the gas holdup for the rotor disc design HOLE #1 with
0.92% perforated area (figure 1a) at the hydraulic load of
BC=18.14 m3 m-2h-1

Increasing rotational speed at fixed gas and liquid flowrate
results in a decreasing gas holdup. The gas holdup
decreases due to increasing centrifugal forces that compress
the gas to the area of the shaft where it partly accumulates
and forms a continuous stratified layer. A rotational speed of
1000 rpm complies to a centrifugation number of Z=24. The
significant decrease of the gas holdup at 3.8 ln/min and
1000rpm was observed for 900rpm and 1000rpm,
independent of the hydraulic load. Analysis of slow motion
videos showed that at this point the rising gas phase is no
longer dispersed after passing the holes but flows through the
holes as a constant film. The peak at the 500rpm line in figure
4 is explained by the backpressure of the rising gas bubbles
caused by the continuous liquid phase flow in countercurrent
direction. At this operation point the gas phase forms a stable
doughnut-shaped layer below the rotor discs which
intermittently climb up from one compartment to the next, as
shown in figure 5. This effect decreases with decreasing
hydraulic load and was not observed when BC was below
18.14 m3/m-2h-1

Figure 6: Experimental data for the influence of rotor disc
design on the gas holdup for fixed hydraulic load of B=10 m3
m-2h-1 and increasing gas flowrate. HOLE #1 indicates the
0.92% perforated area (figure 1a) and the 17.32% perforated
disc ist abreviated with SLOT #1 (figure 1b).
The effect of the transition of the three flow regimes on the
gas holdup is shown in figure 7. Independent of the rotor disc
design, the “s”-shaped curve slope indicates the on-set
rotational speed of the three flow regimes. At the beginning
the gas passes the rotor discs on the outside. After
overcoming the mixed flow region the complete gas flow
passes the discs through the perforated area. A smaller
perforated area increases the limits of the mixed flow region.
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Perforation percentage of 0.92% (HOLE #1) ends up in a
higher holdup at lower rotational speed and lower gas holdup
at higher rotational speed for 17.32% (SLOT #1) perforated
area. This transition point is located at 600rpm for a constant
gas flowrate of 6.43 ln/min and decreases with decreasing
gas flowrate (500rpm for 2.11 ln/min).

is sufficient to allow nearly unhindered rise of the gas phase.
Change of the flow regimes from outer pass over mixed flow
to inner pass can be identified from the holdup data and was
confirmed by slow motion videos.
To sum up, the aerated Taylor-Couette Disc Contactor
shows defined and stable continuous gas-liquid phase
contact. Due to the simple rotor design, combined with
perforated rotor discs, this agitated column type can also be
used for multiphase contact, as shown for continuous gasliquid-solid flow. For both rotor disc designs the perforated
area was located directly next to the shaft diameter. The
effect of different locations on the hydraulics will be
investigated too. Optical investigation of the available G/L
contact area will be performed combined with measurement
of kLa data for characterization of G/L contact in the TCDC
column. Scale up experiments are in preparation.
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Hydraulic investigations of continuous gas-liquid flow (G/L)
in a Taylor-Couette Disc Contactor with 50mm column
diameter (TCDC DN50) and 700mm active mixing height
were performed. The influence of two different perforated
rotor disc designs on flow pattern and gas phase hold up was
investigated. The two rotor disc designs differ in the
percentage of perforated disc area (0.92% and 17.32%) and
the perforation pattern (five 1mm holes and three slots).
Water was used as continuous liquid phase and compressed
air as gas phase. The effect of varying rotational speed,
hydraulic load and gas flowrate on the gas holdup was
investigated for both rotor disc designs.

By increasing the rotational speed of the rotor discs, three
different flow regimes were observed, strongly affecting the
gas holdup in the active mixing height. Formation of different
flow regimes was observed for both rotor disc designs. With
increasing rotational speed, the gas holdup inside the active
mixing height decreases. This is explained by the increasing
centrifugal force that compresses the gas and forces it to
remain at the area of the shaft. There the gas phase forms an
accumulated layer around the shaft und thus the volumetric
gas holdup decreases. A perforated rotor disc area of 17.32%
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Abstract
This paper investigates a cyclonic separator called "Double
vortex finder cyclone" (DVFC), a bidirectional flow cyclone,
which is distinguished by two coaxially aligned clean gas
outlets (vortex finder), resulting therefore in a particularly low
pressure drop. Due to lacking experimental data regarding
the ideal dimensions and operating conditions, dedusting
experiments according to DIN ISO 5011:2014 were
conducted. The influence of the vortex finder diameter, of the
inlet inflow velocity and of a partially blocked clean gas outlet
on the separation efficiency, pressure drop and fractional
efficiency were investigated. The drag coefficient zeta was
determined for each vortex finder diameter.
The findings indicate an increasing separation efficiency,
pressure drop and fractional efficiency for a higher inlet inflow
velocity and a smaller vortex finder diameter. A partially
clogged clean gas outlet results in a pressure drop increase
but exerts no significant influence on the separation efficiency
nor the cut size diameter. Based upon the acquired data, the
DVFC has proven to be a promising separator, most notably
due to the low pressure drop, with the potential to be
considered in some applications as a successor of the
established reverse flow cyclone and uniflow cyclone models.
Introduction
Cyclonic separators are one of the most technical mature
and commonly used method for multiphase flow separation.
Well known are the reverse flow cyclone, typically used if high
separation efficiency at large volumetric flow rates is required,
and the uniflow cyclone, generally employed when space is
limited or a smaller pressure drop is required. Another
cyclone type, called twin flow cyclone or twin cyclone in the
literature, is distinguished by two coaxially aligned vortex
finders. In this work, the term bidirectional flow cyclone is
used, originating from the two flow directions towards each
vortex finder, inspirited by the designation of the existing
cyclone types (reverse flow and uniflow cyclone).
The present work investigates a bidirectional flow cyclone,
called Double vortex finder cyclone, hereinafter abbreviated
as DVFC, depicted in Figure 1. By using two vortex finders,
also called immersion tube, dip tube, exit tube or clean gas
outlet, the axial flow velocity in each vortex finder (vortex
finder velocity) is reduced to half what theoretically results in
a fourfold smaller pressure drop, whereby the biggest virtue
of the bidirectional flow cyclone is demonstrated. Even
though there is a considerable number of patents [1–4], the
literature dealing with bidirectional flow cyclones is scarce.
Hu [5] was able to achieve a 25% pressure drop reduction
with a bidirectional flow cyclone compared to an uniflow
cyclone with tangential inlet. Ahn et al. [6] compared two
uniflow cyclones, differing in their inlet, with a bidirectional
flow cyclone. The outcomes show the "tangential inlet twinflow cyclone" as an auspicious device for dust separation,
exhibiting the smallest cut size diameter and the second
smallest pressure drop. A study of Ha et al. [7] compares two
reverse flow cyclones, differing only in the design of the
outlet, with a bidirectional flow cyclone for the use in vacuum
cleaners. Their findings show a substantially higher
separation efficiency with the so called "twin cyclone" but also
a higher pressure drop. They pointed out that a large cyclone

body diameter, a small vortex finder diameter and a small inlet
cross section increase the separation efficiency.
The DVFC was also subject to a study of Holzer [8]. He
evidenced the positive effect of a smaller vortex finder
diameter and a bigger vortex finder length on the separation
performance. As demonstrated, the literature about
bidirectional flow cyclones in general and in particular the
DVFC is limited, and data regarding the relevant separation
mechanisms and particle movements inside the cyclone is
sparse. It is uncertain which geometric design parameters
and operating conditions yield the highest separation
performance. Concerning the implications of a clogged clean
gas outlet neither literature nor experimental data is available.
Experimental setup and methodology
The DVFC with the diameter 𝐷
= 144 𝑚𝑚, depicted in
Figure 1, consists of a cylindrical body which is limited on both
sides by sidewalls in the middle of which are two cylindrical
vortex finders (VF). These project into the separation
chamber (SC), are coaxially aligned and serve as clean gas
outlets. Their projection length into the SC (vortex finder
length) is for both: 𝐿 = 95 𝑚𝑚 . The crude gas inlet is
located in the middle of the cyclone body and is attached
tangentially to the surface of the cyclone body. The particle
outlets (PO) are designed as rectangular opening in the
cyclone wall under the vortex finders. The crude gas
volumetric flow rate is denoted by 𝑉˙ , the purified volumetric
flow rate by 𝑉˙ .

Fig. 1: Depiction of the DVFC and its geometric dimensions
Systematic dedusting tests are carried out on a purposebuilt test facility according to ISO 5011:2014. [9] For each of
the inlet inflow velocities (7 𝑚⁄𝑠, 10 𝑚⁄𝑠, 13 𝑚⁄𝑠, 16 𝑚⁄𝑠)
experiments with four different vortex finder diameters
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= 0.292, 0.375, 0.514, 0.583 are conducted and
the separation efficiency and pressure drop are measured.
The fractional efficiency is calculated by means of the results
of laser diffraction measurements (Mastersizer 2000E,
Malvern) of samples of the feed and the coarse material.
In addition, the impact of a flow obstruction in one vortex
finder on the separation efficiency, pressure drop and
fractional efficiency is investigated. Throttles which vary in
their degree of flow obstruction, which is expressed by the
blockage factor, denoted by β, are used. A larger blockage
factor implies a smaller throttle opening, i.e. an increased flow
obstruction, see Equation 1.
𝐷 ⁄𝐷

𝛽=𝐴

,

⁄𝐴

,

Eq. 1

The used dust is calcium carbonate (𝑑 = 16 𝜇𝑚). The
volumetric flow rate is measured by the differential pressure
sensor Endress+Hauser PMD 75, accuracy 0.05 % of
measuring range and the pressure drop by a JUMO dTRANS
p02 DELTA, accuracy 0.1 % of end value.
Influence of the vortex finder diameter and the inlet
inflow velocity
As evident in Figure 2, an increased pressure drop is
triggered by a higher inlet inflow velocity and/or a smaller
vortex finder diameter. Both result in higher velocities in the
separation chamber and the vortex finder. This leads to
increased dissipative losses, which ultimately constitute the
pressure drop.

Fig. 4: Separation efficiency versus the vortex finder velocity
Figure 4 shows the separation efficiency plotted versus the
vortex finder velocity. Based on the model formulated by
Muschelknautz [10, 11], the total separation mechanism in the
DVFC is assumed to consist of four contributions: the
separation at the cyclone wall in the strands (coarse particle
separation zone), the separation at the sidewall during the
two 90 degree deflections (ringwall separation), the
separation in the secondary flow (fine particle separation
zone) and the separation efficiency of the dust outlet. The
performance increase with higher inlet inflow velocity is
caused by a faster rotating vortex of the primary flow, higher
velocities at the ringwall and in the fine particle separation
zone. Accordingly, higher tangential velocities occur which
lead to higher centrifugal forces and consequently better
separation. Reducing the vortex finder diameter increases
the cyclone performance since it decreases the diameter of
the air’s circular motion in the secondary flow and increases
the vortex finder velocity, both leading to higher separation
efficiency of the fine particles. A smaller vortex finder diameter
also enlarges the distance of the edge of the vortex finder to
the cyclone wall, making suction of particles from the wall
towards the vortex finder less likely. Furthermore, the
sedimentation path of a particle that was separated with a
bigger vortex finder diameter, now passes the vortex finder.
The so-called critical sedimentation path (CSP) was
investigated by Kraxner [12] and Kraxner et al. [13]

Fig. 2: Pressure drop versus the inlet inflow velocity
Figure 3 depicts the positive effect of a higher inlet inflow
velocity and a smaller vortex finder diameter on the
separation efficiency.

Fig. 5: Illustration of the back flow (left) and the short cut flow
(right)

Fig. 3: Separation efficiency versus the inlet inflow velocity

With a continuing increase of both inlet inflow velocity and
vortex finder velocity eventually a critical value will be
reached and emissions increase. This can be traced back to
two main effects. One phenomenon is the backflow or back
mixing. It is known from uniflow cyclones. [12, 14] Particles,
located on the wall, which already did move past the vortex
finder in axial direction (downstream), get whirled up and
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taken with the secondary flow through the vortex finder.
Especially under the vortex finder, see lower left corner of
Figure 5, the back flow can take up particles. The second one
is the short cut flow, see right side of Figure 5, also known as
lip flow, lip leakage or short circuit flow. In reverse flow
cyclones it is around 10 % of the crude volumetric flow rate
[15], in the DVFC it is estimated at between 25 − 35 % due to
the small spatial distance between inlet and vortex finder
pipes. Thus, a separator must be operated below the critical
vortex finder velocity. Kraxner determined an optimal vortex
finder velocity in the range of 30 − 45 𝑚⁄𝑠 for an uniflow
cyclone. [12] An additional experiment with the DVFC with inlet
inflow velocity 18 𝑚⁄𝑠 and 𝐷 ⁄𝐷
= 0.292 resulting in a
𝑣 = 25 𝑚⁄𝑠 did increase the separation efficiency to
87.3 %. Thus, in the DVFC the critical vortex finder velocity
commences beyond 𝑣 = 25 𝑚⁄𝑠 , it is anticipated between
𝑣 = 30 𝑚⁄𝑠 and 𝑣 = 35 𝑚⁄𝑠 .

bigger vortex finder diameter. The short cut flow is expected
to increase with bigger vortex finder diameter, as it is proven
for the reverse flow cyclone. [18] A factor which certainly
exacerbates the spray grain phenomena are sharp edges
and surface irregularities at the inlet of the DVFC, owed to its
modular design. According to Brauer [19] bad weld seams in
cyclones with tangential inlet are particularly critical regarding
spray grain. It is reasonable to assume that the sharp edges
have exactly the same effect as poorly executed weld seams.
Investigation of asymmetrical suction
The investigation of asymmetrical suction is performed with
the vortex finder diameter 𝐷 ⁄𝐷
= 0.292 and throttles
𝛽 = 0.5, 0.8, 0.9. As it shall be demonstrated to what extent
the pressure drop and the drag coefficient zeta of the
uninfluenced state are altered, the modifications are indicated
as relative change to the reference state, as shown in
equations 2 and 3 and plotted on the ordinates of Figure 7.

Fractional efficiency
As evident in Figure 6, there is a good qualitative coherence
between the fractional efficiency curves of the different vortex
finder diameters. The smallest cut size diameter is 4.4 𝜇𝑚 ,
the biggest 12.1 𝜇𝑚 . The beneficial influence of a smaller
vortex finder diameter and higher inlet inflow velocity on the
separation performance is clearly discernible. The fractional
efficiency curves show a renewed rise of the separation
probability in the submicron range, typical for cyclonic
separators. This is due to the exceedance of the critical solid
loading, leading to strand formation which "bury" finer
particles and carry them into the particle outlet. [16, 17]

𝛥𝜓 = 𝛥𝑝⁄𝛥𝑝
𝛥𝛾 = 𝜁 ⁄𝜁

−1
−1

Eq. 2
Eq. 3

Fig. 7: Relative increase of pressure drop and zeta value
The reason for the rather small increase of both pressure
drop and zeta value is owed to the fact that the throttle only
⁄𝑣 is
has a significant influence when the ratio 𝑣
large. An additional experiment with the vortex finder
diameter 𝐷 ⁄𝐷
= 0.583 and 𝛽 = 0.9 , representing a
⁄𝑣 = 12.5 resulted in an impressive
ratio of 𝑣
pressure drop increase of 𝛥𝜓 = 201.3%.

Fig. 6: Fractional efficiency of the four vortex finder diameters
and four inlet inflow velocities
Although the inlet inflow velocity 16 𝑚⁄𝑠 separates more
fine particles, in the range 𝜂 = 95 % - 100 % the fractional
efficiency curve flattens. Moreover, the flattening increases
with bigger vortex finder diameter. The impairment of the
coarse particle separation with the inlet inflow velocity
16 𝑚⁄𝑠 is believed to be caused by the conjunction of
particles bouncing from the wall (spray grain) and short cut
flow. This assumption is corroborated by the fact that the
deterioration of the separation probability increases with

Fig. 8: Separation efficiency plotted versus the blockage
factor
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The alteration of the separation efficiency is in a range of
±0.4 percentage points, see Figure 8, even with the
additional beta factor 𝛽 = 0.95, 0.98, 1 . These marginal
variations are negligible especially if the natural fluctuations
between the two experiment repetitions are taken into
account. Hence, predicated upon the obtained data, it can be
concluded that the separation efficiency remains unaffected
by even a completely blocked vortex finder. This is presumed
to be caused by the constriction effect which means that the
swirling air inside the cyclone forces the inflowing air against
the cyclone wall and therefore the particles are already close
to the wall. This facilitates the particle separation and ensures
that approximately the same amount of dust is removed on
both sides despite the blockage of one side.
The impact of a vortex finder restriction on the fractional
efficiency can generally be described as minor, the
separation precision 𝜅 changes though, see Figure 9. For the
sake of simplicity, only the curve with the maximal deviation
is shown. The use of a throttle improves the separation of fine
particles what can be derived from a higher vortex finder
velocity and also agglomerations. The separation probability
of coarse particles is decreased, a complete separation is
reached at around 30 𝜇𝑚 . Due to a throttle increased swirl
and stalls, as well as different flow patterns inside the
separation chamber can be assumed, resulting in spatially
and temporally fluctuating flows throughout the whole
separation chamber leading consequently to a reduced
separation precision.

observed, however this can be only verified for a blockage
factor up to 𝛽 = 0.9 .The implications for the fractional
efficiency can be summarized by a lower separation precision
elicited by increases in turbulence and swirl due to impaired
flow patterns in the separation chamber. Based on the
obtained findings of this study, it can be postulated that the
DVFC is a promising separator. Further investigations could
be directed towards the critical vortex finder velocity. If it
proves to be, as assumed, in the same range as in an uniflow
cyclone with the same geometry it would represent a major
asset of the DVFC since then double the volumetric flow rate
can be purified without an emission increase.
[1]

[2]

[3]
[4]
[5]
[6]

[7]

[8]
Fig. 9: Fractional efficiency curves with and without throttle
for an 𝑣 = 16 𝑚⁄𝑠
Conclusion and Outlook
A reduction of the vortex finder diameter by 50 %, e.g. from
𝐷 ⁄𝐷
= 0.583 to 𝐷 ⁄𝐷
= 0.292 with the inlet
inflow velocity 16 𝑚⁄𝑠 increases the separation efficiency by
4.6 percentage points, the pressure drop by 288%, the zeta
value by 294% , the cut size diameter decreases by 23% .
Increasing the inlet inflow velocity enhances the separation
efficiency by 5.2 percentage points when e.g. the inlet inflow
velocity is increased from 7 𝑚⁄𝑠 to 16 𝑚⁄𝑠 with the ratio
𝐷 ⁄𝐷
= 0.292 , and enlarges the pressure drop by
519% . It also shows a positive influence on the fractional
efficiency. The highest vortex finder velocity causes spray
grain which amplifies with larger vortex finder diameter. The
flow patterns and relevant separation mechanisms as well as
the two effects which impair the separation have been
illustrated and explained. The negligible influence of a
blocked vortex finder pipe on the separation efficiency is a
beneficial characteristic and a pleasant fact for plant
operators. Regarding the pressure drop an increase was

[9]
[10]

[11]
[12]

[13]
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Abstract
Real-time control of the particle size distribution of coarsely
shredded mixed solid waste has a large potential for
improving the performance of mechanical processing plants.
In addition to controllers and actuators, online metrology for
particle size distributions is needed. In this work, 2D-images
of single waste particles from the material fractions wood and
plastic are investigated. The materials were gained by
handsorting of shredded mixed commercial waste and the
individual particles were described through different
descriptors, which were used in regression models for
particle size determination. It is shown that univariate models
are not very likely to perform well due to the overlapping of
the descriptor values for different particle size classes.
Though, using a Partial Least Squares regression, that
considers many different descriptors, an accuracy of over
70% was reached in most of the considered particle size
classes for detecting the correct particle size in the
investigated material fractions. Therefore, the potential of the
method was proven, while further research is needed, to
reach an accuracy level that is suitable for process control.
Additionally, the evaluated particle size class must be
combined with the particle weight to determine the effects of
assigned particles in a particle size distribution.
Introduction
A coarse shredder is usually the first machine in
mechanical treatment plants for processing mixed municipal
and commercial solid waste. Together with the properties and
composition of the waste input, it defines the particle sizes of
the materials and therefore influences the performance of
subsequent machines like screens, magnetic separators or
sensor-based sorters.
To beneficially influence particle sizes in real-time – e.g. to
keep them as constant as possible, independent of the input
materials’ variable particle size and material distribution – two
components are needed in addition to a controller:
controllable actuators like shredder gap width or shaft rotation
speed as well as real-time-measurements of the particle size
distributions. Among others, the intelligent connection of the
mentioned components is part of the research within the Kproject ReWaste4.0. Hence, this work aims at the
metrological component, finding parameters for shape
description of irregularly formed objects and implementing a
real-time particle size measurement.
In general, there are different approaches for achieving
this, including:
 Visual assessment from the bulk on the conveyor belt
using image evaluation techniques,
 3D-measurements of singlified particles as well as
 2D-measurements of singlified particles.
In this contribution latter is focused by assessing the particle
size class through 2D-images from single particles by a visual
sensor. The software MATLAB® 2019 was used for image

processing, calculation of different descriptors as well as
performing univariate regressions and Partial Least Squares
(PLS) regressions.
Materials and Methods
Descriptors for 2D-shapes
To make particle size and shape available for regression
modelling, different descriptors need to be found that can be
applied to particles of all shapes. Literature shows a variety
of parameters to describe shapes such as equivalent
diameters, major and minor axis lengths, projected area and
perimeter, as well as bounding shapes [1–3].
Since coarsely shredded mixed waste shows a high
irregularity in shapes and sizes, a broad range of descriptive
factors was calculated from the binary images of the
individual particles to empirically assess which factors deliver
valuable information. These factors (later called particle
descriptive factors) include the following and are presented
at some exemplary particles in Figure 1Error! Reference
source not found.:
 Projected Area: Sum of the pixels of the projected area.
 Projected Perimeter of the particle-circumscribing
polygon: Due to the resolution of the images, strong
unevenness (e.g. cracks, fine fringes) could be observed
for all particles at the edges, which significantly influences
the length of the perimeter through the selected
calculation method in MATLAB®. For this reason, the
perimeter of the particle-circumscribing polygon (with
shrink factor = 0.5) was determined instead.
 Area equivalent circle diameter: diameter of the circle that
has the same area as the projected area of the particle.
 Bounding Shapes: the smallest circumscribing rectangle
(bounding box), triangle (bounding triangle) and circle
(bounding circle), as well as the inner circle of the polygon
(inscribed circle), are calculated and documented through
their areas, radiuses and edge lengths.
 Feret diameters: describe distances between two parallel
tangents, which completely enclose the particle
(measuring principle of a calliper) [1–3]. To describe the
size of a particle in different directions various Feret
diameters are calculated including maximum and
minimum Feret diameter and the respective orthogonal
dimensions.
 Shape factors: To describe the shape of the particles,
various dimensionless shape factors are examined. Here,
the ratios between the actual particle area and the area of
each bounding shape are considered. Additionally, the
circularity was considered as a shape factor as well,
which explains the difference of the particle from a circle.
This factor was defined through equation (1) according to
[4], where 𝐴
is the projected area of the particle and
𝑃
is the perimeter of the circumscribing polygon, and
was defined in a way, so that it becomes 1 for a circle.
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Circularity=

4*π*APart
P2Part

Particularly the normalised coefficients (independent from
orientation and size) of the first harmonic oscillation were
examined in depth. Per definition the coefficients for that case
are always classified as a=1.0, b=0.0, c=0.0, |d|<1.0 [5]. The
non-zero descriptors ‘a’ and ‘d’ give the length of the semiaxis of the ellipse which describes the particle outline best.
To relate the normalised coefficients with the original particle
dimensions the scale factor was calculated and considered
as a particle descriptive factor in the following regression
model.

(1)

Figure 1: Examples of original RGB images, binary images
and calculated 2D-descriptors (e.g. bounding shapes and
Feret diameters).
Elliptic Fourier Coefficients
An additional option for describing particle shapes is the
use of Elliptic Fourier Coefficients (EFC) [5]. These describe
a method, where Elliptical Fourier Transformation is used to
approximate the shape through overlapping ellipses,
documented through a set of descriptors – four for each
harmonic oscillation. This method has been successfully
used for several decades to mathematically describe closed
outlines.
As a starting point, the outline is described through its chain
code, where each pixel of the particle outline is coded
separately by assigning it a number, which gives information
about its relative position to the adjacent pixels of the outline.
An example is shown in Figure 2, where the particle and the
way of coding are presented. The associated chain code for
this example is: 0 1 1 0 0 7 6 7 6 6 5 4 4 3 4 3 3 2.

Figure 2: Coding of the different directions and illustration on
an example.
Based on the chain code of a closed contour, the outline
can be described using Fourier series development using
ellipses. Starting with one harmonic oscillation (n = 1), the
particle shape is described by an ellipse (see Figure 3), which
is defined by four Elliptical Fourier Coefficients a, b, c and d.
If the number of harmonic oscillations is increased, the
overlap of the ellipses leads to a more detailed description of
the shape. As an example, Figure 3 shows the outlines
approximated by the Fourier transformation with different
numbers of harmonic oscillations (n). It is shown that the
accuracy of the approximation of the outline contour
increases as the number of oscillations increases. In this
work, the EFC up to the fifth oscillation were considered in
the calculations. With a higher number of oscillations,
improvements regarding the approximation of the shape to
the actual particle could be found, but the changes are so
small that no further benefit for describing the screening
behaviour of the particles is expected.

Figure 3: Visualisation of the outlines of a waste particle
predicted by Elliptic Fourier Descriptors with different
numbers of oscillations (n). Dashed line: approximated
contour of particle-based on EFC; dotted line: original contour
of particle.
Data acquisition
This work is based on results obtained from RGB photos
(in png format), where each photo represents a fully shown
individual particle. The particles used come from samples of
coarsely shredded mixed commercial waste, that were
classified by a drum screen, using the following screen cuts
(in mm): 40, 60 and 80. The samples were then manually
sorted and the material fractions metals (ME), plastic (3D)
and wood (WO) were further processed for this work.
The fractions obtained this way were individually sent to a
sensor-based sorting machine, which was able to photograph
objects with a detectable NIR-signal as well as objects made
of conductive metal on the moving conveyor belt using a
visual sensor and to save the RGB-images of each particle.
The photos were collected separately for different materials,
as material classification could also be implemented online,
e.g. through near-infrared sensors.
In order to achieve a better singlified input stream and
separately placed objects on the conveyor belt, the material
was inserted into the machine by hand. Example RGBimages that were gained this way are shown in Figure 1Error!
Reference source not found..
Image processing
The image files were evaluated using a code programmed
in MATLAB®. The code consists of two main parts, where the
first part covers the extraction of geometric dimensions and
particle-describing factors, which are further processed in the
second part of the program using statistical methods.
1. Extraction of geometric dimensions:
Due to the way the images were taken a distortion of the
images in the direction of movement of the conveyor belt was
observed and needs to be removed before calculating
particle descriptive factors. The scale factor for resizing the
images was conducted through an object with given
dimensions and is applied to all images, which also allows
evaluating the real dimensions in mm from the dimensions in
pixels. Additionally, some very large particles were not fully
captured on one single picture. To be sure to only consider
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correctly displayed images in the calculations a manual
screening of all images was carried out, where incorrectly
presented images were removed.
The particle descriptive factors were calculated based on
the binary image. This was obtained from the RGB image via
image processing (colour reversal, adjusting/utilizing
brightness and contrast, converting to grayscale). Due to the
image processing, small holes were detected in the binary
data of the objects. In this context, holes are identified as
regions indicated as background within the particle. To ignore
falsely identified holes, all pixels of holes with a size smaller
than 1% of the total image size were relabelled in the binary
image from background to particle. Holes bigger than the
chosen threshold were ignored in this step. Mechanical
stressing from the sorting process of the material led to the
separation of dust and fine particles, which were detected in
the images. To ignore these objects in the evaluation only the
biggest region of connected pixels was detected as the
particle and displayed in the final binary image. With the
resulting binary image, a series of size descriptive factors is
calculated. Examples of original RGB images, corresponding
binary images and the computed bounding shapes, as well
as Feret diameters (minimum, maximum), are shown in
Figure 1Error! Reference source not found..

First, correlations between descriptors were examined, as
shown in the following example: Multiplying the Fourier
Coefficients ‘a’ and ‘d’ of the first harmonic oscillation by the
scale factor that was calculated during the normalisation
process for the Elliptic Fourier Transformation, the
descriptors ‘a’ and ‘d’ can give information about the original
dimensions of the particle. It turns out that they strongly
correlate with half of the length of the determined Feret
diameters (minimum and maximum) for both considered
material classes. Figure 4 shows the relation between these
variables, where the semi-Feret diameter is stated as the
Feret radius. Here, the correlations between the minimum
Feret radius and EFC ‘d’ (A) as well as between the maximum
Feret radius and EFC ‘a’ (B) for wood particles are presented.

2. Regression model
Due to the high irregularity of shapes and the fact that large
data sets with multiple (correlated) predictor variables were
present, a Partial Least Squares (PLS)- Regression was
finally used. The aim was to predict the particle size based on
the particle descriptive factors and assign it to the related
particle size class of the screen. Here, the following
descriptive factors were used for the regression: projected
particle area, perimeter of the polygon of the projected area,
area of the bounding box and bounding triangle, shape
factors for bounding box, bounding circle, bounding triangle,
inscribed circle and circularity, minimal and maximal Feret
diameter.
Results and Discussions
Overall, more than 4.500 valid images, with assigned
particle size classes (in mm: 40-60, 60-80 or >80) for the
material fractions wood (WO), plastic (3D) and metals (ME)
were evaluated through the code. Latter presenting less than
1% of the gathered images, were not evaluated further, due
to problems with image quality. The remaining fractions were
investigated to find similarities and differences in the
descriptive factors.

Figure 4: Visualisation of the correlations between (A) the
minimum Feret radius and non-normalised EFC d (first
oscillation) and (B) the maximum Feret radius and the nonnormalised EFC a (first oscillation).
Figure 5: Visualisation of the correlation between real screen
particle class size (in mm) and calculated descriptors (A)
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minimal Feret diameter, (B) particle size, (C) width bounding
box for the materials wood (wo) and plastic (pl).
Additionally, similar correlations can be detected between
the width of the bounding box and the diameter of the
inscribed circle and the minimum Feret diameter, the
diameter of the bounding circle and the length of the bounding
box and the maximum Feret diameter, between the diameter
of the inscribed circle and the minimum Feret diameter as well
as for the length of the bounding box and the maximum Feret
diameter.
Subsequently, the values of the different calculated
descriptors for the different particle size classes were
compared, to evaluate the eligibility of the descriptors for
detecting size classes. Figure 5 shows that the median of
different variables (e.g. minimum Feret diameter, particle
size, width of the bounding box presented on y-axis) for each
screen class (x-axis) shows a trend to the assigned screen
class. However, the fluctuation of the values doesn’t allow a
correct classification towards the real screen class. The
results show as well that the material fraction plastic has a
broader distribution than wood, which can be associated with
the more consistent shape (flat and rectangular) of the
investigated wooden particles.
In this case, the regression was performed individually for
each material, while only the first four PLS components were
considered as these already present most of the describable
variance from the data. The results for the materials wood
and plastic are presented in Table 1. To compare
measurements with different units the data sets were
normalized in a way that each variable had a mean of zero
and a standard deviation of 1. To properly evaluate the
models the data was split into two separate groups, one
containing 80% of the data from each particle size class,
which was randomly picked. This data is later called the
calibration data. The remaining data is used to test the quality
of the developed model and is therefore called test data.
Furthermore, the quality of the regression models is
described by counting the particles which were assigned to
the right and wrong particle size classes based on the PLSresults. The results are presented as a mean from 15
individual tests. Here, the test samples consisted of 100
randomly picked particles for each particle size class (total of
300 particles per sample) that were virtually put together from
the created test data sets for each material fraction.
Table 1: Detailed mean results from the applied regression
models of 15 randomly arranged data sets consisting of 300
particles (100 in each particle size class) for the materials
wood and plastic (values in %).
classified to
particle size
40-60mm

classified to
particle size
60-80mm

classified to
particle size
>80mm

Material: wood
real particle size
40-60mm
real particle size
60-80mm
real particle size
>80mm

78

21

1

23

50

27

8

16

76

Material: plastic
real particle size
40-60mm
real particle size
60-80mm
real particle size
>80mm

77

18

5

23

45

32

9

19

72

The samples composition based on the predicted particle
sizes were then evaluated with the PLS-regression model,
reaching a mean total accuracy of 68.0% for wood and 64.7%
for plastics. Table 1 shows the mean results over the fifteen

test samples, where information about correctly and falsely
classified particles for each particle size class is given
individually. Here, in all investigated particle size classes the
majority of the particles was classified correctly. Overall the
number of correctly classified object was slightly higher for
wood than for the plastic fraction, which can be explained by
the more uniform wooden objects (more rectangular) in the
samples while the plastic particles showed more irregularity
in the shapes.
The results show the potential of the method, while there
are still challenges to be faced. On one hand, for some
materials (in this case metals) the image quality is not
sufficient, mainly due to the darkness of the images, so that
they could not be distinguished from the background. Large
plastic objects were often cropped and not fully displayed on
the images, which made them not useable in the regression.
For the recording of images by the RGB sensor of the
sensor-based sorting machine a detected NIR-signal was
crucial. This factor mainly caused dark (especially black and
grey) objects to not be considered in the evaluation.
Additionally, certainly shaped objects (one-dimensional)
were recorded on multiple separate images and therefore not
useable in the investigation.
Therefore, suitable imaging methods need to be
developed, while considering the harsh conditions on a
conveyor belt in a real waste treatment plant.
Conclusions
This work gathers several descriptors for particle size and
shape. It also shows correlations between many of these, so
that some information is redundant when calculating all of
them. Therefore, the application of feature reduction
methods, such as PLS is obvious.
It is shown for some descriptors, such as the minimum
Feret diameter, that univariate regression models will hardly
be able to detect screen particle size classes, due to
scattering and therefore overlapping of the descriptors’
values for the different size classes. Though, when using a
PLS model, considering multiple descriptors, an accuracy of
68.0% in total is reached for wood. This reached accuracy is
likely not to be sufficient for advantageous process control.
Thus, further research is needed, to improve the classification
quality of the model. This research might include the creation
of a data set with narrower particle size classes, as well as
using higher-order models or additional descriptors.
Furthermore, classification through machine learning
algorithms, as well as 3D-imaging should be examined. If the
effects on a particle size distribution should be investigated,
the partly compensating effect between falsely classified
particles must be considered which might lead to a more
correct representation of the material distribution in
respective particle size classes.
Finally, the method still requires signification of the
material, which will not be possible at every interesting point
in a plant. But it could provide a first automated method for
measuring the particle size distribution for mixed solid waste,
that can be used for material analysis, as well as for the
creation of the huge datasets that will most likely be
necessary for visual particle size distribution assessment
from the bulk.
Extended research regarding this topic was already
performed. The results are currently under review and are
going to be published in a peer-reviewed journal under the
title “Sensor-based particle size determination of shredded
mixed commercial waste based on two-dimensional images”
[6].
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Abstract
Softness, the tactile hand feel, is one of the most important
properties of tissue paper products such as toilet paper or
handkerchiefs. Because this human perception is particularly
complex and the interaction of the mechanoreceptors in the
skin cannot be fully explained scientifically, an objective
evaluation is extremely difficult. Nevertheless, the tissue
softness analyser (TSA) is a widely used tool in the tissue
industry to measure this property as objectively as possible.
A new development of the measuring device makes it now
possible to study the production process of tissue paper
manufacture in more detail. This was done based on the two
industrial production lines with virgin pulp and recycled pulp.
As a result, it could be confirmed that the refining process is
a critical variable as it has a positive influence on strength
and a negative influence on softness. In contrast, thermal
drying and the creping process resulted in an increase of
softness and a loss of strength. Also, a clear difference
between virgin pulp and recycled pulp could be identified with
the fibre softness potential.
Introduction
Hygiene paper products, often called tissue products, such
as toilet paper, kitchen towel or napkins, are made of lightweight low-density paper that has distinctive characteristics
compared to other paper grades such as printing and writing
or packaging papers. Depending on the market segment and
the exact application, tissue paper must fulfil different tasks.
To do that, they have high requirements on absorbency, dry
and wet-strength, disintegration and softness. These
properties are mainly determined by the used fibre types, the
added chemical additives and the manufacturing process
technology. Today, the manufacture of hygiene paper
products is a complex operation that involves various process
steps, such as:
•
pulp slushing and defibration
•
cleaning and screening
•
mechanical refining
•
mixing of different pulp streams
•
addition of chemical additives
•
dewatering
•
wet pressing
•
thermal drying
•
creping
•
converting
Together these elements determine to a large extent the
final product properties, of which softness is one of the most
important ones [1]. It is therefore necessary to better
understand their individual influence on softness and to find
out where the greatest potential for optimization lies. Previous
studies have shown that especially refining can be a crucial
process variable for the control of tissue paper softness and
strength. In 2008, Gigac and Fišerová claimed that refining

has a positive effect on bulk softness and eucalyptus pulps
should be refined over 35 °SR with a high specific edge load,
while flexural rigidity according to TAPPI method T 556pm95
at 80 g/m² handsheets was used as a measure of bulk
softness [2]. Today, however, other researchers disagree
with this finding. In 2016, McConnell found a negative linear
relationship between strength and softness [3]. He introduced
the Geometric-Mean Breaking-Length (GMBL) and used the
TSA and a hand-feel panel to evaluate softness. Chang et al.
(2018) used 30 g/m² air-dried handsheets, the TSA, and a
PFI-mill to investigate the influence of refining on softness
and strength [4]. They found that refining influences softness
negatively. Anukul et al. (2015) used a laboratory wet-creping
method in combination with a valley beater refining and a
Clark softness-stiffness tester [5]. They also confirmed that
refining had a negative impact on softness. The mentioned
studies used different methods to describe the softness
potential of fibres. Nowadays, the tissue softness analyser
TSA is an often-used option to measure the softness of semifinished and finished products. In 2007, Grüner published the
patent “Method and apparatus for determining the softness of
hygienic papers and textiles,” which describes an instrument
called the “Tissue Softness Analyzer (TSA)” that simulates
the measuring principle of the human hand [6]. According to
the manufacturer, emtec electronic GmbH, the device
measures three decisive properties: fibre softness (TS7),
texture (TS750), and stiffness (D). From these measured
variables, as well as thickness, grammage, and the number
of plies, a hand-feel (HF) value is calculated using
mathematical models. The measuring principle is based on
the acoustic perception of the noise generated by a defined
scratching with eight rotating lamellae over the surface of a
sample. The sound spectrum recorded is analysed by the
software. Two peaks are of particular importance. The
TS750, which occurs at approximately 750 Hz (200 to 2000
Hz), relates to the vertical vibration of the tested sample, and
is mainly influenced by the coarseness of the surface
structure. Thus, the TS750 reacts sensitively to roughness
and embossing. The TS7 at around 6500 Hz is mainly
generated by vibrations of the eight rotating lamellae
interacting with fibres protruding from the surface. Stiffer
fibres cause the lamellae to vibrate with a higher amplitude,
resulting a higher TS7 peak, meaning that the product is less
soft. However, if the fibres on the surface are more flexible,
the vibration of the lamellae is reduced and the TS7 peak is
lower, indicating a softer product [7].
Wang (2019) confirmed that the TSA is a useful tool to
measure softness of semi-finished and finished products.
Especially the TS 7 value correlated well with a the softness
ratings of a panel test [8]. Prinz (2018) described that the
standard TSA worked well for semi-finished and finished
products but had some limitations when measuring
handsheets. The new measurement method was optimized
(see Fig. 2) by changing the microphone location of the TSA
and adopting the handsheet forming process [9]. Assis
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confirmed that the standard TSA created irritating results
when used for handsheets [10].
The aim of this study is to use the new measuring method
to trace the change in fibre softness in the manufacturing
process using laboratory sheets and to find out which process
steps have a particularly large influence on softness.

Top microphone

Materials and methods

Sample

Pulp preparation
At the paper mill a mixture of northern bleached softwood
kraft pulp (NBSK) and bleached eucalyptus kraft pulp (BEK)
was used to produce virgin tissue paper. Deinked pulp from
recovered paper was used to produce recycled tissue paper.
Pulp samples were taken at various points along the
production line (see Fig. 1 and Fig. 3), transferred to a
distributor unit and diluted to approximately 0.2% stock
consistency.
Handsheet making
Based on the DIN EN ISO 5269-2 [11] standard, the
handsheets were produced on a Rapid-Köthen sheet former.
Unlike the standard, the air-dry basis weight of the
handsheets was 30 g/m² and they were air dried for 24h with
one side exposed to the environment in a climate room
maintained at 50% rel. humidity and 23°C. [12]
Strength measurement
The tensile strength index of the laboratory sheets was
measured according to DIN EN ISO 12625-4 [13] using a
tensile tester from Zwick-Roell.
Softness measurement
To determine the softness potential, a modified tissue
softness analyser (TSA) from emtec electronic GmbH
(Leipzig, Germany) was used. The modified device had a top
and a bottom microphone. The top microphone was used for
the evaluation (see Fig. 2).

Bottom microphone
(standard
configuration)

Fig. 2 Sketch of the modified TSA
Round samples with an area of 100 cm² were clamped into
the holder and measured with the new TSA configuration.
The rotational speed of the 8 lamellae was 2 Hz with a contact
pressure of 100 mN. The rotation over the sample surface
caused vibrations that were captured by the top microphone.
The values TS7, TS750, and D were recorded for the
handsheets. A high TS7 value indicates low softness.

Results
With the help of the newly developed method [12], it is now
possible to take a closer look into a tissue mill following the
different steps and investigating how they influence the fibre
softness potential. In this section these are examined using
two conventional light dry crepe (LDC) machine lines as
examples. Simplified process flow diagrams are illustrated in
Fig. 1 and Fig. 3.
In both cases, the pulp is first fed to the pulper, defibred
with the addition of water and transferred to a chest. Then a

Fig. 1 Simplified process flow diagram of tissue machine A (source: WEPA)
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Fig. 3 Simplified process flow diagram of tissue machine B (source: WEPA)
heavy weight cleaner is used to remove impurities with a
higher density compared to water and fibres to protect
downstream equipment. These impurities are mainly metal
residues from the de-baling procedure. In the following
section the machine concepts differ slightly. At PM A, the
heavy weight (HW) cleaner is followed by a deflaker, which
segregates undefibred agglomerates. After this, the pulp is
transferred to the first refiner stage, consisting of two doubledisc refiners. At PM B, the pulp is pumped directly from the
heavy weight cleaner into the first refiner stage, consisting of
a conical refiner. The pulp is then mixed with the internal
broke at both lines and starch is added as a dry strength
agent. After intermediate storage in the machine chest, the
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Fig. 4 Tensile index and TS 7 values from both production lines with virgin pulp
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fibre passes through the second refining stage. A double disc
refiner is used for PM A. PM B is equipped with a conical
refiner. The fibre stock is then diluted with white water and
fed to the paper machine. In both cases the paper machines
are LDC machines, equipped with a crescent former and a
double press configuration. PM A is specialized for the use of
virgin fibre pulp, whereas PM B can use both virgin fibre pulp
and recycled fibre pulp. Due to lower refining capacities PM
B has some strength limitations compared to PM A when
running on virgin fibre pulp. The mother rolls produced in
these ways were then converted into toilet paper.
Fig. 4 shows the strength and softness development over
the production process of both tissue machines A and B using
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Fig. 5 Tensile index and TS 7 values from line B with virgin and recycled pulp

virgin pulp. At the beginning of the manufacturing process,
both pulps were at a comparable level in terms of strength
and softness. Small differences were to be expected here,
since the water circuits and the machine aggregates used
differ. The HW cleaner unit did not change the properties but
the deflaker in PM A increased the tensile index and TS 7
slightly. A significant change can be observed at the 1st
refiner stage. This is true for both lines but as the refining
capacity of PM A is much higher, the effect is more
pronounced there. After the refining stage, internal broke is
added to the fibre stream. In both cases this ensures that
strength and TS 7 were reduced, while the softness potential
increased. In both cases, the second refining stage again had
a significant effect on strength and softness which confirmed
the expectation that refining a critical process variable for
softness. After the second refining stage, the pulp was
heavily diluted with white water and fed to the paper machine.
Since the retention of fines in the production of particularly
light and porous papers such as tissue is low, a significant
fines load is circulated in the machine water circuit. However,
this fine material is retained better in handsheets produced
with 30 g/m² basis weight in the laboratory compared to
around 10 g/m² at the tissue machine. The higher fines
retention leads to a densification of the fibre structure and
thus increases the measured strength and TS7 values. For
this reason, the measured values on the felt, where the fines
from the white water have already been washed out, are
again at a similar level as before the dilution with the process
water. Afterwards in the press section, the paper web is
mechanically dewatered and, with the help of the coating,
glued onto the drying cylinder. Here a loss of strength was
observed, but the softness does not change. The reason for
this could be that the high mechanical force causes
numerous fibre kinks which are predetermined breaking
points. However, these predetermined breaking points have
no influence on softness.
After the drying, the paper is scraped off the yankee
cylinder at the so-called creping doctor blade. This causes

the sheet structure to be partially broken up and destroyed
which ensures that the end-product gains significant volume
and softness. At the fibre level, the softness increased and
the strength decreased. Finally, the converting effected the
strength properties in an inconsistent way, which makes it
difficult to assess its influence. Overall, based on the
measurements it can be confirmed that refining is a critical
element in the production of tissue paper and has a big
impact on softness.
Fig. 5 shows the strength and softness development of the
production process at PM B with virgin and recycled pulp. It
can be noticed that the trend is similar with regard to the
influence of the individual aggregates, but the tensile index
and TS7 values for deinked pulp are on a higher level which
means that on one hand strength is higher but softness is
significantly lower. The first and second refiner stages have
again an effect on strength and softness, but the effect is
lower for recycled pulp compared to virgin pulp. The reason
for this is that recycled pulp already has significantly higher
strength and does not need extensive refining to gain more
strength. The internal broke shows lower strength and higher
softness but does not change the properties of the
mainstream pulp significantly. Wet pressing reduces strength
considerably while effecting softness slightly for the same
reason as described previously. Overall, Fig. 5 clearly shows
that the fibre choice is another critical variable in terms of
tissue paper softness.
Conclusion
The results demonstrate that the new measuring method
makes it possible to analyse the manufacturing of tissue
paper in more detail. Consequently, it was shown that there
is a loss of softness due to the individual process steps within
the stock preparation. The influence of refining is particularly
strong. Furthermore, heavy mechanical forces introduced by
the wet pressing process dramatically decrease the strength
properties at the fibre level by introducing predetermined
breaking points which does only have a minor impact on
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softness. Creping, however, has not only a positive effect on
softness of the final product but also increases the softness
potential at the fibre level. Besides the process influences it
could be outlined that the fibre origin is another decisive
factor. More precisely, a significant difference between virgin
pulp and recycled pulp could be measured with the fibre
softness potential. The investigation of the converting
process could not provide clear results at the fibre level.
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Abstract
Modeling pharmaceutical coating processes involves
considering many complex phenomena. Detailed models fail
to cover the whole coating duration due to the large
computational expense, while the input parameters for
statistical models are usually difficult to obtain. In the present
work a statistical model was derived from detailed numerical
simulations of a Wurster coater. The model provides the
possibility to evaluate the impact of the inlet air flow rate,
spray rate, coating level and solid mass fraction in the spray
solution on the coating uniformity over the full process
duration. It was found that the coating uniformity scales with
the inverse square root of the number of cycles, which the
particles undergo during the coating process. Based on the
model, a strategy for the systematic optimization of the
process parameters is presented.
Introduction
In food and pharmaceutical industry, particle coating is a
common unit operation to modify taste, odor or appearance
of the product. In addition, the release behavior of drugs can
be controlled with so-called functional coatings. To apply the
coating layer, a solid coating substance is usually dissolved
or dispersed in a liquid and then sprayed onto the particle
surface. While the liquid evaporates into the surrounding air,
the solid substance remains on the particle. In terms of
product quality, small inter- and intra-particle variations of the
layer thickness are desired. Amongst others, fluidized bed
coating is commonly used for this purpose: the comparably
fast mixing in fluidized beds leads to a homogeneous coating
layer, and high heat and mass transfer rates are beneficial for
evaporating the liquid. Based on the position of the spray
nozzle, fluidized bed coaters are divided in (i) top spray
coaters, (ii) bottom spray coaters, (iii) Wurster coaters
(bottom spray including a draft tube) and (iv) rotary fluid bed
coaters [1].
The Wurster coater is a modified bottom spray fluidized bed
coating device, containing one cylindrical draft tube (the so
called Wurster tube) for every spray nozzle (Figure 1). The
particles enter the Wurster tube at the bottom of the
container, are sprayed inside the tube and leave it on top.
After getting sprayed and when falling back down outside of
the tube, the particles are dried. A distributor plate at the air
inlet ensures a high fluid volume flow inside the Wurster tube,
while the volume flow outside the tube is considerably lower.
The higher air flow inside the tube induces the circulation of
the particles. The controlled particle movement leads to a
high quality coating. Compared with top spray devices the
spray-particle contact occurs closer to the nozzle, reducing
the loss of coating material due to spray evaporation [2].
The models of the Wurster coating process can be divided
into two main groups: (i) statistical models and (ii)
mechanistic numerical simulations. Statistical models are
usually fast and rather simple, but it is difficult to obtain the
realistic input parameters experimentally. Numerical
simulations aim for modeling the underlying physical

phenomena, and hence are more sophisticated. However,
due the computational costs, only a short time period of the
whole process can be simulated typically. Although
combinations of mechanistic and statistical models exist, a
time consuming simulation is still required for each set of
process parameter to be investigated [3]–[5].

Figure 1: Schematic illustration of the Wurster coating
process. The particles pass the spray zone while travelling
upwards through the Wurster tube. Subsequently, they are
dried during the downwards movement outside of the tube.
In the present study, simulations based on the
Computational Fluid Dynamics – Discrete Element Method
(CFD-DEM) are used to distill a statistical model for predicting
the inter-particle coating uniformity over industrially-relevant
process durations. With the resulting model it is possible to
vary the inlet air flow rate, spray rate, coating level and the
solid mass fraction in the spray solution without the need of
new CFD-DEM simulations.
Methods
To determine the particle motion inside the Wurster coater,
an Euler-Lagrange approach is used. The applied four-waycoupling includes momentum transfer from the particles to
the fluid (i.e., process gas) and vice versa, particle-particle
collisions and particle-wall collisions. Additionally, a raytracing method, similar to the approach of Toschkoff et al. [6],
is applied to model spray droplet deposition. Fluid phase
equations are solved using the CFD code “AVL-Fire”, while
for the particle motion and spray modelling the DEM code
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“XPS” is used. For details on the coupling procedure, the
reader is referred to [7].
The governing equations for the fluid phase are derived
from the Navier-Stokes equations by considering local
volume averaged quantities as typical for the unresolved
CFD-DEM:
𝜕
𝜙 𝜌
𝜕𝑡
𝜕
𝜙 𝜌 𝒗
𝜕𝑡

+∇ 𝜙 𝜌 𝒗

(1)

=0

+∇⋅ 𝜙 𝜌 𝒗 𝒗
= −∇ ⋅ 𝜙 𝜏 − 𝜙 ∇𝑝
+𝜙 𝜌 𝒈
1
−
𝛽𝑉 , 𝒗 − 𝒗
𝑉

(2)
,

where 𝜙 is the local fluid volume fraction, 𝜌 the fluid
density and 𝒗 the fluid velocity vector. 𝝉 is the fluid stress
tensor, 𝑝 the pressure, 𝒈 the gravitational acceleration,
𝑉
the volume of the grid cell, 𝛽 the drag coefficient, and
𝑉 , and 𝒗 , are, respectively, the volume and velocity of
particle 𝑖 . The fluid was treated as incompressible with
constant density, and vapor transferred to the gas was
neglected.
Eq. (1) is the continuity equation, which ensures fluid mass
conservation. Eq. (2) is the fluid momentum equation,
consisting of the following terms: The left-hand side
represents the change of fluid momentum, the terms on the
right-hand side account for viscous stress, the pressure field,
gravitation, and the momentum transferred from the particle
phase. The drag coefficient for momentum transfer between
fluid and particle phase is calculated with the correlation of
Beetstra et al. [8].
The particle movement is determined with Newton’s
translational and rotational equations of motion:
𝜌 𝑉

𝑑𝒗
= 𝒇 + 𝜌 𝑉 𝒈 − 𝑉 𝛻𝑝 + 𝛽𝑉 𝒗 − 𝒗
𝑑𝑡
𝐼

𝑑𝝎
=𝑴
𝑑𝑡

sections. The porosity of the sections in the plate is set to the
area ratio of holes to total area, the massflow ratio is specified
in Figure 2. Another inlet boundary condition (normal velocity
of 75 m/s) is applied to the nozzle to account for the atomizing
airflow. At the outlet, a static pressure of 1 atm is assumed.
The timestep is 0.001 s for the CFD calculation and 5e-6 s for
DEM. The particle size follows a truncated gaussian
distribution in the range of 624 µm and 884 µm. The mean
particle diameter is 754 µm with a standard deviation of 14
µm, the total solid mass in the quarter model is 0.323 kg,
resulting in 0.991 Mio. particles. The parameters for the DEM
simulation are given in Table 1.

(3)

(4)

where ρ is the particle density, V the particle volume,
𝐯 the particle velocity, 𝐟 the resultant of all particle-particle
and particle-wall contact forces, 𝐠 the gravitational
acceleration, ∇p the pressure gradient, β the drag
coefficient and 𝐯 the fluid velocity. 𝐼 is the moment of
inertia, 𝝎 the angular particle velocity and 𝑴 the total
torque acting on the particle.
In Eq. (3), the terms on the right hand side account for the
particle-particle and particle-wall contact forces, the
gravitational force, the pressure field and the momentum
transfer from the fluid phase. The contact forces are
calculated with a linear spring-dashpot model as used in
Forgber et al. [9].
The simulations represent a Glatt GPCG-2 6” Wurster
coater. The coating chamber has a height of 0.63 m and a
diameter of 0.14 m and 0.3 m at the inlet and outlet,
respectively. To reduce the computational effort, only a 90°
section of the coater was simulated, using a symmetry (CFD)
and frictionless wall (DEM) boundary condition. To obtain a
torus-shaped flow inside the coater (particles travel upwards
inside the Wurster tube and fall back down outside), the air
inlet is controlled via different sized holes in the bottom plate.
To reduce simulation time, the bottom plate is approximated
by a porous layer. Similar to the different sized holes in the
real bottom plate, the inlet boundary condition is split into four

Figure 2: Mesh of the real bottom plate (left) and bottom
plate model used in simulation (right). The values on the left
are the diameters of the holes in the sections, on the right,
the massflow through each section is specified.
Table 1: Parameters used for the DEM simulation.
Value
Property
Unit
1420
Particle density
kg/m³
754
Mean particle diameter
µm
2000
Normal spring stiffness k
N/m
1600
Tangential spring stiffness
N/m
0.05
Friction coefficient
Model Development
The proposed model is derived from a statistical approach
developed by Mann [10]. This model is based on the principle
that the amount of coating, which a single particle receives,
depends on two factors: (i) how often the particle travels
through the spray zone and (ii) how much coating is
deposited during one spray zone visit (coating gain). Hence,
the model parameters are the mean number of cycles during
the whole coating process 𝑁
, the cycle time (CT)
variability and the coating gain (CG) variability:
𝐶𝑉

=

𝐶𝑉 + 𝐶𝑉
𝑁

(5)

where 𝐶𝑉
is the coefficient of variation of the interparticle coating mass, 𝐶𝑉 is the coefficient of variation of
the cycle time distribution, and 𝐶𝑉 is the coefficient of
variation of the coating gain distribution. The mean number
of cycles can be calculated as
𝑁

=

𝑚

𝑡
𝜇
=

=

𝑚
𝑚̇

𝑚
𝐶𝐿
(1 − 𝐶𝐿)𝑥

𝜇

(6)

(7)

where 𝑡
is the total coating time, 𝜇 is the mean
cycle time, 𝑚
is the mass of the spray solution,
𝑚̇
is the spray rate, 𝑚
is the initial batch mass, 𝐶𝐿
is the coating level and 𝑥
is the mass fraction of solid
coating in the spray solution. The coating level is defined as
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the ratio of coating mass to batch mass after the process, i.e.
the mass fraction of solid coating in the final product:
𝑚
𝐶𝐿 =
(8)
𝑚
+𝑚
where 𝑚
is the mass of the solid coating substance
sprayed.
While the batch mass, the coating level, the mass fraction
of solids in the spray solution and the spray rate are input
parameters to the process, the mean cycle time, cycle time
variability and coating gain variability can be extracted from
the CFD-DEM simulations. The results for varying inlet airflow
rates (70 – 90 m³/h) and spray rates (10 – 30 g/min) are given
in Table 2 (coating level: 5%, solid mass fraction: 5%). With
the results of the CFD-DEM simulation available, we can
make three assumptions to simplify Eq. (5) to reduce the
model.
1. 𝐶𝑉 ≪ 𝐶𝑉
The investigations show, that the variations in cycle
time are much smaller than the variations in coating
gain. Hence, the cycle time variability can be
neglected.
2. 𝐶𝑉 ≈ 𝑐𝑜𝑛𝑠𝑡.
The variations in coating gain do not differ much
across the investigated parameter space. It was
observed, that the spray rate and inlet air flow rate
have a roughly equal impact on the mean and the
standard deviation of the coating gain distribution, so
the coefficient of variation remains almost constant.
Hence, we can use the mean variability to predict the
coating uniformity.
3. 𝜇 = 𝑓(𝑉̇ )
The inlet air flow rate is the only parameter varied in
this study, which affects the mean cycle time. For
higher inlet air flow rates, the cycle time decreases due
to the higher particle velocities. According to Figure 3,
there is a linear correlation between the mean cycle
time and the inlet air flow rate. Hence, we can estimate
the mean cycle time with the equation of the linear
regression line given in Figure 3.
These assumptions are valid as long as all other input
variables and process parameters remain unchanged, e.g.
coater geometry (e.g. Wurster gap), batch mass or material
properties. By applying the above assumptions to Eq. (5), the
total coating variability can be estimated as
𝐶𝑉

=

𝐶𝑉
𝑁
𝜇

= 𝐶𝑉

= 𝑐 𝑉̇ + 𝑐

𝑚̇
𝑚

𝜇

Figure 3: Linear regression of inlet air flow rate and mean
cycle time.
Validation
To ensure the validity of the simplified coating model,
additional CFD-DEM simulations were carried out. For a total
of 16 runs with different input parameters, the results of the
base model (Eq. (5)) are compared with the simplified version
(Eq. (8)). Table 3 provides an overview over the validation
runs. The inlet air flow rate varies between 70 and 90 m³/h,
the spray rate between 10 and 30 g/min and both the coating
level and the solid mass fraction (in the coating) between 3
and 7%. The results of the validation runs are presented in
Figure 4. With observed mean and maximum relative errors
of 0.51 and 0.76% respectively, the reduced model proves
the ability to correctly predict the coating variability across the
whole operating space. This also justifies the assumptions
made above to distill the coating model, which does not
require additional simulations or measurements.
As every model, the presented approach comes along with
some limitations. Since statistical models are not based on
the underlying physical phenomena, they are not flexible with
regard to process parameters. The coating model is only valid
if all process parameters (except the input parameters to the
model) are kept constant. Furthermore, the statistics obtained
from the CFD-DEM simulations were evaluated for the whole
particle bed. No differences in particle size or other material
properties were considered, although it is known that the
cycle time is affected by the particle size distribution (PSD)
[11]. Hence, the approach is valid for raw particles with a
comparably narrow PSD only.

(9)

(10)

where 𝑉̇ is the inlet air flow rate and 𝑐 and 𝑐 are the
fitting parameters of the linear regression.

𝑅𝑢𝑛
[-]
1
2
3
4
5

Table 2: Results of the CFD-DEM simulation runs.
𝑚̇
𝑁
𝐶𝑉
𝐶𝑉
𝐶𝑉
𝑉̇
[m³/h]
[g/min]
[-]
[%]
[%]
[%]
70
20
1558
15.5 733.8
18.6
80
20
1682
14.1 729.8
17.8
90
20
1860
13.9 735.4
17.1
80
10
3369
14.1 729.2
12.6
80
30
1123
14.2 725.5
21.7

Figure 4: Comparison of simulation results with the
simplified statistical model.
Table 3: Parameters for the model validation runs.
𝑚̇
𝑅𝑢𝑛
𝐶𝐿
𝑥
𝑉̇
[-]
[m³/h]
[g/min]
[%]
[%]
1
5
3
70
20
2
5
7
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3
4
5
6
7
8
9
10
11
12
13
14
15
16

15
80
25

90

20

3
7
5
5
3
7
5
5
3
7
5
5
3
7

5
5
3
7
5
5
3
7
5
5
3
7
5
5

Discussion
By examining Eq. (9), favorable process conditions in terms
of coating uniformity can be derived. The coating variability
scales with the inverse square root of the number of cycles,
which in turn depends on the coating time and the mean cycle
time (Eq. (7)). As mentioned before, the cycle time decreases
with increasing air flow rate. Therefore, higher inlet air flow
rates are beneficial for the coating uniformity. On the other
hand, the coating time is a function of the spray rate, the
coating level and the solid mass fraction. It is well known, that
the coating uniformity increases for longer process run times
[12]. However, from an economical point of view, short
coating times are desirable. Hence, the coating time should
be as small as possible, but still long enough to obtain the
desired product quality.
A simple way to increase the coating time is reducing the
spray rate. Unfortunately, lower spray rates also reduce the
coating yield because of higher spray drying losses [13].
Spray drying is the effect of droplets drying before colliding
with a particle. The risk of spray drying increases, if volatile
organic compounds are used as spray solution. Dried out
droplets are not deposited on particles due to the missing
binding liquid and are collected in the filters at the outlet of
the coating device. High coating yields are especially
desirable for active coating layers, in which an Active
Pharmaceutical Ingredient (API) is applied to inert core
beads.
The second approach to increase the coating time would
be increasing the coating level. This means that the coating
mass per particle increases, causing higher coating thickness
too. Such a method is only feasible for coatings, which do not
affect the effectiveness of the drug, e.g. sugar coatings. For
active coating layers or modified release coatings, the coating
level is predetermined to achieve the desired drug
performance.
The third parameter affecting the coating time is the solid
mass fraction in the spray solution. With the solid content, the
spray viscosity, spreading behavior of the deposited droplet
and film formation might change. However, it seems to be a
good alternative to control the coating time if the coating level
cannot be adjusted.
Another way to reduce the coating variability is by reducing
the coating gain variability. This could be achieved by
optimizing the particle flow through the Wurster tube. The
parameters investigated did not have significant impact on
the coating gain variability. However, it is known that the
Wurster gap height, or the airflow distribution through the
bottom plate are of relevance [14]. Unfortunately, optimizing
those parameters is a difficult task, since it is hardly possible
to obtain the coating gain distribution experimentally. For that
purpose, CFD-DEM simulations could provide valuable
information.

Finally, the coating gain variability could be reduced by the
adjusting the droplet size. An increased number of droplets
potentially leads to a better spray distribution. The droplet
size can be regulated via the nozzle geometry and the
atomizing air pressure. However, similar to the spray rate,
small droplets lead to increased spray drying, limiting the
coating yield.
Concluding the above, selecting process parameters for
the Wurster coating process is always a tradeoff between
quality and efficiency. Additionally, it is difficult to capture
some of the most critical aspects experimentally. This
highlights the need for sophisticated modeling approaches.
While CFD-DEM simulations provide detailed insight to the
physical phenomena during the process, statistical models
like the one presented in this work are essential for successful
process design.
Outlook
While the proposed model can help to determine the
coating variability of a Wurster coating process, it does not
provide flexibility regarding to some relevant process
parameters. With additional CFD-DEM simulations, the effect
of the Wurster gap height and the batch mass could be
investigated to adjust the model accordingly. Furthermore,
one could try to capture the effect of different particle sizes
on the coating distribution. For the CFD-DEM model, heat
and mass transfer may be added to predict the coating losses
arising from spray drying.
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Abstract
This document describes a PhD proposal framed in a
doctoral college entitled “PhD program TU Wien bioactive Technologies for Drug Discovery and Production”. This
project focuses on two main core thematic units: discovery of
novel bioactive substances and sustainable production of
pharmaceuticals. The first thematic unit focuses on
discovering new bioactive substances with pharmaceutical
application potential from fungi and plants. The second
thematic focuses on the development of a sustainable
production process for pharmaceuticals. The present PhD
proposal is embedded in this second thematic unit. The
presented PhD project is entitled: “Bioactive compounds as
main economic drivers for sustainable biorefineries”. The
main goal is to use a renewable plant biomass as nutrient
source for the bioprocesses of the fungal expression hosts
and set up a sustainable biorefinery for maximal resource
utilization of the remaining components of the plant biomass.
Introduction
The necessity of changing the economy and society in
general from oil-based to bio-based is a topic that has been
already in discussion for the last decades [1]. In the last
Global Energy & CO2 Status Report 2018, the International
Energy Agency stated “robust sustainability frameworks are
key to bioenergy growth. Only bioenergy that reduces GHG
emissions while avoiding unacceptable social, environmental
and economic impacts has a future role in decarbonising the
energy system” [2]. Since 2015, the Sustainable
Development Goals (SDG) of the United Nations established
a route map in order to achieve a more sustainable society,
aiming at reaching these goals by 2030 [3]. This context
pushes the industry to aim at sustainable production
processes and biorefineries have been studied as the
technological scheme to process integrally renewable
resources and add value to biomass [4]. A great variety of
feedstocks, technologies and products have been
researched in recent years, given that a shift into a
bioeconomy requires not only the production of energy, but
also of products used in different industrial and daily life
applications [5]. Among these, the so-called “bioactive”
compounds have been of high interest, given their high added
value and their application in pharmaceutical, health, and
cosmetics, among many other fields [6].
However, despite of the applicability and economical
interest in these compounds, there are still certain elements
that need to be analyzed and connected in order to consider
them economic drivers of sustainable production processes.
First, bioactive compounds can be produced from many

sources, either by extraction from their natural matrix, or
producing substrates and obtain them via fermentation,
among others. Therefore, it is important to identify raw
materials that can be used for this purpose. Second, for the
production process to be sustainable, not only the
extraction/production of the bioactive compound itself should
be considered, but also the valorization of the remaining
components of the raw material. Hence, identifying the
components of the matrix of the feedstock becomes of great
importance, as the composition determines the possible
products to be obtained. Finally, the availability of the
feedstock plays an important role, because it directly affects
the scale of the process. Generally, fine/specialty chemicals
have high sales prices, which allows producing them at small
scales, but considering aspects as the transport and logistics
associated to the availability is important as it strongly
influences the feasibility.
Based on the aforementioned elements, this PhD consists
of designing sustainable biorefineries at small-scale with
bioactive compounds as main economic drivers. Using
feedstocks from different origins, the aim is to show that the
extraction of high added-value and bioactive compounds
coupled with the subsequent valorization of the remaining
fractions of the feedstock will result in a sustainable
biorefinery, identifying the scale at which it can operate and
the respective energy-supply scheme.
Research objectives and approach
The main research question leading this PhD is Can
bioactive compounds be the key elements for a shift into a
bioeconomy? Based on it, the following general objective was
proposed: to design sustainable biorefineries at small-scale
with bioactive compounds as main economic drivers. This
implies both experimental and simulation work and the
evaluation of different aspects covered within the framework
of
sustainability
(technical/technological,
economic,
environmental, and energetic, among others).
In order to accomplish this main objective, the following
Specific Objectives (SO) are proposed, as shown in Figure
1. Each SO also presents the respective research question
to be answered and the novelty. For the development of the
objectives, four tasks and four sub-tasks for the sustainability
assessment are proposed, considering the wide range of
topics to be covered (technical, economic, environmental,
energy). Figure 2 shows the respective tasks with a brief
description of the overall activity for the task, the scale in case
of being experimental work and the software to be used in
case of being simulation work.
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Figure 1. Specific objectives for the development of the PhD project.

Figure 2. Planned tasks for the development of the research question
The proposed feedstocks to be used are wheat straw,
hemp, and a third one to be selected. Each of these raw
materials offer different specific features (composition, origin
– agriculture, horticulture-, supply chain, availability)
influencing the performance of the biorefineries. Figure 3
shows the general scheme of the proposed biorefinery. The
main sections are extraction of bioactive and added value
compounds, platform valorization (cellulose, hemicellulose
and lignin), substrate production and respective fermentation

for the production of bioactive compounds, and effluent
valorization through energy production. It is important to
mention that the order of the stages and chosen technologies
will depend on each raw material. The required methods and
techniques will depend on the raw material. However, in
general terms, some general methods will be used. Table 1
describes some of the technologies as software that will be
used on each of the tasks.
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Figure 3. General scheme of the proposed biorefinery
Table 1. General methods and techniques for the development of the PhD
Task
No.
1

2

Method /
Technique

Remarks

Organosolv
extraction

Pressurized liquid extraction to remove lignin and other compounds of interest. Temperature
ranges from 100°C to 180°C depending on the feedstock. Solvent: Ethanol or Water-Ethanol
mixture

Product
characterization

Bioactive compounds: HPLC, LC-MS

Lignocellulosic
characterization

Characterization of the remaining solid after the extraction, to identify further possible uses
(NREL/TP-510-42618 and NREL/TP-510-42623).
- Cellulose; Structural carbohydrates (arabinan, galactan, glucan, xylan, mannan); Lignin; Ash

Sugar
production
Fiber
characterization
and valorization
Lignin
valorization

1
2

Analytics

3
4

Simulation and
LCA

Liquid hot water pretreatment for hemicellulose hydrolysis
For fiber usage and valorization, techniques that are more specific can be necessary.
Work associated with another PhD student from the research group (Johannes Adamcyk). Lignin
precipitation and concentration. Product applications for different lignin formulations (solid,
aqueous solution, ethanol-water solution).
Determination based on the NREL/TP-510-42623
Sugars: HPIEC
Degradation products (HMF, acetic acid, furfural): HPLC
Simulation: Aspen Plus V10
LCA: GaBi Professional

Initial Results
The activities performed so far correspond to Tasks 1 and
2. The initial results obtained so far are presented as follows.
Raw material selection and characterization
Hemp threshing residues, grape vineshoots and wheat
straw were selected as raw materials. A detailed description
of the criteria used for the selection can be found on (SernaLoaiza et al., 2019) [7]. The focus bioactive compounds of
these raw materials are cannabinoids, flavonoids and lignin,
respectively. Therefore, an initial characterization of the raw
material was performed. This characterization is the base
point for mass balances of the process. For hemp and grape
vineshoots, the extractives content correspond to the fraction
that contains the focus bioactive compounds. For wheat
straw, lignin content was determined. Table 2 shows the
respective values obtained for the feedstocks.
Extraction of bioactive compounds
The extraction of cannabinoids was performed as a
Pressurized Liquid Extraction (PLE) at 100°C for 100 min,
using pure ethanol as solvent. The extraction was carried out
in a stainless steel high pressurize autoclave (Zirbus, HAD
9/16, Bad Grund, Germany) with a capacity of 1 L and
maximum temperature and pressure of 250°C and 60 bar,

respectively. The agitation was set at 200 rpm. At these
conditions, it was possible to obtain a raw extract with 1,25
g/L of cannabidiol, corresponding to an extraction yield of
15,1 mg of cannabidiol per gram of dry sample. The next step
consists of testing different extractions time and
temperatures, to identify the best extraction conditions and
then proceed to initial concentration of the obtained extract.
For the case of the grape vineshoots, the extractives
obtained from the stage of characterization were used for the
identification of components. These results correspond to two
fractions: water and ethanol. Table 3 summarizes the
concentration of components of interest that may have
bioactive applications determined in the samples. Both
quercetin and Shikimic acid have significant concentrations
that may be of interest for extraction and purification.
The next step for these two feedstocks consists of testing
different extractions time and temperatures, to identify the
best extraction conditions and then proceed to initial
concentration of the obtained extract. For the case of wheat
straw and lignin, previous studies have been carried out
already in the Research Group to extract the lignin using
Organosolv [8]. For this reason, the focus with this feedstock
will be on the valorization of the remaining solid and the
combination of pretreatment stages (e.g. Organosolv
combined with Liquid Hot Water) to enhance the production
of lignin and other products of interests (e.g. sugars).
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Table 2. Characterization of the raw materials
Hemp
Grape
Plant Part
Threshing
Wheat Straw
Vineshoots
Residues
Variety
Finola
Grüner Veltliner
Determined Component
Weight percentage (%wt)
Extractives
55,13 ± 0,53 44,74 ± 0,71 52,42 ± 1,48
Lignin
9,79 ± 0,57
5,79 ± 0,31 17,71 ± 0,72
Table 3. Characterization of the extracts obtained from the Grape Vineshoots.
Fraction
Water
Ethanol
Component
Concentration [μg/mL]
Myo-Inositol
746,81
ND
Quercetin
228,22
ND
Shikimic acid
183,38
ND
β-sitosterol
ND
19,98
Inositol
46,88
ND
Gallic Acid
37,77
ND
ND: Not Detected
Outlook
The results obtained so far indicate the potential for the
extraction of the selected bioactive compounds. After the
optimization of the extraction conditions, the next steps to be
considered are:
- Evaluation of a concentration stage to recover the solvent
and have the raw extracts in a concentrated form.
- Valorization of other fractions of the feedstocks.
Combination of the extraction stage with the sugar
production stage (Liquid Hot Water) to determine, which
order provides simultaneously a higher extraction yield of
the given bioactive compound and sugar.
- Identification of possible applications of the remaining
solids after the stages of extraction and sugar production.
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[5]
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Abstract
In this article, an ultrasonic flow field measurement is
coupled with an evaluation similar to a particle image
velocimetry (PIV). This Echo-PIV is executed to evaluate the
flow in a mechanically agitated laboratory scaled reactor
representing a real-life cylindrical digestion tower. The
resulting flow field inside the reactor with the corresponding
power demand of the stirring device gives a foundation for
energetic process optimization. To represent different
amounts of total solids concentration as found in real
digestion towers, distinctive mixing ratios of water and
glycerol are used. Furthermore, two different agitation
devices are investigated with different operation parameters.
Findings highlighted the applicability and constraints of an
ultrasonic measuring approach for investigating flow fields
inside a reactor using low- to high viscous fluids. Both the
agitation speed as well as the choice of agitation device have
an impact on the overall mixing with predominant influence
reached with the latter one. Using a more sophisticated
helical stirring device instead of a conventional bladed
agitation device, results in more uniform flow profiles, with
increased average velocities up to 50 % when using high
viscous fluids.

volume of 4.500 m3 and is scaled down to laboratory size.
With available space of 7.948 liters for a water-glycerol
mixture, the used laboratory reactor is the foundation for
different experimental setups and process scenarios. The
usage of this sludge substituent brings the advantage of no
fluctuations in rheological properties as for example found in
real sludge. These deviations in total solids concentration
(%TS), viscosity η and fluid density ρ are caused by
seasonal and geological conditions. [5] To simulate different
ratios of %TS the glycerol percentage per weight (wt%) can
be varied. Usual ratios between 2.5 and 5.4 %TS can be
investigated while not having any impact on the performance
of the ultrasonic measurement. [1, 6] Furthermore,
investigated scenarios differ in agitation device and rotational
speed (rpm). The executed flow field measurement is based
on an ultrasonic device originally from the field of medical
technics. The usage of a non-invasive measurement does
not alter the flow field such as measurements with probes.
Furthermore, it is able to evaluate entire flow areas and not
only specific points inside the reactor. The ensuing analysis
of the ultrasonic measurement is done by software-based
cross-correlation of the time-depended translocation of
particles inside the reactor. Validations with computational
fluid dynamics (CFD) are planned but are not integrated into
this work.

Introduction

Methods

In order to reduce global warming, renewable energies
such as biogas production get more important as an
alternative technology to fossil fuels. In order to provide
efficient biogas production in digestion towers sufficient
mixing is necessary. Therefore, both the energy input, as well
as the gas output are variables that have potential to be
optimized, in order to establish the biogas production in
digestion towers in the range of renewable energies. Since
measuring the mixing efficiency in real scaled towers is
hindered by different factors such as constructional means,
overmixing is frequently used. Depending on the agitation
device used, which can vary from conventional bladed
stirring devices to more complex geometries as well as
impellers, overmixing results in a needless energy demand
that can, and above that should, be prevented. In order to
provide a template for optimized mixing both CFD
simulations, as well as laboratory experiments, can be
conducted. Over the past decades many of such simulations
investigated different digestion tower geometries with
variable process parameters. [1, 2] Furthermore, different
approaches for induced mixing into the fluid were
investigated [3, 4] Uniform findings show a more even flow
profile when using lower rotational speeds in higher viscous
fluids in combination with higher stirring surface. However,
implementing laboratory scaled experiments could help
validate those simulations.
The main focus of this work is the experimental flow
analysis of a cylindrical shaped digestion tower. The existing
digestion tower (based on one of two towers) is used by the
“Innsbrucker Kommunalbetriebe AG (IKB AG)”. It provides a

Laboratory reactor setup
In this work, a real life digestion tower is scaled down to
laboratory dimensions using a linear scaling factor. Scaling
approach is based on constant specific power both in the
real-scale and lab-scale reactors. However, constant power
is set with the agitation devices. The cylindrically shaped
reactor wall is made of acrylic glass to provide optical
accessibility. Other parts that shape the final geometry are
made using a 3D-printer with semi-transparent material
VeroClear. This material offers mechanical and chemical
properties similar to acrylic glass. Illustrated in figure Figure 1
the reactor, with inner diameter of 220 mm, provides an fluid
volume of 7.948 liters.

Figure 1: Laboratory scaled reactor with 1) helical and 2)
Scaba agitation device (dimensions in mm)
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Centric clockwise mixing is induced by a Heidolph RZ 2102
with variable speed control and integrated torque
measurement.
Agitation devices
The impact of different mixing devices is investigated with
two different agitators. As shown on the right reactor in
Figure 1, a bladed agitation device as used in real scale
reactors is scaled using the approach of same specific power
as described in the Penney-Chart. [7, 8] Reference for
constant specific power is the very same stirring device used
in the existing template digestion tower. This stirring device
consists of two 3-bladed segments, as well as one 2-bladed
segment with 0.12 m and 0.09 m in diameter d, respectively.
The segments are 3D-printed and attached to a steel shaft.
The second stirrer in the left reactor in Figure 1 is a helical
agitation device as found in chemical laboratory applications
R3003.1 provided by IKA. Diameter, stirrer-height h and type
are displayed in Table 1.
Table 1: Data for two different mixing devices used for
mechanical agitation [9]
Mixing device
Type
d
h
R3003.1
IKA Helical stirring
0.1 m
0.1628 m
device
Scaba
3-segment bladed
0.12 m /
0.152 m
agitation device
0.09 m
Rheological substituent for the slurry manure
To provide consistent rheological properties a mixture of
glycerol and water is used as sludge substituent. Mixtures
are set to provide same dynamic viscosity as found in real
manure used in digestion towers. Table 2 shows specific
ratios of water and glycerol that represent different
percentages of %TS resulting in specific dynamic viscosities
and fluid densities. Ratios above 5.4 %TS are rarely found in
practical application. [1, 6] Despite that, also the ultrasonic
measuring quality decreases if a mass-fraction of 75 wt%
glycerol is exceeded. In order to reduce the needed sonic
gain on the ultrasonic device, seeding particles based on
polyamide flakes with a average diameter of 0.005 µm are
used. [5] These particles are dispersed in water and induced
into the reactor before measuring to prevent sedimentation
over longer periods of time.
Table 2: Data for sludge substituent using a water-gylcerol
mixture at T = 21 °C, reference %TS concentration taken
from [1]
Glycerol /
η
ρ
%TS
water
0 / 100 wt%
0.00098 Pa s
997.83 kg m-3
50 / 50 wt%
0.0058 Pa s
1126.3 kg m-3
2,5 %
75 / 25 wt%
0.0343 Pa s
1193.7 kg m-3
5,4 %
85 / 15 wt%
0.11368 Pa s
1222.7 kg m-3
7,5 %
100 / 0 wt%
1.2901 Pa s
1260.1 kg m-3
>12 %
Ultra Sonic measurement setup
Because of the desired non-invasive characteristics as well
as further experimental setups that do not allow measuring
methods such as conventional particle image velocimetry
(PIV), flow measurement is executed using an ultrasonic
measuring approach. For this approach a GE Logiq 300
ultrasonic examination device, initially as applied for the field
of medical examinations is used. [10] In order to provide best
resolution in the experimental setup a GE 739L linear
measuring head is used. With set parameters this head
features a penetration depth of 0.1 m while providing a
sampling frequency above 24 possible frames restricted by

the used frame-grabber. To prevent unwanted refractions at
material transitions conventional ultrasonic gel is used. [11]
The measuring head is aligned orthogonally to the reactor
wall in order to measure the projected velocity consisting of
both radial as well as tangential components. For measuring
axial flow fields the head can be rotated 90 °. However, those
flow fields are not integrated in this work and will be part of
future investigations. Evaluation of the gathered ultrasonic
frames is done via MatLab related Add-In PIVLab using FFT
window deformation algorithm with incrementing sequencing
style. [12] Average velocities are calculated in the region of
interest which covers the whole ultrasonic measuring field at
increasing reactor height increments of 0.01 m. Measuring
planes start at 0.03 m because of structural design.
Measurements are carried out for approximately 30 seconds
to capture at least 1000 frames per experiment at ambient
temperature T.

Results
Experimental investigations not only have shown the distinct
differences between the two agitation approaches, but also
the capability of ultrasonic flow field measurement for this
application in general. Figure 2 depicts the basic flow
evaluation with calculated absolute vectors consisting of both
tangential and radial components. The stirring shaft can be
seen at the bottom and the reactor wall on the top of the
image. Because of the measuring method the vectors are
projected in X-Y-plane. Therefore, the third vector component
in Z-axis is not incorporated.

Figure 2: Illustration of captured and evaluated ultrasonic
flow field in X-Y-plane. 50 wt% glycerol-water mixture with a
helical stirring device (100 mm) at 12 rpm is used.
(h = 0.3 m, wglyc = 50 wt%, T = 21 °C, η = 0.00098 Ns m-2,
ρ = 997.83 kg m-3)
Because of material and their corresponding density
transitions between reactor materials, fluids and internal
installations such as agitation devices, increased sonic gain
is necessary that can lead to interfering echo effects.
Especially when using pure water those interferences alter
the vector field calculated with the software as seen in wider
error bars in Figure 3 for pure water. This sonic feedback is
less prominent for mixtures with 50 wt% and 75 wt%
glycerol/water as illustrated in smaller error bars in figures
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Figure 4 and 5. Nevertheless, the measurement method is
able to highlight the differences between the two distinctive
agitation devices. Results show the differences of average
velocities at different heights, with a more uniform vertical
flow profile for the helical device. This is coherent with former
CFD simulations that go along with this work. [1, 2] When
comparing both diagrams in Figure 3 it is evident that,
despite the more uniform flow profile, the helical device is
also able to produce higher average velocities at lower rpm.

ratios such as 50wt% or 75 wt% glycerol and 30 rpm, the
Scaba device only reaches average velocities above 0.03
m s-1 at the height of the stirring segments.

Figure 4: Flow field evaluation in a two-component
glycerol/water-mixture with different agitation speeds using
(1) a helical stirring device (100mm) and (2) a Scaba device.
(wglyc = 50 wt%, T = 21 °C, η = 0.0058 Ns m-2, ρ = 1126.3 kg
m-3) ▲: 12rpm, ♦: 15 rpm, ●: 20rpm; ■: 25rpm; ○: 30rpm

Figure 3: Flow field evaluation in pure water with different
agitation speeds using (1) a helical stirring device (100mm)
and (2) a Scaba device. (wglyc = 0wt%, T = 21 °C,
η = 0.00098 Ns m-2, ρ = 997.83 kg m-3) ▲: 12rpm, ♦: 15 rpm,
●: 20rpm; ■: 25rpm; ○: 30rpm
As seen in Figure 3 (2), Figure 4 (2) and Figure 5 (2),
characteristic peaks in the average velocities are detected at
h of approximately 0.07 m. These specific peaks are caused
by higher fluid velocities at the height of the individual Scaba
agitation segments on the one hand and because of the
characteristics of the measuring method, respectively. Since
the agitation device rotates through the measurement field it
is also measured by the ultrasonic device itself. This is due
the chosen sequencing style as described earlier. Because of
the higher rotational speed of the agitation device itself in
relation to the fluid, the resulting velocity field is higher than
the actual fluid flow velocity. This is due the fact that the
rotating blade is seen as a fluid flow by the used program. In
order to minimize that increased velocity error different
phase-correlated sequencing style can be executed, where
the agitation device does not rotate through the measuring
field. However, this approach reduces the size of the
measuring field. Therefore, it is planned to determine a
correction factor that can be used to adapt results in the used
increasing sequencing style. In higher viscous fluids such as
Figure 4 (2) and Figure 5 (2) the peaks are also found at a
height of 0.13 m.
When comparing Figure 3 and Figure 4 the impact of higher
viscous mixtures of water and glycerol can be derived. While
the flow field in pure water is spread out by higher
turbulences, the flow field for the higher viscous fluid is more
uniform while having lower average velocities at same
rotational speeds for both mixing devices. This distinctive
difference in flow profile is most evident when using the
highest of the investigated fluid viscosities. Using higher

The majority of average velocities of the helical stirring
device on the other hand are in the range of or above
0.03 m s-1 again underlining the more uniform and higher
velocity profile. This is still prominent at 25 rpm for the helical
device.

Figure 5: Flow field evaluation in a two-component
glycerol/water-mixture with different agitation speeds using
(1) a helical stirring device (100mm) and (2) a Scaba device.
(wglyc = 75 wt%, T = 21 °C, η = 0.0343 Ns m-2, ρ = 1193.7 kg
m-3) ▲: 12rpm, ♦: 15 rpm, ●: 20rpm; ■: 25rpm; ○: 30rpm
As shown in Figure 6 the height-averaged velocities of the
scenarios shown in Figure 5 for the helical device compared
to the Scaba device are shown for a mixture of 75 wt%
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glycerol and 25 wt% water. It can been seen that this overall
averaged reactor velocity is increased up to 50%.

Figure 6: Comparison of the height-averaged velocities
inside the reactor for both helical and Scaba at different
rotational speeds. Experimental setup shown in Figure 5.
(wglyc = 75 wt%, T = 21 °C, η = 0.0343 Ns m-2, ρ = 1193.7 kg
m-3
In detail, the helical device offers an increased heightaveraged reactor velocity of 53.9 %, 57.7 %, 52.8 %, 47.7 %
and 31.3 % for 12, 15, 20, 25 and 30 rpm, respectively. For
future work, and in order to obtain a more detailed flow
analysis, distinctive flow profiles can be measured at
distinctive heights. Such a velocity profile can be seen in
figure Figure 7 referencing to Figure 2 along a straight line
from at the stirring shaft to the reactor wall.

Figure 7: Illustration of the velocity profile along a centric
polyline in reference to Figure 2 at a reactor height of 0.3 m.
Velocity profile starts at stirring shaft (Distance on line = 0 m)
and ends at the reactor wall (Distance on line = 0.11 m).
These plotted average velocities along the line can be
compared for every investigated reactor height.

Conclusion
Based on the results as summarized above this work was
not only able to highlight the differences of agitation
approaches, as well as process parameters on the overall
fluid flow, but also the applicability of the ultrasonic flow
measurement in lab-scaled reactors. This measuring method
offers an interesting non-invasive alternative with a broad
area of application for fluid measurement with yet big
optimization potential. Furthermore, results have validated
former CFD simulation outcome that more complex stirrers
can lead to higher average flow profiles with lower rotation
speeds. However, power demand as well as structural and
mechanical properties where not considered in this work.
Without power demand, the improvement of overall mixing
efficiency cannot be determined. However, it was shown that
especially in higher viscous fluids the more complex helical
stirring device delivers better mixing performance.

Future work
This work was the first application of this flow field
measurement approach using an ultrasonic device in this
very experimental setup. Therefore, a lot of optimization
potential both in the setup, as well as in the evaluation and in
the validation with CFD simulations is elaborated. Especially
the use of area-averaged velocities at different heights may
be an interesting approach for a first rough assessment and
comparison between two experimental scenarios. However,
to provide a more detailed investigation velocity profiles can
be extracted that show a velocity gradient inside the reactor.
This will be the main approach for further experiments to not
only represent a more exact flow field, but also to ensure a
better validation with CFD simulations.
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ABSTRACT
In addition to the technological and economic aspects, the integration of environmental considerations can help to assess
the process paths of emerging technologies from the beginning, but there are many uncertainties involved in early application. This paper outlines the standardised quantification
methodology of life cycle assessments (LCAs) and challenges
addressed in the PhD thesis focusing on biorefineries as well
as different types of LCAs in process development.
INTRODUCTION
The development of environmentally friendly processes &
products is becoming increasingly important to meet global
challenges, but how can we prove that our development is really more sustainable than existing systems? Or how can we
find out for different process variants on which substances we
should focus in terms of sustainability? One of the preeminent
tools for quantifying environmental sustainability is the life cycle assessment (LCA). It aims to quantify the environmental
impacts by capturing relevant environmental flows across a
product’s life cycle (from raw material extraction and manufacturing, through distribution, use and disposal), assigns these
flows relevant impact categories and converts those within an
impact category into common units such as litres of water withdrawal or kg CO2 equivalents/unit[1]. Life cycle analyses have
been trying to make these effects measurable since the 70s
and are often used with objectives such as product optimisation or product comparison [2]. Mostly, however, the focus
here was on already existing products with established processes, so that working with processes in development places
new demands on the methodology. The political support for a
change towards a more sustainable way of doing business is
also driving the need to assess products for ecological compatibility from the very beginning in the field of technology development and therefore enables companies and researchers
to reduce cost consuming exploration of process ways, who
will have little chance of standing stricter environmental legislation.
In my dissertation I am dealing with exactly this field of LCA
implementation, namely process development and handling of
uncertain data originating from high variable process parameters of laboratory or pilot plants.
However, since LCAs are more and more often prescribed in
projects and scientists should be able to use the results for
their own work in order to further develop processes, an introduction to this matter is given here, introducing the current
PhD-work and outlining LCA-types that might be encountered
at low Technology Readiness Levels (TRL).
LCA FOR PROCESS DEVELOPMENT
One of the key discussion topics of the European Commission
in the paper “Towards a Roadmap for Engineering & Upscaling” in 2015 was the implementation of LCAs in the production
of new parts in order to support decisions on whether the technology is worth implementing or not. It is stated there that

LCAs should be implemented in an early stage before scale
up to pilot [3]. This early implementation may lead to benefits
for the process developing body. At the beginning of a design
process there are a lot of possibilities regarding the processes
and input parameters to be applied. The earliest [4] possible
implementation of LCA's can help to evaluate this variety of
options in terms of environmental impact, whereas in a later
stage most design parameters have been already locked in
and altering of the technology is more difficult. However, in
early stages the knowledge about the technology is spars. This
design paradox is also referred to as Collingridge dilemma as
shown in figure 1 [5].

Figure 1: Schematic illustration of the technology diffusion, knowledge, and design
freedom curves. In order for an LCA to be prospective, the technology should be in the
formative phase or early growth phase at the current time of the assessment (t0) and
should be modelled at a future time (tf) in the saturation phase or late in the growth
phase. LCA = life cycle assessment [modified, 5]

One key finding of this dilemma is that the earliest possible
application of an LCA results can lead to an easier adaptation
of the process/product design. However, since there is limited
knowledge about the processes available, there is a high degree of uncertainty.
Uncertainty can be defined quantitative, through the spread of
values attributed to a parameter, or qualitative, referring to the
lack of precision in data and method due to incomplete data,
lack of transparency, unrepresentative methods and the
choice made [6], [7]. Most LCAs address uncertainties by performing uncertainty (UA) and/or Sensitivity Analysis (SA).
Those are systematic techniques to quantify uncertainty in LCI
results due to variability and inaccuracy of data and model
(UA) or to assess the effects of methodological choice and
data on the result (SA) [6], [8]. However there are still many
LCAs not accounting for parameter correlation structure, for
example only 17 % of LCAs accounting parameter correlation
in a review in 2007. This lack of knowledge influences the
spread of values tough. Not taking into account correlation for
the computation of random sampling vectors, leads to a larger
sampling space and an undetermined number of parameter
combinations will not reflect the situation observed in the real
world and therefore lead to unrepresentative results [9], [10].
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METHODOLOGY
The PhD-research, which will be performed, concentrates
mainly on parameter uncertainty in the Life Cycle inventory
16th Minisymposium Verfahrenstechnik and 7th Partikelforum,
TU Wien, September 21st – 22nd, 2020 analysis (LCI). During
process development, input and output data from a wide variety of sources, such as laboratory and pilot plant tests, literature, databases, process simulations or similar established
processes can be used and lead to different Life Cycle Inventory values. Also, due to the early test stage, there may be little
data available which may also be subject to a certain measuring error
The LCAs will be performed according to the ISO 14040 standards, which consists of four phases. Based on the definition of
the objective and the scope of the study, the Life Cycle Inventory Phase (LCI) quantifies the emissions and resources along
the life cycle of the product under investigation. During the Life
Cycle Impact Assessment (LCIA), the data collected are converted into indicators. These indicators express the impact on
different environmental and health issues, such as global
warming, water and air pollution, nutrient enrichment or summer smog. In the fourth phase, the interpretation phase, the
results are interpreted with regard to the initially defined objectives of the LCA [11], [12].

Working additionally to the LCA software closely with the process simulation software, by using a programme, which has to
be developed and which is able to work with both software,
different process conditions will be modelled including estimated errors and parameter uncertainty.
The results will be tested with multivariate exploratory methods. For this purpose, e.g. principal component analysis, nonlinear mapping and different cluster analyses are used, as well
as afford will be made to recognize the correlation structures
between parameters and their multivariate distributions.
From the results multivariate calibration models can be derived
to model process properties by the process parameters. Upscaling of this model to perform a LCA on emerging technologies using different scenarios, and making the results comparable to LCAs of existing technologies is also aimed as well
extending it to a life cycle sustainability assessment (LCSA),
including life cycle costing (LCC) and Social Life Cycle Assessment (SLCA). This will add value to the development and
pre-enforcement of combined
LCSA methods [14].
This integrated approach for
data evaluation is demonstrated for process selection
procedure for biorefinery products.

Parameter, with the highest impact, will be selected through
performing a Global Sensitivity Analysis, which includes also
possible uncertainty due to lack of knowledge of the description of parameter variability (value distribution). GSA are a
good basis for performing parameterized LCA models [13].

Figure 3: The overlap between the three
pillars of sustainability resulting in LCSA
[modified, 14]

The aim is to increase the robustness of prospective LCA results especially in the biorefinery field and to get a better understanding of the influence of process variables in a multivariate sense on the process properties that influence the life cycle features.
BIOREFINERIES
Biorefineries are from special interest as bioeconomy is one of
the European strategies to tackle the most important environmental problems and to maintain the competitiveness of Europe [15]. In the sense of sustainable development, the substitution of fossil fuels by renewable raw materials is a necessary step for a new economic and goods system. With the updated bioeconomy strategy, the European Commission [16]
wants to support the facilitated development of sustainable biorefineries and assumes a potential of up to 300 new biorefineries in 2030.

Figure 4: Overview of products and chemical compounds that can be obtained in a
traditional [modified, 17]

Figure 2: Methodology Steps for GSA [modified, 13]
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The fact that many products and chemicals can already be
produced from biorefineries is shown by a comparison with traditional products from petroleum refinery, see Figure 4 [17].
Research interest in this area is growing steadily, as can be
seen from the annual increase in publications [17]. There are
processes and products in different Technology Readiness
Levels (TRLs) and this generally poses new challenges for life
cycle analyses, e.g. the comparability of different products and
manufacturing options. However, an early assessment is important because decisions made at an early stage of development have a major impact on the associated environmental
impact of an end product.
It should not be forgotten that renewable raw materials are
also not available in unlimited quantities and their processing
into energy, chemicals or products does not automatically
have to be more sustainable or environmentally compatible.
Therefor it is especially interesting to make methods for their
development available, which incorporates the uncertainties to
target environmentally friendly processes.
Clarification of LCA Types
Next to the traditionally known applications of LCAs like Next
to the traditionally known applications of LCAs like comparison
of existing products or improvement of products the need to
use LCA as a tool in strategy processes and longer term planning is raising [18]. Therefore, the variety of LCA methods and
types is growing consistently and differ a lot, which can lead to
problems regarding credibility or comparability.
Two major types of LCAs, which are for example defined in the
Global Guidance Principles for Life Cycle Assessment Databases of the UNEP are the consequential and the attributional
LCA. The attributional approach, also called “accounting” or
“descriptive approach”, evaluates on what portion of the global
environmental burdens can be associated with a product,
while the consequential, change-oriented, approach gathers
information on the environmental burdens that occur, directly
or indirectly, as a consequence of a decision (usually represented by changes in demand for a product [7], [19]..
Therefore the research question of the LCAs differs as well,
for example a research question for a attributional LCA (ALCA)
is: “What is the life-cycle impact of 1 kWh of electricity at grid
in France in 2006? [20], [21] while a consequential LCA
(CLCA) asks for an additional unit, eg.: “What are the consequences of an increased demand of wheat in Denmark? [21],
[22]”. Figure 5 additionally demonstrates an important difference. The circles represent the total global environmental exchanges. In the left circle, attributional LCA seeks to cut out
the piece with dotted lines that belongs to a specific human
activity or product. In the right circle, consequential LCA seeks
to capture the change in environmental exchanges that occur
as a consequence of adding or removing a specific human activity or product [23].

Figure 5: Conceptual differences between attributional and consequential approaches
[23]

Although it was sometimes mistaken, consequential and attributional LCAs can both be prospective or retrospective [5], but
ALCAs model the situation (either in the past, present or future) as it is, without any changes [19]. However other newly
developed models like NLCA (Anticipatory LCA), PLCA (Prospective LCA) and SLA (Scenario-based LCA) focus mainly on
emerging and not yet marketed product systems while ALCA,
CLCA and DLCA (Decision LCA) mainly focus on commercially existing product systems [19]. The different in the types
for emerging technologies can be for example seen in the main
focus. NLCA draw a specific focus on integrating assessment
techniques of decision theory that should allow for the explicit
inclusion of the values of decision-makers in the analysis,
whereas SLA are based on scenarios, separating modelling
processes, life-cycle modelling, scenario modelling, and valuation modelling [19], [24], [25]. Prospective LCAs deal with
technologies in the future and have a broader temporal horizon, whereas retrospective studies deal with products in the
past. The need to implement an LCA at an early stage of product or process development leads to LCAs who are prospective in nature and to adjust or change the purpose of a LCA
[18]. Those prospective LCAs anticipate the possibility of large
changes in the object of study and its surrounding over time,
examining changes in the foreground and the background system. The foreground system is often declared as the operations of the life cycle which are modelled directly by the study,
however are also sometimes defined as the processes which
can be affected by the manufacturer or, where the product or
technology under study impose larger changes over a longer
time horizon while the background system, representing the
global industrial system, which can be changed in the boundary conditions, like the national power supply, availability of
materials, cycle in national economy or costs of energy and
commodities [1], [18], [26].
However, one must also differentiate between the technology
readiness levels (TRL) of prospective LCAs. In process or
product development we typically deal with technologies in an
early stage/low TRL, just being a basic idea, or in a proof-of
concept, a lab environment or an industrial pilot plant phase,
still needing multiple research cycles before becoming available at an industrial scale [25], [27]. The environmental interventions of future systems are a product of very complex interactions and dependencies and have many uncertainties [18].
As mentioned above there are many different types of LCAs
used to evaluate emerging technologies. Buyle et al. [27] tries
to bring those in his methodology framework for ex-ante LCAs
together, including the entire technology life cycle, from the
early design phase up to continuous improvements of mature
technologies, as well as including their market penetration.
The creation of a uniform methodological approach facilitates
the transparency of LCAs in general, but especially those dealing with future scenarios and the comparison of different studies among each other as well as with mature technology counterparts. This also allows for a categorization and evaluation
of the applied techniques, concepts and procedures in order
to address technology development, technological learning
and technology diffusion. Integrating the technological learning curves, especially of cost reduction of direct inputs, have
been observed from researchers to correlated with improvement of environmental performance. However only few studies
have combined changes in both, foreground and background
systems, until now nor combined technology learning, development or diffusion. Assessed topics are mainly technology
development of energy systems, electric vehicles and nanotechnology, so there is an opportunity to broaden the field
through integrating it in ongoing process and chemical engineering research, even including expected future legislation,
like the circular economy concept, sale-and-take-back, lease
or pay-per-use contracts [27].
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Abstract
Lignin is a currently underutilized biopolymer available in
large quantities from renewable resources. While it is mostly
used as an energy source, lignin can be applied in high value
products in the form of colloidal particles. A biorefinery
process to produce colloidal lignin particles (CLPs) from
wheat straw was analyzed on the mass flow of liquids and
solids, and the main dry matter compounds. Additionally, the
solubility limit of a commercial organosolv lignin at varying
ethanol concentrations was determined. The results indicate
which are the most important problems of the current process
and give directions for future optimization of each process
step towards higher yields and efficiencies by revealing the
key influencing parameters.
Introduction
Lignocellulosic raw materials play an important role in the
required transition from fossil to renewable feedstocks. While
cellulose, the main component of lignocellulose, is already
heavily used, lignin finds only marginal application as a
material, despite constituting a large portion of lignocellulose.
Wheat straw is a lignocellulosic material that is currently
underutilized. The current production of straw in Austria is
around 2 Mt every year [1], only a fraction of which is used as
a material. Additionally, wheat straw is a by-product of food
production, meaning that its utilization in a biorefinery would
not directly compete for land use with food or other industries.

resulting colloidal suspension is cleaned and concentrated in
a membrane filtration step. Depending on the application, a
gentle drying step at low temperatures might be necessary to
increase particle concentration or achieve a dry product.
In previous works [4], the influence of the volumetric
flowrate in the static mixer, the ratio of antisolvent to extract
and the pH-value of the antisolvent were investigated on their
influence on the precipitation, concerning the hydrodynamic
diameter of the CLPs, their polydispersity, and the yield of the
lignin. A regression model showed that the hydrodynamic
diameter is mostly influenced by the volumetric flow and the
ratio of antisolvent to extract. Based on the results, standard
precipitation settings were decided upon with the aim of small
particle size and a low ratio of antisolvent. Experiments with
purified lignin solution were carried out at this optimum,
resulting in smaller particles, a higher yield and better stability
over time.
In the present work, the mass balance of the current
standard process to produce CLPs is evaluated to determine
which process parameters are most relevant for optimization.
For further insight, the solubility of a commercial organosolv
lignin at varying ethanol concentrations and temperatures
was investigated. This was done because lignin solubility has
a major influence on both the extraction and the precipitation.
Since these process steps determine the overall CLP yield,
better understanding the influencing factors is a key step in
the optimization process.
Materials and Methods

Most of the lignin currently is produced as a by-product of
the pulp and paper industry through Kraft- or sulfite-pulping.
However, these processes heavily modify the molecular
structure of lignin including the incorporation of sulfur, which
makes its subsequent utilization very difficult. In contrast, the
ethanol organosolv process allows delignification with nontoxic solvents and the production of sulfur-free lignin of high
quality [2], which is quite relevant in many applications (e.g.
cosmetics, food packaging). This can make the difference
between lignin being a low value side-product and a high
value main product. However, for the organosolv process to
be economically viable it is important to extract the lignin
efficiently and recover the used ethanol, apart from achieving
lignin of a high quality.
One of the most promising possible products derived from
lignin are colloidal lignin particles (CLPs). Because of the high
ratio of surface area to volume, CLPs have improved
properties compared to regular lignin and are easier to utilize.
This in combination with the general properties of lignin
allows applications as a UV blocker, biocide, or antioxidant,
among others [3].
The aim of this work is to investigate the influence of certain
process parameters in the different process steps of a wheat
straw based organosolv-biorefinery on the production of
CLPs. The considered biorefinery process consists of ethanol
organosolv extraction of lignin from wheat straw, followed by
precipitation of lignin directly from the extract by controlled
solvent shifting in a static mixer. After the precipitation, the

Materials: The wheat straw used was harvested in lower
Austria in 2015. It was cut up with a cutting mill with a 5 mm
mesh before the extraction. Ultra-pure water (18 MΩ/cm) and
ethanol (Chemlab, 100 % undenaturated) were used in the
extraction, precipitation and solubility measurements, sulfuric
acid (Merck, 98 %) was used in the lignin and carbohydrate
analytics. The commercial organosolv lignin used in the
solubility measurements was supplied by ChemicalPoint
(Germany, Deisenhofen) from an annual plant and consisted
of 93.7 wt% lignin, 0.2 wt% carbohydrates and 1.6 wt% ash.
Extraction: The extractions were carried out in a 1 L Zirbus
autoclave. 40 g of dry straw were extracted with 440 g of
60 wt% aqueous ethanol. The temperature was 180 °C and
the extraction time was 60 minutes, which included heating
and holding of the temperature at 180 °C. Then, the
autoclave was cooled to 35 °C. Extracted wheat straw and
extract were separated with a hydraulic press (Hapa type
HPH 2,5) at 150 bar, the extract was afterwards centrifuged
at 24 104 g for 20 minutes.
Precipitation: The CLPs were produced by mixing the
extract and deionized water in a volumetric ratio of 1:5 at a
volumetric flowrate of 118.5 mL/min in a T-mixer, as described
by Beisl et al. [4].
Membrane filtration: The precipitate is cleaned and
concentrated by membrane filtration, as described by Miltner
et al. [5]. In summary, the suspension was concentrated to
10 % of the original volume. Then, it was filled up to the
original volume with deionized water and concentrated again
to the highest amount possible in the membrane set-up. The
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membranes (Nadir®) were made of hydrophilic
polyethersulfone and had a cut-off of 30 kDa.
Solubility measurements: Between 0.4 and 0.6 g of
commercial organosolv lignin were used for each solubility
measurement. 100 mL of ethanol-water-mixture were used
per 1 g of lignin. Lignin and solvent were stirred with a
magnetic stirrer in a Schott flask for at least 17 h, the
temperature was kept at 25 °C with a water bath. After the
mixing time, solution and undissolved lignin were separated
with a 0.2 µm syringe filter. The lignin solubility limit was
determined as the dry matter of the solution at 105 °C.
Analytics: The dry matter of all samples was determined at
105 °C. Lignin content [6], carbohydrates [7] and ash content
[8] were determined according to NREL procedures.

the process.
There are two possibilities to lower the water demand for
the process: Reducing the ratio of antisolvent in the
precipitation, and optimizing the membrane filtration.
Previous studies indicate that reducing the antisolvent ratio
does not significantly influence the yield of CLPs in the
precipitation, but increases their average diameter [4]. To
lower the antisolvent ratio and maintain small particle size,
other parameters (like the flowrate in the mixer, mixing
temperature, mixer type) need to be changed, requiring
investigation in future studies. Reducing the water-ratio in the
precipitation would have the added benefit of a higher ethanol
content in the permeate, which reduces the energy demand
for ethanol recovery.

Results and Discussion
The mass balance of the current biorefinery process was
assessed for the amounts of dry matter and liquids going
through each process step. In a second step, the main
compounds of the dry matter (lignin, C6 carbohydrates, C5
carbohydrates, and ash) were balanced as well to analyze
the selectivity and efficiency concerning lignin in each
process step.
Figure 1 shows the schematic of the current process.
Under the used conditions, 1 kg of wheat straw results in
843 g of extracted straw, 37 g CLPs and 120 g dry matter in
the permeate. Due to the solid-liquid ratio in the extraction,
the antisolvent addition in the precipitation, and the water
added in the membrane processing, approximately 6.6 kg of
ethanol and 114.7 kg of water are required per 1 kg of wheat
straw in the current process. Most of these liquids end up in
the permeate of the filtration step, which then would have to
be processed in the downstream. Improvements in the
amount of ethanol and water needed can be partially
addressed separately, since ethanol is only introduced in the
extraction, while most of the water (96 %) is needed in the
precipitation and the membrane processing.
The ethanol demand of the process can be optimized by
either lowering the amount of ethanol used per amount of
straw or increasing the yield of the high value product (CLPs)
per amount of straw while maintaining its quality. Relevant
extraction parameters to achieve either of these are the solidliquid ratio, ethanol concentration in the solvent, and process
severity (dependent on temperature, duration, and catalyst
concentration). The effects of these parameters have already
been studied by several groups [9–12]. While the current
extraction conditions were chosen based on previous works
at this group [13, 14], reassessment with the whole process
in mind might result in different optimal conditions, which
could lead to a lower ethanol demand. There are several
possibilities to achieve this: Increasing the solid-liquid ratio
would result in lower ethanol demand per gram of straw. This
could improve the process, provided the requirements for
lignin concentration in the extract and straw delignification are
still met. Since the delignification would likely be lowered,
more straw would be required per gram of CLPs, so the
optimal solid-liquid ratio also depends on the prize of wheat
straw compared to the cost of ethanol recovery. Alternatively,
a higher process severity should result in a higher lignin yield
in the extraction, and thus a higher CLP yield. This would on
the other hand also lead to increased formation of
degradation products and lowered lignin quality due to
increased condensation and depolymerisation [12]. It is of
vital importance that any changes in the extraction
parameters do not lower quality of the lignin regarding
molecular weight, purity or functional groups, as the lignin
particles are supposed to be the main high value product of

The purpose of the membrane processing is to remove
impurities and increase the concentration of the CLPs.
Currently, this is done by concentrating the original precipitate
to a tenth of the initial volume, filling back up to the original
volume with water, and concentrating again. If the precipitate
can be concentrated to less than a tenth of its original volume,
the concentration of impurities could be reduced to the same
level with a lower amount of water necessary. Possible
obstacles for this approach are the decrease in
transmembrane flux with increasing particle concentration
already observed in other works [5], and reduced pumpability
above certain particle concentrations in the concentrate. A
problem in practical works might also be the wide range of
volume that an experimental batch plant needs to be able to
handle to reach higher particle concentrations.
Ethanol
Water

Dry wheat Straw

Extraction
Cooling
Liquid/Solid-Separation

Dry matter

Liquids

Liquids

Precipitation

Water

Dry matter

Water

Extracted Straw

Liquids

Diafiltration
Concentration

CLPs

Dry matter
Permeate

Liquids

Figure 1: Liquid and solid streams in biorefinery process
based on the amounts used in one extraction.
More possibilities for improvement can be identified from
analyzing, which biomass compounds end up in which

MoP3-(04) page 2/4

16th Minisymposium Verfahrenstechnik & 7th Partikelforum, TU Wien, Sept. 21/22, 2020

Besides particle size and yield, the stability of the
suspension over time is an important issue. In previous works
it was shown that the diameter of lignin particles precipitated
directly from the extract increased over time, while particles
produced from purified lignin solution stayed stable [4]. This
suggests that quick removal of dissolved compounds, which
evidently stay in the permeate, may help resolving this issue.
Thus, the particle growth associated with the membraneprocessing step requires further investigation.

concentrations from 0 to 100 % was investigated. It is
assumed that the commercial lignin used in these
experiments is similar enough to the lignin produced under
the described conditions to allow qualitative conclusions.
As can be seen in figure 3, the maximum solubility of the
used lignin is between 52.2 and 100 wt% of ethanol. The
solubility limit increases from 4.9 to 6.3 g/kg between 52.2
and 73.5 wt% ethanol, confirming that the chosen conditions
of 60 wt% ethanol constitute a good compromise between
high lignin solubility and low ethanol demand.
With the chosen precipitation parameters, the precipitate
has an ethanol concentration of 8.7 wt%. As can be seen in
figure 3, the solubility limit does not increase by much from 0
to 16.2 wt% ethanol, so a higher antisolvent ratio would likely
not increase the particle yield by much, but lower the particle
concentration substantially. In contrast, a lower antisolvent
ratio should also not impact the yield by much, and would
result in less water consumption. This matches findings for
the precipitation yield from previous works [4]. As mentioned
before, if the antisolvent ratio is adjusted, other precipitation
parameters also must be changed to keep the particle size
constant.
7.00

Lignin concentration (g/kg)

process stream of the biorefinery process currently used
(figure 2). As it can be observed, there is a surprisingly large
portion of unidentified substances in the raw biomass, which
partially stay in the straw and partially end up in the permeate
from the membrane filtration. These are possibly extractives
like waxes, fatty acids, or proteins. Another relevant feature
is the comparatively high ash content, which is also split
between pretreated straw and permeate. It is noteworthy, that
the extraction and precipitation appear to have relatively high
selectivity for lignin compared to the carbohydrates, leading
to lignin particles of high purity. However, the lignin yield of
each of these process steps is relatively low, resulting in an
overall yield of 24.5 % of CLPs per amount of lignin in the
initial wheat straw. Combined with the aforementioned high
solvent demand, this emphasizes the necessity to optimize
the current process. It is especially noteworthy that only
around 50 % of the lignin in the organosolv extract end up as
solid particles, while the rest stays in solution. This indicates
that the ethanol needed per gram of CLPs can not only be
lowered by improving the extraction yield, but also by
increasing the particle yield of the precipitation.
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Figure 3: Lignin concentration in solutions of varying ethanol
content.
Conclusion

Figure 2: Sankey diagram of compounds in dry matter in the
current biorefinery process.
The CLP yield should be directly linked to the solubility limit
of lignin, since precipitation occurs when the supersaturation
is reached. Additionally, lignin solubility also determines the
maximum concentration of lignin that can be reached in the
extraction (or an optional concentration step before the
precipitation). Thus, the solubility limit of lignin at ethanol

The mass flow of liquid and solid fractions of a wheat straw
based biorefinery process producing colloidal lignin particles
was assessed. Based on the results, the key parameters for
every process step (extraction, precipitation, and membrane
filtration) were identified. The first main objective is increasing
extraction efficiency, meaning a high concentration of lignin
in the extract while maintaining lignin quality. The second
area of improvement is the precipitation. In previous work [4],
the yield of solid particles stayed around 50 % of the amount
of lignin in the extract, without significant influence of the
experimental parameters, while still using substantial
amounts of antisolvent. The aim in this area is to increase the
yield while reducing the amount of antisolvent needed and
maintaining small particle size. Lastly, the membrane filtration
could be improved towards lower water consumption, higher
particle concentrations, and fast removal of impurities.
Analysis of the solubility limit of commercial organosolv
lignin at varying ethanol concentrations showed that the
ethanol concentration currently used is a good compromise
between high lignin solubility and low ethanol consumption.
The results also indicate that the antisolvent ratio in the
precipitation could be lowered without lowering the CLP yield.
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Outlook

[8]

Based on the presented biorefinery process, and with the
presented findings in this work in mind, several topics for
future investigations can be defined:

The influence of the process parameters in the ethanol
organosolv extraction should be related to the chemical
properties of the extracted lignin, while also studying
process efficiency by reviewing existing research. This
could offer directions for improvements in the extraction,
which can then be experimented on.

An important objective is the optimization of the
precipitation process, with the aim of similar or smaller
particle sizes, lower antisolvent consumption and a
higher solid yield. Based on this work, promising
parameters to achieve this are temperature, antisolvent
ratio and flowrate, or different mixer geometries. The flow
regime in the mixer has a strong influence on the particle
formation, and consequently on the size. More detailed
analysis of the flow and mixing characteristics through
computational fluid dynamics (CFD) might help to
understand the precipitation better.

The membrane filtration should be analyzed with respect
to the maximum achievable particle concentration, and
the influence that the removal rate of impurities from the
suspension has on the particle size.

Each process step should be scaled up from laboratoryto pilot-scale. This is necessary to produce enough lignin
and CLPs for future experiments, and increase the range
of possible experimental settings.

[9]

[10]

[11]

[12]

[13]
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Abstract
The Project Renewable Gasfield connects the long-term
storage of renewable excess power (from PV) and
synchronized regional production of green gases such as
hydrogen and synthetic natural gas (SNG). These green
gases can be locally used in different sectors or can be fed
into the existing gas grid. The so called Power-to-Gas
technology (electrolysis and methanation plant) will be
assembled within the framework of Renewable Gasfield and
“Vorzeigeregion Energie” in the southern part of Styria.
A newly erected photovoltaic plant feeds green electricity
to PEM electrolysis for the generation of green hydrogen. The
electrolysis is coupled with an innovative, load-flexible
methanation plant in which raw biogas, without an upstream
CO2 separation, will be transformed with hydrogen to green
synthetic natural gas. As output gases renewable hydrogen,
usable for the sectors industry and mobility, and green
synthetic natural gas for feed-in into the existing gas grid will
be generated.

components will be possible in the future. A more detailed
description of the plant concept is shown in figure 1.
In a community in southern Styria a 1 MW p PV plant will be
erected for the production or renewable energy to supply a 1
MW el electrolysis for the generation of green hydrogen. The
decoupling of power generation and hydrogen production is
realized with a 30 bar hydrogen intermediate storage after the
electrolysis. Starting from the 30 bar intermediate storage
hydrogen can be used in two different ways. Either the
hydrogen is compressed to 450 bar and filled in trailers for
the transfer to industry, businesses or the mobility sector, or
the green hydrogen will be fed into a load flexible, catalytic
methanation plant. The product gas of a biogas plant,
containing CO2 and bio-methane, will be converted in situ to
synthetic natural gas which is suitable for a safe transport in
the local existing gas grid. [4]

For the dimensioning of the load-flexible methanation plant
variations of the process parameters were tested in the pilot
methanation plant at Montanuniversity Leoben. The
generated research data provide a basis for a successful
realization and commissioning of the demo plant.

Introduction
Corresponding to #mission2030 Austria actively pursues
the reduction of the emissions of greenhouse gases and the
expansion of renewable energies. The decarbonisation of
energy supply will be driven by the increase of installations of
wind and photovoltaic plants. [1] Due to the fluctuating
character of renewables, long term storage capacities for a
guaranteed supply need to be constructed. [2] The Austrian
gas grid offers enormous storage potential and enables the
transport of large quantities of hydrogen and green synthetic
natural gas.
The Wiva P&G targets a strongly hydrogen based energy
system in Austria. Synergies and sector couplings for
electricity, gas and heat enable efficient energy distribution
with reference to the regional conditions and the demand of
households and industries. Hydrogen’s fields of applications
depending on the production, storage and distribution,
transformation to green synthetic natural gas or incineration
and reconversion will be analyzed, realized and developed
for different branches. [3]

“Renewable Gasfield” – a demo plant

Figure 1: Concept of the project Renewable Gasfield [4]

The overarching goal of the project Renewable Gasfield is
the interaction of different renewable energies to achieve the
fulfillment for industry, businesses and households demand.
The regional infrastructure will be modified to meet high
requirements of a green energy supply in respect to regional
circumstances.
The setup of the planned methanation plant is designed as
follows and depicted in figure 2. The product gas from the
biogas plant consisting of approx. 45 vol.-% CO2 and 55 vol.% CH4 is cleared in an adsorber from the catalyst poisons
(ammonia or hydrogen sulphides) and then compressed to
10 bar. The hydrogen and the biogas flow into a two staged,
honeycomb catalysts filled methanation plant. Due to the
exothermic nature of the methanation reaction an air-cooled
heat exchanger is installed downstream after each reactor
stage. Before feeding into the gas network, the synthetic
natural gas is purified in a polymer membrane. A product gas
stream with > 96vol.-% CH4 needs to be guaranteed to meet
the current directive’s quality requirements (see ÖVGW G 31
[5]). The retentat flow will be circulated and fed in again the
first stage of the methanation plant. [4]

The focus of Renewable Gasfield is on the modularity of
the plant engineering which considers the regional
circumstances. An expansion or adaption of plant
MoP3-(05) page 1/4
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mixture flows through the reactor from bottom to top and
passes first a layer of ceramic inert balls for an even
distribution of the gas flow through the bed. The catalyst
(honeycomb or bulk catalyst) is located above the inert bed.
For the suppression of bypass flows, the honeycomb is
wrapped with isolation wool. Thermocouples are introduced
to the catalyst bed to determine the temperature distribution
caused by the exothermal methanation reaction.

Figure 2: Flow chart of planned components of methanation
process

The load flexible methanation plant will equipped with a
proprietary honeycomb catalyst on which the catalytic active
nickel will be applied in a two staged process. Moreover the
ceramic basis structure of the honeycombs offers a good heat
storage capacity and temperature resistance. The schematic
reactor profile can be seen in figure 3. The split of the reactor
in compartments – yet to be determined how many – enables
a load flexible operation due to the fast-responding stand-by
performance of the honeycombs. According to load
conditions all compartments – at full load operation – or
individual compartments – at low load operation – can be
operated whereas a cyclical switch to more or less
compartments is possible. The number of installed
honeycombs per compartment also will be defined in the
future.
Figure 4: Schematic profile of the reactor setup at the Chair
of Process Technology in Leoben

In case the reactor is filled with commercial bulk catalyst
another layer of ceramic inert balls is placed on top of the
catalyst to prevent discharge of catalysts pellets into the
piping system.

Figure 3: Methanation reactor profile with honeycomb
catalysts

Material and Methods
As preparation for the successful implementation of the
honeycomb catalysts comparable test runs will be carried out
in the pilot methanation plant of the Chair of Process
Technology at Montanuniversity Leoben. Various process
parameters will be tested in small scale following the future
operation strategy of the demo plant in the southern part of
Styria. The pilot plant consists of three fixed bed reactors
connected in series whereas single stage test runs are also
possible. The maximum input flow is 50 l/min (STP), the
pressure level is configurable between 1 to 20 bar and each
reactor is limited to 700°C operation temperatures due to the
material characteristics. A variable synthetic gas mixture
serves as input and the product gas mixture passes a gas
analysis from ABB for determination of the composition.

Cordierite Mg2Al3[AlSi5O18] is the main structure
component of the monolithic honeycomb catalysts which
offers large pores but low specific surface (approx. 0,3 m2/g).
To higher the specific surface a carrier material needs to be
applied on the honeycombs. Inorganic oxides like γ-Al2O3
(boehmite) provide the needed specific area of around > 100
m2/g. In the second dip coating step the catalytic active nickel
is applied. [6] Both stages, the uncoated cordierite
honeycomb and the two times wash-coated honeycomb with
active nickel, are shown in the figure 5. The honeycombs are
calcined at 1.000°C before and at 600°C after the dip coating
procedures. Used honeycomb catalysts for test runs at the
pilot plant of Montanuniversity Leoben measure 50x50x100
mm3 at a cell density of 100 cpsi (channels per square inch).
To ensure the catalytic activity of the honeycombs during test
runs, the honeycombs are preheated in the reactor to 200°C.
Afterwards the honeycombs will be purged with synthetic
hydrogen to transform the nickel-bonding into metallic active
nickel.

The fixed bed reactor can be either filled with commercial
bulk catalyst (f.e. Meth® 134) or with honeycomb catalysts.
The following figure 4 shows the schematic profile of the
reactor setup with an installed honeycomb catalyst at the
Chair of Process Technology in Leoben. The input gas
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Nevertheless, the achieved CO2 conversion rate after the
second reactor is always higher than 99,3 % and hence
satisfying.
The same test parameter will be repeated with wash coated
honeycombs as catalyst. The commercial bulk catalyst sets
the performance benchmark for the proprietary wash coated
honeycombs with boehmite and nickel.

Figure 5: Process stages of honeycomb catalyst
(left: uncoated cordierite honeycomb, right: after two staged
wash-coating process) [7]

Results
To examine the behavior of the biogas feed gas for the
methanation, a series of first test runs with commercial bulk
catalyst were carried out. For this purpose two reactors
connected in series were used. As input a synthetic gas
mixture of biogas (45 vol.-% CO2 and 55 vol.-% CH4) was
dosed at 10 bar operating pressure. The gas hourly space
velocity (GHSV) was varied between 2.000, 3.000 and
4.000 h-1 and describes the ratio between the flow rate and
the catalyst volume. Hydrogen was added from stoichiometric
ratio (0% surplus → H2/COx=1) up to an over stoichiometric
ratio of 8% surplus. (H2/COx=1,08)
The results under the above mentioned conditions are
plotted in figure 6. On the x-axis the pressure level, GSHV
variation and hydrogen surplus (1-1,08) can be found and on
y-axis the CO2 conversion results as well the mean reactor
temperatures of each reactor (R1 and R2) are plotted.

Conclusion & Outlook
At the moment the plant configuration is in planning phase.
Besides, the project consortium is in regularly meetings with
local authorities to fulfill statutory and official requirements as
effectively as possible. In the upcoming months the detailed
plant design for the electrolysis and the load-flexible
methanation plant will be fixed in order to begin as soon as
possible with the erection of the plant components. The
startup and first field test runs are planned for 2021.
Parallel methanation test runs will be conducted in the pilot
plant at the Chair of Process Technology at Montanuniversity
Leoben. The long-term stability and activity of both catalysts,
commercial bulk and wash-coated honeycomb catalysts, will
be evaluated throughout the laboratory investigations.
Basically the methanation test runs provide a satisfying CO2
conversion rate of a synthetic biogas mixture of > 99,3 %.
More detailed verification of the planned process parameter
i.e. the economically viable hydrogen surplus for a sufficient
high CO2 conversion will be conducted also for both catalysts.
Depending on the performance results of the honeycomb
catalysts during the laboratory experiments adaptions in the
wash coating procedure will result in the future.
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The ecological impact of carbon dioxide (CO2) in the
atmosphere necessitates a reduction of CO2 emissions and
demands utilization strategies. Hydrogenation processes
may contribute to reduction of CO2 emissions, and
furthermore can be used in energy storage. The possible
hydrogenation processes methanation and methanol
(CH3OH) synthesis are investigated. Due to thermodynamic
stability of CO2 large scale hydrogenation needs robust
catalysts with sufficient activity at moderate reaction
conditions, which are easy to prepare, easy to recycle, and
stable for long term usage. Exemplarily, Ni doped MgO
catalysts offer great performance in methanation and can
easily be recycled in basic-oxygen-furnaces in either steel or
copper industry.
Motivation
CO2 is an abundant chemical substance, which can occur
on earth in the dissolved state in the hydrosphere
(approximately 1016 tons), in the solid state fixed in carbonate
rocks (approximately 1014 tons), and in gaseous form in the
atmosphere (approximately 2.5x1012 tons) [1]. Even through
the amount of terrestrial carbon fixed in carbonate rocks in
the earth’s crust is much higher than actually present in the
gaseous atmosphere, CO2 concentration in the atmosphere
increased from 280 ppm before the industrial revolution to
more than 400 ppm today [2]. Main contributors are fossil fuel
usage and industrial processes, such as iron, steel, and
cement production. CO2 emission control and substitution of
fossil fuels are urgent challenges nowadays. Generally, three
different strategies have been developed [3]:





Reduction of CO2 production and emission by
increasing process efficiencies and developing
alternatives for fossil fuel usage.
Carbon capture and storage (CCS) by capturing
CO2 from industrial processes and storing it
geologically in oceans, natural CO2 reservoirs,
gas and oil reservoirs, or making use of it in
enhanced oil recovery processes. But regarding
the CO2 emissions during capture, transport,
deep injection and maintenance, this approach
is, even after more than 20 years of research,
neither economically feasible nor technically
practicable [4].
Carbon capture and utilization (CCU) by
capturing CO2 from industrial processes and
using it as a feedstock in chemical industry or
making use of it for storing hydrogen (H2) based
energy carriers.

The H2 production by water electrolysis of excess electricity
from wind parks and solar plants seem to be a reasonable
approach for a renewable energy carrier but storage and
transportation are still very challenging. CO2 hydrogenation

processes can be used in energy storage to raise the energy
density of H2 based energy carriers by one order of
magnitude [5]. The hydrogenation products methane (CH4)
and CH3OH provide the physical properties for improved
energy density of hydrogen based energy carriers. Both
components do also easily release hydrogen by steam
reforming, making them highly feasible for fuel cell powering
[6]. The reaction equations for methanation and CH3OH
synthesis from CO2 hydrogenation are given in equation 1
and 2, respectively.
𝐶𝑂 + 4𝐻 ↔ 𝐶𝐻 + 2𝐻 𝑂

(1)

𝐶𝑂 + 3𝐻 ↔ 𝐶𝐻 𝑂𝐻 + 𝐻 𝑂

(2)

Both reaction mechanisms are discussed controversy in
literature. Most studies assume carbon monoxide (CO)
formation, based on the Reverse Water Gas Shift (RWGS)
reaction, shown in equation 3, to be the first step and CH4 or
CH3OH formation in the second step [7]. But some studies
consider the RWGS reaction as a parallel and undesirable
side reaction to methanation and CH3OH synthesis [8].
(3)

𝐶𝑂 + 𝐻 ↔ 𝐶𝑂 + 𝐻 𝑂

Figure 1 shows the development of standard enthalpy of
reaction (∆H°R) in a temperature range of 0 to 1000 °C for the
RWGS reaction, CH3OH synthesis, and methanation. ∆H°R
for all three reactions are decreasing with increasing
temperature. Methanation and methanol synthesis are both
exothermic reactions, while RWGS is an endothermic
reaction.
50

∆ H°R [kJ/mol CO2]
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Figure 1: Standard enthalpy of reaction (∆H°R) over temperature for
RWGS, CH3OH synthesis, and methanation reaction

Figure 2 shows the temperature development of the
standard Gibbs free energy of reaction (∆G°R) for CH3OH
synthesis, Methanation, and RWGS reaction, and thereby
indicates the thermodynamic equilibrium. As mentioned
earlier, elevated temperatures have a negative impact on
methanation and CH3OH synthesis, while ∆RG° for the RWGS
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reaction decreases with increasing temperature and this is
the thermodynamically favored reaction beyond 616 °C.
250

CO2 + 3H2 --> CH3OH + H2O
CO2 + 4H2 --> CH4 + 2H2O
CO2 + H2 --> CO + H2O

∆ G°R [kJ/mol CO2]

200
150
100

reactor. The gas flow rates are adjusted by individual mass
flow controllers. Temperature, pressure, and mass flow rates
are monitored and recorded. Condensable products, such as
H2O are condensed and analyzed by gas chromatography.
The gaseous products are detected by an online gas
analyzer, as described in detail in [9]. The experimental set
up of the bench scale fixed bed tubular reactor is depicted in
figure 3.
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Figure 2: Standard Gibbs free energy of reaction (∆G°R) over
temperature for CH3OH synthesis, Methanation, and RWGS reaction

Approach

Figure 3: Experimental set-up of the fixed bed tubular reactor

From a thermodynamic perspective CO2 is a very stable
molecule and utilization requires strong reducing agents,
harsh reaction conditions, and sophisticated catalysts. A
suitable catalyst system and hydrogenation technology can
improve the reaction conditions concerning temperature,
pressure, CO2 conversion, and product yield. Developing a
catalyst easy to prepare, with sufficient activity at moderate
reaction conditions, stable for long term usage, alongside
with low technological demand for recycling is the main goal.
State of the art catalysts in methanation and CH3OH
synthesis are based on aluminum oxide (Al2O3) and silicon
oxide (SiO2) backbones with appropriate active sites.
Changing the catalyst backbone from Al2O3 to magnesium
oxide (MgO) is very promising due to the appreciable CO2
capture capacity of MgO as well as the low technological
demand for the recycling. Spent catalysts can easily be
recycled in the basic-oxygen-furnaces of either steel or
copper industry, because MgO is an important slag former.

Additionally, for methanol synthesis a bench scale batch
reactor is used. The batch reactor has a volume of 450 mL. It
can withstand pressures up to 350 bar and a maximum
temperature of 500 °C. Temperature is regulated by an
electrical heating and water cooling system, operated by the
process control unit. The gas flow rates are adjusted by
individual mass flow controllers. Temperature, pressure, and
mass flow rates are monitored and recorded. Heterogeneous
catalysts can be placed inside the reactor. Condensable
products, such as H2O and CH3OH, are condensed by a heat
exchanger after the reactor. The condensate is analyzed by
gas chromatography. The gaseous products are detected by
an online gas analyzer. The experimental set up for the bench
scale batch reactor is depicted in figure 4.

The caustic properties of the MgO based catalysts,
reached by wet recipient impregnation, offer great
performances, as MgO activates CO2 through chemisorption.
For methanation reactions nickel (Ni) is used as active sites.
CH3OH synthesis relies on copper (Cu) as active center,
combined with additional promoters, such as zinc oxide
(ZnO). Ni and Cu provide the adsorbent capacity for H2 and
are highly selective for CH4 and CH3OH synthesis,
respectively [9].
Considering the thermodynamic equilibrium of the
exergonic part of methanation for reaction condition below
583 °C and the endergonic CH3OH synthesis, as show in
figure 2, investigations are focused on methanation and the
development of suitable catalysts. In a second step, good
experiences of methanation and catalyst development are
applied to CH3OH synthesis.
Experimental Set Up
Methanation and suitable catalysts are investigated in a
bench scale fixed bed tubular reactor. The reactor has a
volume of 40 mL of which 30 mL can be heated. It can
withstand pressures up to 200 bar, and a maximum
temperature of 550 °C. The reactor is heated by one heating
section. Heterogeneous catalysts can be placed inside the
reactor. The temperatures of the gas flow and the catalyst are
detected by a thermo-sensor at three locations inside the

Figure 4: Experimental set-up of the batch reactor

Results
Figure 5 shows the CO2 conversion of four tested Ni/MgO
catalysts in the temperature range of 260 to 375 °C with a
constant ratio of volumetric feed gas flow rate to catalyst
mass of 3.7 m³ kg-1 h-1. With increasing Ni-load and
temperature CO2 conversion is also increasing, close to the
thermodynamic equilibrium conversion. Highest CO2
conversion is obtained at 325 °C with a 27 wt% Ni/MgO
catalyst.
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Figure 5: Experimental data for CO2 conversion of MgO catalysts
with different Ni-load (11, 17, 21, 27 wt%) at different reaction
temperatures (260, 290, 325, 375 °C) with a constant ratio of
volumetric feed flow rate to catalyst mass of 3.7 m³ kg-1 h-1
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Figure 7: Experimental data for CO2 conversion of the
27 wt% Ni/MgO catalysts with different feed gas ratios H2 to CO2 (3:1,
4:1, 5:1) at different volumetric feed flow rates (250, 500, 750,
1000 sccm) at 325 °C with a constant ratio of volumetric feed flow
rate to catalyst mass of 3.7 m³ kg-1 h-1

Analogues to figure 7, figures 8 shows the influence of the
feed gas ratio of H2 to CO2 at a volumetric feed gas flow rate
between 250 and 1000 sccm to the H2 conversion. An
increase in the feed gas flow rate results in a decrease of H2
conversion, as the residence time at the catalyst decreases
for the reactants. The highest H2 conversion was reached at
the stoichiometric feed gas ratio for methanation of H2 to CO2
of 4:1 with a feed gas flow rate of 250 sccm.
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Figure 6 shows the influence of different feed gas flow rates
to the CO2 conversion in the temperature range of 260 to
375 °C for a 27 wt% Ni/MgO catalyst. An increase in the feed
gas flow rate results in a decrease of CO2 conversion, as the
residence time at the catalyst decreases for the reactants.
For the temperatures 260 °C, 290 °C, and 325 °C CO2
conversion increases with increasing temperature. The
decrease of CO2 conversion for all feed gas flow rates at
375 °C is due to the limiting factor of the thermodynamic
equilibrium conversion. The highest CO2 conversion of 87%
was reached at 325 °C with a feed gas flow rate of 250 sccm.
Selectivity to CH4 for all experiments was > 99%
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Figure 6: Experimental data for CO2 conversion of the
27 wt% Ni/MgO catalysts with different volumetric feed flow rates
(250, 500, 750, 1000 sccm) at different reaction temperatures (260,
290, 325, 375 °C) with a constant ratio of volumetric feed flow rate to
catalyst mass of 3.7 m³ kg-1 h-1

Figures 7 shows the influence of the feed gas ratio of H2 to
CO2 at a volumetric feed gas flow rate between 250 and
1000 sccm to the CO2 conversion. CO2 conversion increases
with increasing H2 to CO2 ratio for all feed gas flow rate. An
increase in the feed gas flow rate results in a decrease of CO2
conversion, as the residence time at the catalyst decreases
for the reactants. The highest CO2 conversion was reached
with an H2 excess in the feed gas ratio of H2 to CO2 of 5:1 at
a feed gas flow rate of 250 sccm.

Figure 8: Experimental data for H2 conversion of the 27 wt% Ni/MgO
catalysts with different feed gas ratios H2 : CO2 (3:1, 4:1, 5:1) at
different volumetric feed flow rates (250, 500, 750, 1000 sccm) at
325 °C with a constant ratio of volumetric feed flow rate to catalyst
mass of 3.7 m³ kg-1 h-1

Figure 9 shows the total volumetric measured amount of
CH4 in the product gas stream for different feed gas ratios of
H2 to CO2. Results were obtained with a 27 wt% Ni/MgO
catalyst at 325 °C with volumetric feed gas flow rates of 250
to 1000 sccm. The highest volumetric amounts of CH4 are
obtained at the stoichiometric feed gas ratio of H2 to CO2 of
4:1 for all feed gas flow rates. An excess of H2 has no
influence on the CH4 amount in the product gas stream. The
highest total CH4 amount of 17 vol% CH4 was measured with
a feed gas ratio of H2 to CO2 of 4:1 and a volumetric feed gas
flow rate of 250 sccm at a CO2 conversion of 87% and a CH4
selectivity of > 99%. Due to mass balancing reasons 30 vol%
nitrogen (N2) has been added to the feed gas as an inert
component.
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Figure 9: Experimental data for total CH4 amount of the
27 wt% Ni/MgO catalysts with different feed gas ratios H2 : CO2
(3:1, 4:1, 5:1) at different volumetric feed flow rates (250, 500, 750,
1000 sccm) at 325 °C with a constant ratio of volumetric feed flow
rate to catalyst mass of 3.7 m³ kg-1 h-1

Conclusion and Outlook
Various catalyst systems have been prepared and
investigated for CO2 methanation. The Ni-load of MgO based
catalysts has been varied between 11 and 27 wt%. Different
Ni/MgO catalysts have been tested in a temperature range of
260 to 375 °C. The feed gas ratio of H2 to CO2 has been
varied from 3:1 to 5:1. The volumetric feed gas flow rate was
varied between 250 and 1000 sccm [9].
Ni doped MgO catalysts offered great performance in
methanation of CO2. With a highest CO2 conversion of 87%
and a selectivity for CH4 of > 99% a 27 wt% Ni/MgO catalyst
showed the best performance at stoichiometric feed gas ratio
for methanation of H2 to CO2 of 4:1 at a volumetric feed gas
flow rate of 250 sccm at ambient pressure. Additionally to the
excellent catalytic activity, the catalyst fulfills the
requirements of ease preparation, sufficient activity at
moderate reaction conditions, stability for long term usage
and low technological demand for recycling.
The good experiences of catalyst development for
methanation are now applied to CH3OH synthesis. The
catalytic activity of Cu/MgO catalysts has been confirmed and
optimization focusses on the Cu-load and additional
promotors.
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Abstract
The aim of this work is the characterization of biogenic
residues and their possible use as feedstock for hydrothermal
liquefaction (HTL). In the course of this work ten different
biogenic residues and two different microalgae strains were
tested for their applicability in hydrothermal liquefaction.
Experiments were carried out at 350 °C with a holding time of
15 minutes. The product yields could be determined via a
mass balance. Biocrude yields between 9.43% (green waste)
and 70.40% (grease separator) were achieved. The oxygen
content was reduced in all biocrude samples during HTL in
favour of higher carbon contents compared to the raw
material samples.

Introduction
The hydrothermal treatment of biomass is a process that
mimics the natural processes involved in the formation of
fossil oil deposits. It involves the conversion of biogenic
material into fuels at elevated temperatures and pressures.
Biomass suspensions are processed in hot water under
pressure. Depending on the process conditions, basically
three different types of hydrothermal processes can be
distinguished: Hydrothermal carbonization takes place at low
temperatures around 200 °C. Primarily solid, carbonaceous
products, so-called "biochar" are formed. Hydrothermal
liquefaction takes place in a higher temperature range
between 200-375 °C to produce liquid, oil-like products, the
so-called "biocrude". Above the critical point of the water (374
°C, 221 bar) the biomass is mainly transformed into gaseous
products. In principle, any of the three processes reveals
solid, liquid and gaseous products. The quantities of the
respective phases depend on the temperature. In addition,
each process produces an aqueous polar phase [1].
This work deals with hydrothermal liquefaction and is an
extension of a study previously presented by Braunsperger &
Ellersdorfer [2].

Material and Methods
Ten different biogenic residues (two anaerobic sewage
sludge (SS), aerobic sewage sludges, green waste, organic
waste, leftovers, digestate, micelles, fat separator and flotate)
and two different algae strains (Chlorella vulgaris and
Spirulina) were tested in hydrothermal liquefaction. All
samples were analysed for water content, elemental
composition, lipid content and heating value. Prior to
hydrothermal liquefaction the samples were dried at 105 °C,
crushed and stored frozen. The water content was analysed
according to DIN EN 14346 method (Karl Fischer titration),
the heating value was determined with DIN 51900-1 method
(bomb calorimeter). The elemental composition was
analysed by combustion analysis. To determine the lipid

MoP3-(07) page 1/4

content of the raw material samples, Soxhlet extraction with
n-hexane was performed.
For the experiments on hydrothermal liquefaction, the
same setup as for Braunsperger & Ellersdorfer was used [2].
All samples were tested in double determination in
hydrothermal liquefaction. For each experiment 22.22 g
sample and 200 ml water were used to prepare a 10 m%
solution. The autoclave was sealed and rinsed with argon for
5 min to ensure an inert atmosphere. The parameters for the
experiments were a temperature of 350 °C with a holding time
of 15 min. The stirrer was operated at a speed of 1000 rpm.
After the start, the autoclave was automatically heated up to
350 °C by the heating jacket, pressures of 160 - 170 bar were
reached. The experiments were finished after 15 min at a
temperature of 350 °C. Some samples did not reach the
necessary 350 °C by up to 8 °C, then the experiment was
stopped after 2.15 h. After the end of the experiment the
autoclave was cooled down to 20 °C by means of the built-in
cooling coil. Afterwards, the resulting gas was collected in a
collecting vessel. The entire autoclave was flushed with
distilled water and dichloromethane. The extract was then
filtered to separate the solid residue. The filtrate was
transferred to a separating funnel and by means of a density
difference the aqueous phase was separated from the
biocrude/dichloromethane-phase. The dichloromethane
containing the biocrude was distilled at 40 °C and weighed to
determine the yield of biocrude. Gas composition was
measured by gas chromatography to determine the overall
gas yields from the residual pressure in the autoclaves
headspace after cooling. To get the solid product yields all
filters were dried at 105 °C and weighed. A mass balance
could then be drawn up and the yields calculated for all
products.

Results
Figure 1 shows the lipid content of the feedstocks. The lipid
content varies between 2.28% (green waste) and 92,83%
(grease separator). The high lipid content of the grease
separator is due to the concentration during grease
separation.
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Lipid content [w.-%]
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splitting off the glycerine during HTL. The solid residue
showed yields between 14.36% (flotate) and 50.32%
(anaerobic sewage sludge 1). The high yields of solid residue
in the sewage sludge are due to its high content of inorganic
material. Green waste also has a high solid residue content
of 49.24%, which is due to the increased content of
lignocellulose in the unprocessed material. Lignocellulose is
very stable and therefor only degraded in small quantities
during the HTL. The highest amount of gas is produced from
Spirulina with 14.43%. In the gas of Spirulina an increased
amount of propene could be found, which is due to the
degradation of poly-hydroxy-butyrate. No measurable
amount of gas was found in the grease separator. The
average gas composition of all samples is: 87.20% CO2,
7.88% CO, 1.50% methane, 0.95% propene and 0.75%
ethane. The yields of the aqueous phase are between 1.24%
(grease separator) and 56.34% (Chlorella Vulgaris). Due to
its composition, mainly consisting of apolar molecules, the
grease separator produces only a small amount of polar
products. The biomass of Chlorella Vulgaris consists partly of
polar inorganic compounds, which are degraded during HTL
and end up in the polar aqueous phase.
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Figure 1: Lipid content of the different feedstocks determined
by Soxhlet-extraction.
Figure 2 shows the yields of the four different products after
hydrothermal liquefaction. The yields of biocrude vary from
9.4% (green waste) and 70.4% (fat separator). The results of
the biocrude yields show a correlation with the lipid content
of the starting material. Samples with an increased lipid
content provide increased biocrude yields. This is due to the
structure of the lipids. Lipids in biomass consist mainly of
triglycerides, which comprise three long alkyl chains and one
glycerol. During the HTL-process these compounds are
partially degraded and long apolar molecules are formed,
which can be found in biocrude. The grease separator
provides a lower yield of biodrude than the initial lipid content.
This is due to the poor miscibility with water during the
experiment. Furthermore, the possible yield is reduced by

Figure 3 shows the lower heating values of the feedstock and
the biocrude samples. The lowest heating value was
determined for digestate with 11.7 MJ/kg, whereas the
highest value was found for grease separators with 32.2
MJ/kg. The figure shows that the hydrothermal liquefaction
significantly increased the heating values of the resulting
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Figure 2: Product yields of the different feedstocks during HTL at 350 °C.
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biocrudes which are in a range from 30.6 MJ/kg (Chlorella
Vulgaris) to 35.85 MJ/kg (micelles and leftovers).
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separator has the highest carbon content with 69.5% and the
lowest oxygen content with 18.72%. The high carbon content
and the low oxygen content can be explained by the high lipid
content and also leads to an increased heating value.
Spirulina has the highest nitrogen content, 8.47%, which is
due to the high protein content of the algae. For all biocrude
samples, the carbon content is dominant, with an average of
74,34% over all experiments. Oxygen is the second most
abundant component with an average content of 10.93%,
followed by hydrogen at 10,49% and nitrogen at 3.44%. The
oxygen content is reduced in all biocrude samples during HTL
in favour of higher carbon contents compared to the raw
material samples. An accumulation of sulfur is evident for all
biocrude samples. Sulfur in sewage sludge biocrude
accumulated to the highest value found in the experiments
(1.65%). Nitrogen contents of four samples (green waste,
organic waste, grease separator and Spirulina) are low in the
raw materials but increase in the associated biocrude
samples, whereas reduced amounts of nitrogen are found in
the other eight biocrude samples compared to the raw
materials. The hydrogen content of the biocrude samples is

Figure 3: Lower heating values of the feedstock and the
produced biocrude from these samples after HTL.
Figure 4 and Figure 5 show the elemental compositions of
the feedstocks and the resulting biocrude samples. The
compositions of the different feedstocks show high variations,
which also correlate with the different heating values.
Especially carbon and oxygen contents of the samples are
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Figure 4: Elemental composition of the raw materials and associated biocrude samples.
highly divergent. Digestate has the lowest carbon content
(28.4%) and the highest oxygen content (62.4%), which
explains the low heating value. Green waste also shows a
low carbon content with 32.63% and a high oxygen content
with 61.34%, which is a result of the low lipid content and the
high lignocellulose content of the raw material. The grease
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higher for all biocrude samples compared to the unprocessed
feedstock.
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Figure 5: Elemental composition of the raw materials and associated biocrude samples.
Conclusion and outlook
The biogenic residues and microalgae were successfully
liquefied in batch experiments at 350 °C and 15 min holding
time. The results show a strong variation of the yields of the
four different products depending on the input material.
Continuing research work on this project will focus on the CoHTL of biogenic residues in combination with microalgae to
find promising mixtures with higher biocrude yields and
enhanced biocrude qualities. Another focus will be on the
possible utilisation of the HTL-by-products (i.e. the gaseous,
solid and water phase).
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Abstract
Black liquor from Kraft pulping is a very promising
feedstock for isolation of bio-based platform chemicals. As a
pre-treatment step before fractionation and isolation
processes, hydrothermal treatment of black liquor can be
beneficial to improve the processability of the liquor and finetune its composition. In the present study, we present the
results of black liquor heat treatment experiments and show
that the hemicelluloses can be completely degraded upon
treatment at 220 °C for 2 h.
Introduction
The Kraft process is the most important chemical pulping
process worldwide. About 60 % of the total pulp production
can be attributed to Kraft pulp mills [1]. In consequence, the
vast amounts of biomass that are processed in the course of
Kraft pulping need to be used as efficient as possible. During
pulping, lignin and part of the hemicelluloses contained in
wood are partially degraded and thereupon dissolved in the
spent pulping liquor. The organic constituents of this so called
black liquor (BL) are mainly lignin, aliphatic carboxylic acids,
and hemicelluloses. The rest is inorganic pulping chemicals
like sulphur compounds and sodium. The weak black liquor
after separation of the cellulose has a solids content between
15 and 20 %. In the evaporators, the BL is concentrated to a
final solids content of 65-85 %. Thereafter it is burned in the
recovery boiler to recover heat in the form of steam and to
regenerate the inorganic pulping chemicals. [2]–[6] With the
BL, many potential bio-based raw materials are burned, too.
Especially lignin and carboxylic acids are valuable side
products from pulping and could be isolated from BL prior to
incineration. The hemicellulose concentration is typically
lower than that of the other organics [7]. Nevertheless, also
hemicelluloses are valuable precursors. Another option is to
degrade the hemicelluloses to e.g. aliphatic carboxylic acids.
By that, the aliphatic carboxylic acid concentration is
increased and furthermore, the viscosity of the BL decreases,
which significantly facilitates further processing [8], [9]. The
degradation of hemicellulose can be achieved by
hydrothermal treatment of the BL [9], [10]. Besides the
formation of carboxylic acids and the decrease of viscosity,
heat treatment influences the chemical structure of the lignin
by changing the molecular weight and increasing the content
of active groups. This increases the range of possible
applications for the lignin after a potential isolation step.
This study aims to investigate the effect of hydrothermal
treatment on the BL constituents, especially on the
hemicellulose degradation and the change in BL pH value. A
short summary of the reactions taking place during
hydrothermal treatment of BL explains the underlying
mechanism. Heat treatment experiments with BL for up to 2 h
at 150-220 °C were carried out and evaluated.
Hydrothermal Treatment of Black Liquor
The degradation reactions during digestion and heat
treatment are often similar. The heat treatment can be seen
as an extended digestion, but without any influence of the
cellulose fibres, which have been separated from the black
liquor used for heat treatment.

The degradation of the organic liquor constituents, namely
carbohydrates and lignin, depends on the treatment
temperature as well as on the concentration of inorganic
pulping chemicals. Lignin degradation is enforced by high
concentration of sulphide as well as alkali, while carbohydrate
degradation mainly depends on the alkali concentration.
During Kraft cooking, various carbohydrate degradation
reactions occur. Cellulose, but mainly hemicellulose is
degraded due to the high alkalinity and temperature. Above
70 °C, the acetyl moieties of softwood galactoglucomannans
and hardwood glucuronoxylans are deacetylated, leading to
formation of acetic acid during the initial stages of the cook.
Subsequently a major portion of the deacetylated
hemicelluloses dissolve in the pulping liquor. These
molecules are partially precipitated on the cellulose fibres,
increasing the fibre strength.
The further degradation and depolymerisation of wood
carbohydrates is governed by three different reaction types:
end-wise peeling, oxidative peeling and alkaline hydrolysis.
The degree to which these reactions occur depends on the
carbohydrate structure and the pulping conditions like
temperature and hydroxyl ion concentration.
The end-wise peeling reaction cleaves off one
monosaccharide unit after the other from the reducing end of
a polysaccharide chain. In parallel, a competitive stopping
reaction can take place, leading to formation of a stable
terminal saccharinic acid group that is inaccessible to further
peeling. Both reactions can occur in alkaline media at
temperatures above 80 °C. For cellulose, it was estimated
that on average 50-60 glucose units are peeled off, before the
degradation of a polymer molecule is terminated by a
stopping reaction. However, the ratio strongly depends on the
reaction conditions, the estimated activation energy of the
peeling and stopping reaction are stated to be 103 kJ/mol and
135 kJ/mol, respectively. This indicates that at increased
temperatures the peeling reaction becomes less pronounced.
Alkaline hydrolysis occurs at temperatures above 140 °C.
The polysaccharide chains are cleaved randomly, creating
again new reducing ends accessible to so-called secondary
peeling. [7]
Experiments and methods
The hardwood black liquor used for all experiments was
received from a local Kraft pulp and paper mill and had been
concentrated to 43 % dry solids before sampling. This liquor
was not further treated and stored at -18 °C until the heat
treatment experiments.
The heat treatment was carried out in a 1-L stainless steel
reactor vessel, equipped with temperature and pressure
sensors, shown in Error! Reference source not found..
Liquid as well as gas samples could be taken throughout the
experiments with the installed stainless steel sampling lines.
The reactor was heated and mixed by a magnetic stirrer and
heating plate. Approximately 1 kg of BL was weighted into the
reactor and heating was started after the reactor had been
sealed. After the target temperature had been reached, it was
held for 2 h, before the BL samples were taken, cooled to
room temperature and then frozen until analysis. The
treatment temperatures were 150, 185 and 220 °C.
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Figure 2. Change of concentration of total hemicellulose from
hardwood BL upon heat treatment. The liquor used had a solids
content of 43 % and was treated for 2 h at the target temperature.
Analysis was performed by acid hydrolysis followed by highperformance anion exchange chromatography with pulsed
amperometric detection.
Figure 1. Heat treatment reactor.
For analysis of the samples, first the pH was measured at
room temperature with an SI Analytics A164 1M-DIN-ID pH
electrode. The hemicellulose content was measured based
on the method described by Sluiter and coworkers [11], which
was adapted for the special requirements that come with the
use of a difficult sample like BL. In a first step, the samples
were diluted 1:4 with purified water. The dilute samples were
filled into a weighted temperature resistant bottle and
acidified with 72 % H2SO4 to a pH<1. Then the samples were
further diluted with water and put into an autoclave. They
were heated to the target temperature of 120 °C, which took
2.5 h. After a holding time of 30 min the autoclave was
switched off and slowly cooled to room temperature. The
samples were then weighted to attribute for any loss of
evaporated water. The liquid supernatant was decanted off
and diluted with ultrapure water prior to chromatography. The
measurement was carried out with a Dionex Integrion highperformance anion exchange system (Thermofisher
Scientific) with pulsed amperometric detection. The elution
method is summarized in the following points:
o
o
o
o
o
o
o
o
o
o

Column: CarboPac PA20
Eluent: 2 mM KOH (aqu)
Eluent – regeneration 100 mM KOH (aqu)
Flow rate: 0.4 ml/min
Pressure: 2300 psi
Time: 45 min
Column temperature: 30 °C
Detector temperature: 20 °C
Detector:
pulsed
amperomentric
detection,
reference electrode (pH-Ag/AgCl)
Injection volume: 10 μl

Results
The degradation of hemicelluloses from BL showed a strong
dependency on the temperature maintained during
hydrothermal treatment. In the tested temperature range, a
higher temperature generally led to a higher degree of
hemicellulose degradation, as can be seen in Figure 3. While
after treatment at 150 °C still 53 % of the original
hemicellulose content can be found in the BL sample, the

hemicelluloses had been completely degraded after
treatment for 2 h at 220 °C. Clearly, the effect of a
temperature rise from 185 to 220 °C is more significant for the
change of total hemicellulose concentration compared to 150
to 185 °C. This effect is clarified by the behaviour of the single
monosaccharide units that make up the hemicelluloses from
the tested BL. Hardwood BL contains mainly xylose from
glucuronoxylan
and
smaller
amounts
of
galactoglucomannans [7]. The liquor tested for this study
contains mainly the xylose from xylan, glucose and galactose
from other hemicellulose types like galactoglucomannan, and
arabinose which can also be found in e.g. xylans and
galactoglucomannans. Figure 3 shows the different degrees
of degradation for the single monosaccharide units. The
content of xylose – and thus xylan – decreases linearly with
increasing treatment temperature. In contrast to that, the
hexose content is lower after treatment at 150 °C compared
to treatment at 185 °C. The stabilizing stopping reaction that
protects the polysaccharides’ reducing ends from further
degradation thus plays a significant role during degradation
of galactoglucomannans at temperatures above 150 °C. This
is in accordance with the activation energies for the peeling
and the stopping reaction, the stopping reaction has a higher
activation energy and thus is more dominant at higher
temperatures, slowing down the degradation of
galactoglucomannan at 185 °C which leads to an increase in
the measured concentration after heat treatment. These
results fit to the experiments of Nieminen and coworkers, who
found that the effect of temperature on the degradation rate
is more pronounced for xylan than for galactoglucomannan
[12].
After treatment at 220 °C all the hemicelluloses are
degraded, regardless of the type. This shows that at even
higher temperature the hydrolysis and degradation reaction
are again faster than the stabilizing stopping reaction. For
example, Louhelainen and Alén found that more than 90 %
of the hemicelluloses from softwood BL were degraded upon
heat treatment for 30 min at 190 °C [13].
The development of the BL pH value corresponds to the
chemical reactions that take place in the sample during heat
treatment (see Figure 4). The degradation reactions of
hemicelluloses and also lignin consume alkali and sulphide
ions. This in turn decreases the initially very high BL pH value.
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Figure 3. Change of concentration of the single monosaccharides from degraded hemicelluloses upon heat treatment. The BL used had a
solids content of 43 % and was treated for 2 h at the target temperature. Analysis was performed by acid hydrolysis followed by highperformance anion exchange chromatography with pulsed amperometric detection.
pH value which was lowered up to two pH units. Upon heat
treatment at 185 °C, the different types of hemicellulose
showed significantly different behaviour. While xylan was
degraded faster compared to lower treatment temperatures,
the degradation of galactoglucomannan was hindered,
possibly due to the stopping reaction protecting the reducing
end groups from further peeling. After treatment at 220 °C, all
the hemicelluloses were completely degraded.
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Figure 4. Development of BL pH upon heat treatment. The liquor
used had a solids content of 43 % and was treated for 2 h at the
target temperature
Aliphatic carboxylic acids are formed that further decrease
the pH value. These reactions lead to an overall decrease of
pH from originally 13.5 to 11.5 after treatment at 220 °C. In
this pH range the properties of BL start to change due to
precipitation of lignin [14], [15]. This needs to be considered
for further processing of the BL.
Conclusion
Heat treatment of hardwood BL was shown to significantly
influence the properties of the liquor. Depending on the
treatment temperature, the residual hemicelluloses in the BL
could be partially or even completely degraded. This
degradation happened together with a distinct decrease in BL
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Abstract
For upscaling of a carrier fluid based plastic pyrolysis process,
a model is needed, which can predict the conversion of
different plastics at different operating conditions in a pipe
reactor, but also correctly reproduces both reaction and
physical mechanisms of the thermal cracking. For this reason,
a pilot plant was built to generate data for the development of
a kinetic model. In order to simplify the complex chemical
reaction system, lumped kinetic modelling is used which
combines product species to four pseudo components with a
certain boiling cut. The heat transfer is described analogical to
flow boiling (VDI Wärmeatlas). In this work, the modelled
kinetic data of Polypropylene and Polyethylene high density
cracking as well as the blank value test with pure carrier fluid
are presented.
Introduction
The European commission compiled a strategy for a circular
economy. For this reason recycling of post-consumer plastics
(PCP) has to be expanded (European Commission 2018).
Therefore, feedstock recycling can be an option, aiming on
products of lighter hydrocarbons, which can be reprocessed in
petrochemical plants or used as fuels.
For this purpose, a solvent-based thermal cracking process
has been developed in previous works. A highly aromatic and
high boiling by-product of the refinery is used as carrier fluid.
Thereby mechanical and thermal properties of plastics are
improved to enhance processability. (Lederer 2013)
To investigate the complex reaction scheme of plastic
pyrolysis, lumped kinetic modeling is used. For this reason,
pseudo-components are defined as lumps, classified in boiling
cuts, which simplifies the reaction systems. The exemplary
mapping of a four-lump irreversible reaction system with no
recombination to heavier products is shown in Error!
Reference source not found. 1.
Materials and Methods
A pilot plant with a maximal turnover of 600 grams plastics
per hour generates the data for the kinetic model (Figure 2).
The setup consists of two serial electrical heated plug flow
reactors, which can be operated at temperatures between of

300-500°C, pressures up to 15 bar and residence times up to
15 minutes. The feed is a mixture of plastic and the carrier fluid
in a ratio up to 1:4.
The pilot plant was used in previous works to build up a first
model for polyethylene low density (PE-LD) (Schubert et al.
2018; Lechleitner et al. 2019). The experimental data base has
been enlarged with polypropylene (PP) and polyethylene high
density (PE-HD). Because of technical reasons a plastic
conversion of 100% has to be achieved in the pilot plant.
Therefore, it is not possible to find direct kinetic parameters of
the plastic pyrolysis with this setup. Hence literature data from
plastic pyrolysis is used to describe the reaction rate of the
plastic to wax conversion, kLit. in the model, as shown in
Figure3. For both plastics, PE-HD and PP, data from Bockhorn
et al. (1999) is used. Bockhorn et al. (1999) found a
preexponential factor of 1017.78 min-1 and an activation energy
of 268 kJ/mol for PE-HD and a preexponential factor of 1015.06
min-1 and an activation energy of 220 kJ/mol for PP. However,
the remaining reactions k1 to k6 have to be determined by
fitting the experimental data.

Figure 1: Four lump model with six possible irreversible,
monomolecular, first order reactions for the carrier fluid.
First, a test campaign with pure carrier fluid is done and the
kinetic parameters for a four lump system are determined
(Figure 1). The carrier fluid consists out of Residue and
Spindle Oil at the beginning and react to a mixture of all four
lumps after passing the reactor.

Figure 2: Scheme of the carrier fluid-based, thermal cracking pilot plant. (Schubert et al. 2018)
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In additional test campaigns, certain mixtures of carrier
fluid and plastic are used to evaluate the reaction rate
constants k1,P to k6,P in the lump system shown in Figure 3.

computing. Values from first, older models as well as the
plastic kinetic data from literature are used as initial values for
calculating the modeling. The optimization toolbox then
calculates the mean squared error between modeled and
measured data. Afterwards the algorithm minimizes the mean
squared error by changes of the kinetic data until the
predefined accuracy of the error is reached.
Results
The first results show that there are reaction pathways
which are much slower than other paths. Thus these reactions
are neglected, and the outcome is a reduced six lump system
as shown in Figure 4.

Figure 3: Six lump model with twelve possible irreversible,
monomolecular, pseudo first order reactions.
Compared to the basic lump system of Figure 2, the advanced
lump system of the carrier fluid with plastic species is extended
with two new lumps: Wax and Plastic. It turned out to be
sufficient to add these two lumps, however, the valuable
products lumps do not distinguish between products
originating from plastic or products originating from carrier
fluid. With this approach the complex interactions between the
two reactants are reflected in the model but have not be
considered in mechanistic details. The character of the highly
radical reaction sequences makes it practically impossible to
assign the products to plastic or carrier fluid origin.
All reaction rate constants ki are described by the Arrhenuis
equation (1).
ki = k∞,i *e-

EAi
R*T

(1)

Figure 4: Reduced six lump model with seven possible
irreversible monomolecular, pseudo first order reactions.
The reaction rates of this model are given in Table 1.
Table 1: Activation energies (EA) and reaction rates at 480°C
of carrier fluid, PP and HDPE in the reduced six lump model.

Whereas k∞,i is the preexponential factor, EA,i the activation
energy, R the ideal gas constant, T the temperature and i the
number of the reaction shown in
Figure 3.
To improve the accuracy of the Arrhenius constants also a
heat balance was implemented in the model. The heat transfer
coefficients are derived from “VDI Wärmeatlas” (Kabelac
2006) analogous to flow boiling. Thus, the heat transfer and
the flow in the pipe reactors are described. In order to solve
the model with simultaneous link between mass and heat
balances, a reduction of the number of unknown parameters
has to be carried out. The heat balance consists of the heat
transfer into the reactor, the heats of vaporizing and the
reaction enthalpies. Assuming paraffin cracking the difference
of the heat of formation of paraffinic educts and grouped
products stays nearly the same based on the mole increase
for each product group. Product groups are aromatics,
paraffins, olefins and naphthene’s. The reaction enthalpy was
determined based on the mean composition of the products.
However, to calculate the heat transfer, vaporizing of
products, etc. it is necessary to know the properties of all
species in the reactor. This is one big advantage of lumped
systems, because it is possible to generate pseudo
components in software’s such as PetroSim based on the
analytic data. So, each lump has its own physical properties
and its condition can be evaluated in every environment.

The activation energies are in the same range as the used
data from Bockhorn et al. (1999). The carrier fluid also can be
pyrolyzed at these conditions and has another path than the
plastics. The carrier fluid can crack directly to the Gas lump
via reaction three (Figure 4). Furthermore, PP produces the
fastest way light products (Light Liquid lump) via reaction two
and the PE-HD pyrolysis yield is mainly heavy product
(Spindle Oil lump) via reactions one at the pilot plant
conditions.
However to determine the accuracy of the model, the
deviation of the modeled kinetic data from the measured
values is shown in Figure 5 to 7. If all points would lay on the
diagonal in these diagrams, there would be a perfect fit. The
absolute 5°C or 5 kg/kg deviation is also plotted in dashed
lines.

The use of Arrhenius equations at a temperature changing
system makes it necessary to evaluate the Arrhenius
constants (preexponential factors) and the activation energies
simultaneously. For this purpose, the optimization toolbox
from Matlab has been used. This tool needs a high
computational capacity and is speeded up with parallel
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Figure 5: Measured and modeled temperatures (red) and mass fractions (circles) at the reactor outlet of test runs with pure
carrier fluid. The ideal line is at the diagonal and the ±5 kg/kg or ±5°C deviation is marked with dashed lines.
The mean squared error (MSE) for the test campaign with
pure carrier medium is 7.12%, in which the mass fractions
have a very good consistency with the measured values. The
temperatures have bigger deviations due to the pointwise
measurements of the temperatures over the whole reactor
coil.

In Figure 6 and 7 the MSE of the test campaign of PP and
HDPE, 8.43% and 9.12% respectively, can be seen. These
values have to be higher than the one with pure carrier fluid,
because the results from the carrier fluid are needed to
determine the kinetic constants of the plastics. Even though
the test runs with plastics are done with different mixtures of
plastic, the data fits very well. However, it can be concluded
that the model also respects the interaction between the
carrier fluid and the plastic.

Figure 6: Measured and modeled temperatures (red) and mass fractions (circles) at the reactor outlet of test runs with carrier fluid
mixed with 10 and 20% PP. The ideal line is at the diagonal and the ±5 kg/kg or ±5°C deviation is marked with dashed lines.
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Figure 7: Measured and modeled temperatures (red) and mass fractions (circles) at the reactor outlet of test runs with carrier fluid
mixed with 5 and 10% HDPE. The ideal line is at the diagonal and the ±5 kg/kg or ±5°C deviation is marked with dashed lines.

Conclusion
The developed model describes the co-pyrolysis of the
thermal cracking process with just a few lumps, although
different sorts of polymers produce different kind of products
at certain conditions. The model shows that HDPE yields in
heavier products than PP, which has to be considered at a
producing plant.
Hence a feedstock monitoring for such a chemical recycling
process will be suggested. Furthermore, the carrier medium
reacts directly to gas. The hydrogen content of the gas is very
high, which results to lower hydrogen contents in the liquid
products. This can lead to unwanted, higher coking rates,
which is a common phenomenon in cracking processes, but
have to be considered in commercial plants.
The performance of the model is improved by the more
detailed evaluation of the temperature trend, but also the
interactions between the carrier fluid and the polymers have a
significant impact.
Outlook
The experimental data will be further expanded to include
more data points at different temperature-residence time
couples and different pressures. The test runs shown in this
work are done at 5 barg, at which products can be vaporized.
At higher pressures, the vaporization can be inhibited in the
pipe reactor, what results in longer residence times. In contrast
the principle of Le Chatelier says that the pyrolysis should be
enhanced with lower pressures. The physical impact of the
pressure should already be considered by calculating the
properties of species, but the potential chemical effect will be
further investigated.
Additionally, also more common plastics and different carrier
fluids will be tested to achieve a bigger data pool.
Moreover, the pilot plant will be improved to get advanced
information of the pressure drop and reactor wall temperatures
to get a more accurate temperature trend.
In addition, polycondensation reactions should be
introduced in the model to evaluate the coking rate of different
mixtures. Such an approach could quantify the runtime of a
producing plant between cleaning stops.
Finally, the lumped kinetic model will be used to scale up an
industrial plant.

This paper is based on a FFG funded project, called „ReOil“,
to implement feedstock recycling of plastics in refineries.
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Abstract
A cost-effective and risk-minimizing way to test out new
plant configurations for refinery operators is the pretesting of
catalysts and temperature changes in pilot plants, which are
essential since refineries have to be adapted to climate
change regulations in the upcoming decades. In this work, a
fluid catalytic cracking pilot plant was used to test out three
different catalysts at two different riser temperatures each. It
was shown that all tests were conducted without any
hardware changes beside the catalysts and that the obtained
results corresponded to the advertised benefits of each
catalyst according to the manufacturer. While the heavy
residue catalyst produced more gasoline making it interesting
for a fuel-focused refinery, the two gas boosting catalysts
promoted different compounds of the gaseous products.
These gaseous products can then be used for synthesizing
polymers and other high-value products.

Materials and Methods
The experiments were conducted in an internally fluidized
fluid catalytic cracking pilot plant. It was designed and
constructed by Reichhold [7] and further developed by
Bielansky [8]. A schematic of the FCC pilot plant is depicted
in figure 1. Some of its key characteristics are listed in table
1.

Introduction
International treaties like the Paris Agreement have fueled
the need for refineries to transform their business model to
more sustainable ways due to current and future obligatory
reductions of CO2 emissions imposed by lawmakers to
accomplish the 1.5 °C goal [1]. To tackle this issue different
approaches are possible from the utilization of more
sustainable and greener feedstocks or from a product shift
from fossil fuels to more high-value products that can be
reused and recycled [2] [3] [4] [5]. One process in the refinery
whose product spectra can be shifted in that way is the fluid
catalytic cracking (FCC) process, which is one of the main
conversion processes in a refinery [6]. To achieve this shift in
product spectra the FCC unit’s settings and equipment must
be changed, which is often done during planned plant
shutdowns, so called revamps. There are different
approaches to change the product spectra of an FCC unit
with elevating the riser temperature being one of the most
significant ones. However, often also catalyst changes are
necessary to shift the product spectrum into the desired
direction. Since these revamps are costly investments with
risks, refineries often are keen to test out the products shifts
that would occur when the new settings are put in place. One
way to test this are experiments in a pilot plant in which the
new and old settings are tested and the results are compared.
A big advantage of experiments in a pilot plant compared to
micro activity tests (MAT-tests), often used for catalyst
testing, are the more comparable results with industrial plants
due to their operating conditions and their larger scale. One
such pilot plant is located at the institute of chemical,
environmental and bioscience engineering (ICEBE) at TU
Wien, Vienna. In this work three different catalysts were
chosen and experiments were conducted at 2 different riser
temperatures each to show the versatility of such a pilot plant
and to demonstrate its use for the refinery industry when it
comes to revamping industrial scale plants.

Figure 1: schematic of the FCC pilot plant
The feed is pumped via a gear pump through a tubular oven
where it is heated close to initial boiling point. The preheated
feed then enters the riser through the feed inlet pipe and gets
in contact with the hot catalyst. Here, it evaporates resulting
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Table 1: key data pilot plant

liquid

conversion

gaseous

carbon oxides

Burned-off hydrocarbons

Splitless 50 µl @ 200 °C

Carrier gas

Helium 1.46 ml/min constant flow

Temperature
program

50 °C to 200 °C; dwell-time 30 min

0.0215 m

Regenerator diameter

0.33 m

Regenerator temperature

500 - 800 °C

Riser temperature
pressure

400 – 700 °C
atmospheric

Dimensions

Catalyst mass

45 - 75 kg

Phase

feed rate

1,5 - 8 kg/h

I: Varian CP-Al2O3/Na2SO4

Columns

10 - 50

> 320 °C

Injector

Riser diameter

C/O-ratio

215 °C - 320 °C

Table 2: configuration of Gas-GC (Shimadzu GC-17A)

2.5 m

~1 s

C5+ < 215 °C

gasoline

Figure 2: lump model

Riser length

0.5 - 5 kg/min

C1 -C4

coke

3.2 m

catalyst circulation rate

gases

residue

Total height

Riser residence time

CO, CO2

light cycle oil

solid

in a significant increase in volume that leads to an upward
motion giving this plant section the name “riser”. The cracking
reactions occur, leading to a mole increase and, thus to a
further volume increase. The total residence time in the riser
is around 1 s. At the top of the riser, the cracking gas and the
catalyst get separated. The cracking gas then leaves the
plant at the top while the catalyst falls down through the return
flow pipe. The particles pass through the syphon, which acts
as a stripper and a gas barrier between the reactor and the
regenerator section. In the regenerator the coke deposited on
the catalyst due to secondary reactions gets burned of the
catalyst particles providing the necessary process heat. The
reactivated catalyst flows then through the cooler section
ending up again at the plant bottom where it gets in contact
with the feed. Therefore, a continuous plant operation is
possible.
The riser section, the bottom section and the syphon use
nitrogen as a fluidization gas, which is to establish an inert
atmosphere. The cooler and regenerator section use air as a
fluidization medium to enable the burning off of coke from the
catalyst.

II: CP CarboPLOT P7
I: 50 m x 0.25 mm ID x 4 µm
II: 27.5 m x 0.53 mm ID x 25 µm
I: 100% Polydimethylsiloxan
II: Carbon Porous Layer
I: Flame Ionization Detector (FID) @ 200
°C
II: Thermal Conductivity Detector (TCD) @
105 °C

Detectors

Table 3: configuration of simulated distillation (Shimadzu GC17A)
In the refinery sector products are often mixtures of various
compounds making it not feasible to analyze every single
compound by itself. To tackle this issue a lump model was
chosen. In this model different compounds are grouped
together in lumps depending on physical state and
composition and/or boiling temperature. A detailed
explanation of the lump model is given in figure 2.
Three different phases (solid, liquid, gaseous) make up the
FCC product. The carbon oxides are measured online via a
NGA 2000 MLT from Emerson, an infrared gas analyzer. The
gaseous hydrocarbons are analyzed using a gas
chromatograph (GC) (for details see table 2). In this GC the
hydrocarbons are measured in section I and the nitrogen is
measured in section II.
The liquid products are gathered via a condensation
apparatus. They are analyzed using a simulated Distillation
(SimDist) and separated by boiling temperature (for
temperatures see figure 2). Further details about the SimDist
are listed in table 3.

Injector
Carrier Gas
Temperature
program
Column
Dimension

Split 30:1 1.5 µl @ 350 °C
Hydrogen 1.68 ml/min constant flow
Zebron ZB-1
30m x 0.32mm ID x 0.25 µm df

Phase
Detector

100 % Polydimethylsiloxane
Flame Ionization Detector (FID) @ 350 °C

25°C to 350 °C; dwell-time 22 min

The solid product consists only of coke. The amount of
carbon oxides, which are generated by burning off the coke
from the catalyst is constantly measured. Through these
carbon oxides, conclusions regarding the coke amount can
be drawn via combustion calculation.
A commonly used term to describe the FCC process
economic viability is the conversion, also called total fuel yield
(TFY). It is often described as the amounts of gases (C1 – C4)
and gasoline compared to the amount of feed. The light cycle
oil (LCO) is often not considered a valuable product since it
has a low quality due to its high aromatics content [9].
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Table 4: VGO properties
density @ 15 °C

890 kg/m³

sulphur

214 mg/kg

nitrogen

143 mg/kg

nickel

2 mg/kg

vanadium

2 mg/kg

aromatics

32.6 w%

20

15

10

5

0
0

50

100

150

200

250

300

350

400

particle diameter [µm]
C3-Boosting Cat.

heavy resid cat.

C3- & C4-Boosting Cat.

Figure 4: Particle size distribution of catalysts

500

All experiments were conducted at a constant feed rate of
2.5 kg/h. The medium riser temperatures were 550 °C and
530 °C. In total six different experimental runs were
conducted (see table 5). The shown mean values consist of
at least three independent measurements.

400

Table 5: experimental settings

700
600

temperature [°C]

particle size distributions
25

distribution density q3 [v%]

The utilized feed was vacuum gas oil (VGO). It is the top
product of the vacuum distillation and a standard feed for fluid
catalytic cracking units [10]. In table 4 some properties of the
used batch of VGO are listed. In figure 3, a distillation curve
shows the amounts of lighter and heavier compounds.
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Figure 3: Distillation curve of VGO
For comparison three different catalysts were chosen,
which are all zeolite-based. Zeolites are alum silicates, which
are minerals that constitute of mainly silicon oxide (SiO2) and
aluminum oxide (Al2O3). Additionally, all 3 catalysts are rare
earth-doped (lanthanum oxide and cerium oxide). However,
two of them enhance gas production, one C3 and the other
C3 and C4, respectively. For the first one propylene is the
dominant desired product while the second one promotes
butene and butane production as well. The third catalyst is a
heavy residue catalyst, which focuses on improved gasoline
production and less on gases. To make it more resilient
against impurities in residues the third catalysts outer layer
acts as a trap for vanadium and nickel. This prevents those
elements from reaching the inner reactive core of the catalyst
particles and reduces catalyst poisoning. All utilized catalysts
are equilibrium catalysts that are less reactive than fresh
catalysts from the manufacturer. The catalysts used for this
work are directly taken out of industrial FCC plants, therefore,
enabling a higher comparability of the results from the pilot
plant with industrial-sized plants. The particle size distribution
of all three catalysts are depicted in figure 4. All distribution
densities (q3) show a monomodal distribution with the mode
being between 80 and 90 µm for all three catalysts. The
measurements have been conducted utilizing a Mastersizer
2000 particle size analyzer by Malvern Panalytical. A more
detailed comparison regarding the catalyst’s composition
cannot be given at this point due to non-disclosure
agreements with the catalyst manufacturers.

feed rate
[kg/h]

catalyst

Riser-temp.
[°C]

2.50
2.50
2.50

C3-Boosting cat.
heavy resid cat.
C3- & C4-Boosting cat.

550
550
550

2.50

C3-Boosting cat.

530

2.50

heavy resid cat.

530

2.50

C3- & C4-Boosting cat.

530

Results
The experimental results showed a clear indication that the
selection of catalysts is one of the most significant
parameters to influence the products spectra of the FCCprocess. In figure 5 the results of all three catalysts at a
medium riser temperature of 550 °C are depicted. For
graphical purposes and since they are both undesirable
products the LCO and residue lump are shown together.
It can be seen that the results for the C3 boosting catalyst
and the C3 & C4 boosting catalyst are very similar, while the
heavy residue catalyst shows significantly different numbers.
These findings were expected since the utilized catalysts are
designed for different purposes. The gas and gasoline lumps
for the gas boosting catalysts are around 39 and 45 w%,
respectively. While the lumps for the heavy residue catalyst
are around 26-27 w% for gas and 56 w% for gasoline.
However, regarding the conversion the differences are much
smaller with 82.6 w% for the heavy residue catalyst being the
lowest and 84 w% for the C3 & C4 boosting catalyst being the
highest. The LCO + residue numbers are between 10 and 12
w% with the lowest value for the heavy residue catalyst which
is expected for it is designed to maximize cracking of heavier
compounds like residue and LCO. The coke produced was
between 4.6 and 5.7 w% with the highest value obtained for
the C3 and C4 boosting catalyst.
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which are grouped together with other alkanes in “other
gases”.
Feed based results of gas lump
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Figure 6: Produced lumps at 530°C Riser-T depending on
utilized catalyst
Beside the high-octane gasoline, olefins are the second
major products of an FCC unit. So the olefins were analyzed
more in detail to evaluate the catalysts influence on these
economic viable products. Ethylene and Propylene were
looked at separately while the different butenes were grouped
together. The remaining gases, named other gases, are the
alkanes. Together the alkanes and alkenes make up the gas
lump. Note that, the carbon oxides are not included in this
lump since they are not hydrocarbons.
In figure 7 the feed based results of the gas lump are
depicted depending on the catalyst used and the riser
temperature. Analogue to previous figures the amounts of
gas and therefore the olefins decline at lower riser
temperatures since less cracking occurs. The values for the
C3-boosting catalyst for example decline for ethylene and
propylene from 3.5 to 2.9 w% and from 14.5 to 13.2 w%,
respectively. However, since the catalyst choice already had
a bigger influence than the riser temperature regarding the
gas lump, which is naturally also the case for the gas
compounds. Especially for ethylene and propylene, these
differences are significant since they are one of the most
valuable products of an FCC. For the gas boosting catalysts
the values for ethylene and propylene are at or above 3 and
13.7 w%, respectively. While for the heavy residue catalyst
this numbers diminish to 1.3 and 8.8 w%. Significant
differences between the C3 and C3 & C4 boosting catalyst
can be seen regarding the other gases. Reason for this is that
the C3 & C4 boosting catalyst also boosts butane production

8.7 %

9.8 %

15%

0%

11.8 %

13.5 %

8.6 %

7.8 %

13.7 %

13.2 %

9.0 %

6.7 %

14.5 %

5.8 %

8.8 %
3.5 %

7.6 %

12.5 %

7.3 %
3.0 %

1.3 %

2.9 %

1.1 %

2.5 %

C3-Boosting heavy resid C3- & C4- C3-Boosting heavy resid C3- & C4cat. 550 °C cat. 550 °C Boosting cat. cat. 530 °C cat. 530 °C Boosting cat.
550 °C
530 °C
Ethylene

Propylene

Butenes

other Gases

Figure 7: Feed based results of gas lump for depending on
riser temperature and catalyst used
Additionally, the gas based values for the above mentioned
gases were analyzed to determine the catalysts influence on
the gas composition (see figure 8). For all experiments the
propylene amounts are above 30 w% with 37.0 w% for the
C3 boosting catalyst being the highest value for both riser
temperatures. This result is as expected since this catalyst is
optimized for propylene production. The least propylene was
produced with the heavy residue catalyst with 31.4 w% at 530
°C riser temperature. The ethylene production showed similar
results to propylene. For ethylene, the highest values were
obtained with the C3 boosting catalyst, especially at 550 °C
with 9.0 w%. The lowest numbers were obtained with the
heavy residue catalyst, where at a temperature of 530°C 4.6
w% ethylene was obtained.
Contrary to ethylene and propylene, the butenes showed
higher values for the heavy residue catalyst. Unaffected by
the riser temperature the butene amount was at 25.2 w%
while for the gas boosting catalysts the values varied
between 21.1 and 22.3 w%. The other gases also showed the
highest values for the heavy residue catalyst with a value of
38.9 w% at 530°C riser temperature. The lowest value was
obtained for the C3 boosting catalyst at 31.7 w%. Note that
the amount of “other gases” increased at the lower riser
temperature for all three catalysts.
Gas based results of gas lump
100%
90%
80%

fraction [w%]

82.6 %

82.5 %

81.1 %

Feed based results at 530 °C
90%

20%

5%

Figure 5: Produced lumps at 550°C Riser-T depending on
utilized catalyst
In figure 6 the same product lumps are depicted but at a
lower medium riser temperature of 530 °C. Lower riser
temperatures usually lead to less cracking reactions. This
leads to higher amounts of liquid products and lower amounts
of coke and gas. This general assumptions were fulfilled in
the experiments for all three catalysts. Additionally, the
conversion with values between 81,1 and 82,6 w% declined
for all catalysts since the reduction of gas was not completely
compensated by the rise in gasoline.

14.0 %

25%

10%

C3- & C4-Boosting Cat.
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30%

31.7 %

36.9 %

35.6 %
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Figure 8: Gas composition depending on riser temperature
and used catalyst
To further investigate the catalysts influence on the gas
lump the alkanes are depicted in figure 9. The use of the
heavy residue catalyst leads to a higher amount of methane
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than the other catalysts do. This can be seen for both riser
temperatures. The differences in ethane production are not
significant. The propane and butane values, however, show
that the C3 & C4 boosting catalyst promotes the formation of
n-butane and isobutene significantly. The highest amount of
isobutane is with 8.1 w% at 550 °C whereas the C3 boosting
catalyst only shows a value of 7.0 w% at this temperature.
Also the values for n-butane are with 1.4 and 1.3 w%, for 550
°C and 530 °C respectively, slightly higher for the C3 & C4
boosting catalyst than for the other catalysts.
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catalysts were observed in the FCC pilot plant proving that
catalyst testing in a pilot plant can be an economically
sensible method to test future plant configurations and
settings before they are implanted in industrial sized plants.
These tests can reduce the risks for refinery operators and
deliver robust test results that cannot be obtained in such
quality from simple batch micro activity tests (MATs).

Ethane

Propane

Isobutane

n-Butane

Figure 9: Alkanes in the gas lump depending on riser
temperature and used catalyst
Conclusion
The experiments showed that catalyst testing in a pilot
plant was possible without changing the test rig making it a
test opportunity for new catalyst and temperature
combinations just like MATs.
As expected, the gas boosting catalysts showed a
significantly higher production of the gas lump than the heavy
residue catalyst (around 38 w% compared to 26.6 w% at 550
°C). These zeolite-based catalysts have their advantages in
the enhanced propylene production and the C3 & C4
production, respectively. This was observed in the gas
product were the propylene enhancing catalyst showed the
highest value for propene with 14.5 w% at 550 °C, the highest
value for all catalyst and temperature combinations. As
propylene is one of the products of the FCC-process with the
highest profit margins these types of catalysts are highly in
demand from refinery operators.
The heavy residue catalyst has its strength in the cracking
of residual feedstocks as the name suggests and the
production of higher amounts of gasoline. Consequently, the
production of gases is inferior compared to the gas boosting
catalysts. However, in a fuel-focused refinery the gasoline
amounts of 56 and 58 w% would be favorable, especially
when heavier feedstocks are used.
The C3 and C4 boosting catalyst promotes not only the
propylene and butene production, although not as good as
the propylene boosting catalyst, but also the butane
production. The highest value for isobutane was achieved at
550 °C with 8.1 w%. So, when it comes to producing a wide
variety of gaseous products that could be used for further
synthesis processes, the C3 and C4 boosting catalyst
showed the most promising results.
In general, it can be said that the elevation of the riser
temperature leads to a higher production in gases and a
lower production in gasoline, since higher temperatures lead
to more cracking reactions. This basic principle together with
the expected shifts on product spectra depending on used
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Iron carbonate ore beneficiation by direct reduction with hydrogen
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Introduction
Reducing specific carbon dioxide emissions is a high
priority task of the industry. The state of the art technology
of the iron- and steel industry contributes to carbon dioxide
emissions during the iron ore beneficiation [1] to a significant
amount. By remodeling the technology, these carbon dioxide
emissions can be reduced tremendously [2]. Direct mineral
iron carbonate (FeCO3) reduction with hydrogen is an

experimental setup was similar to the one described in Lux
et al. [5]. The experiments were performed in a bench scale
tubular reactor, Figure 1.. The gas is fed to the reactor on
top via mass flow controllers and exits at the bottom of the
reactor. For the reduction hydrogen (99.999%) and nitrogen
(99.999%) supplied by AirLiquide have been used. The gas
stream was between 0.02‒0.05 m³ h-1. The hydrogen to

T1
H2

MFC

T2
T3

CO2

MFC

GA
HE1

T4

HE2

T5
N2

MFC

CT1

T6

CT2

Figure 1: Bench scale tubular reactor, MFC: mass flow controller, Ti: Thermocouple, HE: Heat exchanger, CT: Condensate tank, GA:
Gas analyzer.
alternative pathway to state of the art iron ore beneficiation
with significantly less specific CO2 emissions.
In the state of the art process the main reducing agent is
carbon based (coke or coal). When substituting carbon
based energy carriers with hydrogen reduction of the
specific carbon dioxide emissions up to 60% [3] can be
achieved. Hydrogen reduces iron carbonate directly to
elemental iron (Fe), according to equation 1.

𝐹𝑒𝐶𝑂 + 2 𝐻 → 𝐹𝑒 + 𝐶𝑂 + 2 𝐻 𝑂

nitrogen ratio was H2:N2=9:1. The exit gas is quenched in a
heat exchanger, and the condensables are collected in the
condensate tanks. Afterwards the gas is analyzed in a gas

(1)

Coke oven gas, which has a high hydrogen content of up
to 60 vol.% hydrogen [4], could be a possible hydrogen
source for direct ore reduction.

Experimental setup and produce
In our research project the direct mineral iron carbonate
reduction with hydrogen has been investigated. The
MoP3-(11) page 1/3
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analyzer from ABB (Caldos27 thermal conductivity analyzer
and Uras 26 infrared photometer).

conditions gaseous products vary between methane, carbon
monoxide, carbon dioxide and water.

The iron ore used was mineral iron carbonate from
Eisenerz, Austria (Figure 3). The sample size was 100 g. In
a design of experiment five factors were tested for their
influence on the reduction of a mineral iron carbonate-ore
and the composition of gas product: process temperature,
particle size, initial mass of the ore, gas flow and hydrogen
concentration.

Figure 2 shows the corresponding Gibbs’ free energy plot.
According to equation 2 CO2 is formed during formation of
wustite (FeO) and iron. The Gibbs’ free energy for this
reaction is negative.

𝐹𝑒𝐶𝑂 → 𝐹𝑒𝑂 + 𝐶𝑂

(2)

G0 / kJ mol -1

Corresponding to the Gibbs free energy formation of

Figure 2: Gibbs’ free energy plot for different solid and gas products formed during iron carbonate reduction with
hydrogen (data was calculated with HSC Chemistry 8 [6]).
elemental iron and methane is thermodynamically favored.
Results and discussion
Different solid and gas products are formed by iron
carbonate reduction with hydrogen.

Carbon monoxide is formed as a byproduct during
conversion of iron carbonate to elemental iron. The Gibbs’
free energy of this reaction is negative for temperatures
above 600 K.
The outcome of the design of experiments showed that the
factors process temperature, particle size, gas flow and the
interaction of gas flow*temperature and gas flow*gas flow
were identified as strong impact on mineral iron carbonate
conversion, as shown in Figure 4.
The major influence on the solid and gaseous products is
the temperature. Higher temperatures lead to shorter
reaction times for completed conversion at that temperature
(marked by reaching feed gas concentration in the exit gas
stream).
The conversion of the mineral iron carbonate is constant
between 658 K and 753 K varying around 86 % conversion
of the whole mineral based on the measured mass loss.
The amount of carbon monoxide produced shows a
different behavior. The total amount of carbon monoxide is
higher at 673 K with 147.5 mmol carbon monoxide and sinks
till 733 K of 142.7 mmol carbon monoxide.

Figure 1: Sample of the mineral iron ore from
Eisenerz, Austria.
Solid products include elemental iron (Fe), wustite (FeO)
and magnetite (Fe3O4). Depending on the operation

The selectivity to carbon monoxide however, rises with
rising temperature and the selectivity to carbon monoxide is
highest at 733 K. The effect, that at 673 K both the carbon
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monoxide mmol amount in the exit gas and the total
produced carbon based gases (carbon monoxide and
carbon dioxide) in the exit gas are highest, marks the
temperature were the magnesium carbonate and
manganese carbonate start to be reduced.
Furthermore, higher conversion at higher temperatures is
influenced not only by the reduction of the carbonates (iron,
magnesium and manganese) to oxides (wustite FeO,
magnesium oxide and manganese oxide) but also by the
reduction of iron carbonate to elemental iron and by the
reduction of wustite to elemental iron. This offers opportunity
for further reduction of wustite with hydrogen to elemental
iron as shown in equation (3).

𝐹𝑒𝑂 + 𝐻 → 𝐹𝑒 + 𝐻 𝑂

(3)

In a further investigation of the temperature influence has
shown that at higher temperatures again the elemental iron
selectivity can be maximized, whereas at temperatures over
500°C no additional benefit for the conversion of iron
carbonate can be assumed.
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Abstract
Iron ore sinter is the main iron-bearing charge in many blast
furnaces for ironmaking. A certain porosity of the charge is
required to allow the flow of the carbon monoxide-rich
reduction gas. The porosity of an accumulation of porous
particles is of two types: the interparticle porosity resulting
from the voids in the bulk and the intraparticle porosity of the
porous particles. In this study the different porosities for sinter
were determined using simple methods: measurement of the
skeleton density by liquid pycnometry, measurement of the
bulk density and determination of the envelope volume of the
particles. The average skeleton density of the investigated
sinter particles was 4.38  0.22 g/cm³ and the average
intraparticle porosity was 0.216  0.037. For both parameters
no distinct size dependence was observed.
Introduction
In integrated steel mills the process of ironmaking usually
involves two main process units, the sinter plant and the blast
furnace (BF). In the sinter plant iron ore fines are
agglomerated together with fluxes and iron-rich in-plant return
fines to sinter. In the BF the iron oxides of the ore are reduced
to metallic iron [1,2]. The BF is charged continuously from the
top of the furnace in layers of iron-bearing materials (sinter,
pellets, etc.) and coke. The charge flows slowly downwards in
the furnace shaft where it is in contact with a countercurrent
flow of hot, carbon monoxide-rich combustion gases produced
from the hot blast injected via tuyeres by reaction with the
coke. This carbon monoxide reduces the oxides. To enable the
upwards gas flow voids between the particles of the charge
are required. These voids can be characterized by the porosity
of the bulk.
The porosity ε of a solid bulk material is defined as the ratio
of the volume of the accessible pores and voids VP to the bulk
volume occupied by the solid VB [3].

Vp

V

 1 S
VB
VB

(1).

For non-porous particles the porosity can be obtained from
the mass mS and the volume of the bulk together with the
material density ρ. For porous particles the skeleton density
ρSk has to be used, which includes closed pores in the particle
volume.

 1

mS  Sk
VB

(2).

In dry bulk solids where the pores and voids are filled with
air the mass of the solids is nearly identical with the mass of
the bulk. In this case the porosity can be calculated with
Equation (3):


 1 B
 Sk

(3).

For porous particles the porosity consists of two types: the
interparticle porosity εe and the intraparticle porosity εi. The
interparticle porosity is the ratio of the volume of void space
between the individual particles to the bulk volume of the
particles, while the intraparticle porosity is the ratio of the
volume of open pores inside the individual particles to the bulk
volume occupied by the solid [3]. Equation (4) shows how the
interparticle porosity and the intraparticle porosity make up the
total porosity:

   e  1   e    i

(4).

For the gas flow through the bed of sinter particles and the
resulting pressure drop the interparticle porosity is the more
important type of porosity since the velocity of the gas flow in
pores is quite low. In contrast, for reduction of the iron oxide
the intraparticle porosity is important for the transport of
carbon monoxide.
The intraparticle porosity of particles can be measured by
mercury porosimetry or by gas adsorption. However, these
methods are quite cumbersome. An easier way to determine
the intraparticle porosity of a particle is from its envelope
volume VE, which is defined as the total volume of the particle,
including closed and open pores.

i  1

mS  Sk
VE

(5).

The required skeleton density can be measured by gas
pycnometry or liquid pycnometry using Archimedes’ Principle
[4]. In liquid pycnometry using a displacement liquid with the
density ρL, the skeleton density is obtained with Equation (6):

S 
VE 

mS
mtot  m pyc  mS

(6),

L

where mtot is the total mass of the pycnometer including the
particle and the liquid filling, while mpyc is the mass of the
empty pycnometer and mS is the mass of the particle.
The interparticle porosity can be calculated from the
intraparticle porosity and the total porosity using Equation (7):

e 

  i
1  i

(7).

The aim of this study was to determine the skeleton density,
the interparticle porosity and the intraparticle porosity of iron
ore sinter particles from an industrial sinter plant.
Materials and methods
Sinter particles
Iron ore sinter material was obtained from an industrial
sinter plant for sinter cooling experiments. Several particles
with different particles size were selected randomly for the
investigation. The bulk density of the sinter material was
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determined by pouring sinter into a vessel with a defined
volume and subsequently measuring the mass of the sinter
material was 1890 kg/m³. The average size of the sinter used
in the BF varies slightly from plant to plant. However, the size
range of sinter particles is typically from 5 -50 mm.
Table 1 gives an overview of the investigated sinter particles
and Figure 1 shows some examples of particles.
Table 1. Sinter materials used in the tests
Sample

Mass in g

Equivalent diameter
in mm

S1

130.3

45

S2

82.18

38

S3

59.04

32

S4

56.45

31

S5

46.38

30

S6

43.09

28

S7

37.29

27

S8

35.37

26

S9

28.09

26

S10

29.23

25

S11

28.39

25

S12

27.05

25

S13

26.91

24

S14

21.47

23

S15

19.12

22

S16

16.27

21

S17

15.45

21

S18

13.32

19

S19

6.90

16

S20

2.89

12

For the particles where the envelope volume was
determined the equivalent diameter was calculated from it. For
the other particles the equivalent diameter was estimated from
their overall dimensions.
Envelope volume
The envelope volume of the sinter particles was measured
with a GeoPyk 1360 envelope density analyzer from
Micromeritices. In such measurements the sinter particles are
packed into a bed of DryFlo© powder, which has a certain bulk
density under the prevailing packing conditions. The particle
size range of the powder specified by the manufacture is 30300 µm.
Skeleton density
The skeleton density of the sinter particles was determined
by liquid pycnometry where n-heptane with a density of
0,6812 g cm-3 at 20°C was used as displacement liquid.
Figure 2 shows one of the used pycnometers.

Figure 2. Liquid pycnometer for larger particles
Results
The results of the measurements are summarized in Table
2. The average value of the skeleton density was
4.38  0.22 g/cm³. The variation of the skeleton density might
partly be caused by variations in the chemical composition of
the sinter particles and partly by a varying fraction of closed
pores which are not interconnected with other pores and
hence not accessible.
Figure 3 shows the size dependence of the skeleton density.
No distinct size-dependence was observed.
The average intraparticle porosity of the investigated sinter
particles was 0.216  0.037. The reason for the variation of the
intraparticle porosity is the varying fraction of pores in different
sinter particles.
A porosity of the bulk of sinter particles of 0.57 results when
the average skeleton density is used. This compares well with
reported values of the porosity of iron ore sinter in the range
of 0.52 to 0.58 [5-7].

Figure 1. Iron ore sinter particles investigated
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Table 2. Sinter materials used in the tests
Sample

Skeleton
density in g/cm³

Envelope
volume
in cm³

Intraparticle
porosity

S1

4.43  0.06

-

-

S2

4.21  0.03

-

-

S3

4.12  0.05

17.39

0.176

S4

4.44  0.03

15.96

0.203

S5

4.36  0.03

13.64

0.220

S6

4.48  0.02

11.94

0.195

S7

4.43  0.00

10.73

0.216

S8

4.10  0.10

-

-

S9

4.22  0.14

8.74

0.239

S10

4.69  0.00

8.00

0.221

S11

4.19  0.09

-

-

S12

4.49  0.04

8.39

0.282

S13

4.16  0.05

-

-

S14

4.72  0.09

6.06

0.249

S15

4.30  0.15

5.68

0.216

S16

4.52  0.52

-

S17

4.37  0.00

4.66

0.241

S18

4.68  0.10

-

-

S19

4.64  0.23

-

-

S20

3.99  0.06

0.84

0.137

Average

4.38  0.22

0.216  0.037

Figure 3. Size dependence of the skeleton density of sinter
particles
Figure 4 shows the size dependence of the intraparticle
porosity. No distinct size-dependence was observed.
Using the average intraparticle porosity the resulting
interparticle porosity of the investigated sinter material
according to Equation (7) is 0.45.

Figure 4. Size dependence of the intraparticle porosity
Conclusions
The applied method is a simple procedure for the
determination of the intraparticle porosity in comparison with
mercury porosimetry or by gas adsorption methods.
From the experiments the following conclusions can be
drawn:
- the average skeleton density of the investigated sinter
particles was 4.38  0.22 g/cm³. With a relative standard
deviation of 5% the variation of the value was not very great.
- no distinct size dependence of the skeleton density was
observed.
- the average intraparticle porosity of the investigated sinter
particles was 0.216  0.037. The relative standard deviation
was 17%.
- no distinct size dependence of the intraparticle porosity
was observed.
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Abstract
Risk communication and process safety are fundamental
elements of operational safety. Inaccurate communication in
these areas can quickly lead to serious safety problems or
increased effort in the area of documentation. An established
terminology management system and the use of controlled
language helps to strengthen safety and keep the effort of
documenting and translations to a minimum. In the field of
process safety techniques, controlled language helps to
formulate states more precisely and to exclude confusion or
ambiguity. Many variants of a controlled language like the
radio communication in aviation have been established for
decades.
Introduction
Risk communication and the correct transfer of the message
as well as its understanding is an indispensable component
of risk assessment and risk management and is therefore
crucial for resulting process safety. [1, p. 1] Communication
and the transmission of unambiguous risk and hazard
information is an important key element in the safety life
cycle. [2]
Although the meanings of hazard communication, risk
communication and crisis communication are different in
terms of timing and stakeholders, the basic elements and
requirements for successful implementation are the same
and are not specifically separated herein.
Work safety, food safety, pharmaceutical applications and the
process industry are some fields where risk communication
is inherently implemented in different ways, but with the same
process safety goals.
While the normal working life is mostly influenced but little
burdened with discussions between stakeholders, there are
special industries such as production or process plants with
environmental impact assessments or even the nuclear
industry with which there can be a great need for discussion
with stakeholders. Clear and unambiguous information and
its transfer is an indispensable part for communication and
the finding of a consensus.
This communication requires trust and understanding of the
other parties involved, in normal operation as well as in the
event of deviations from the daily routine. [3] A clear language
includes both scientific statements with the comprehensibility
of everyday life. Incomprehension of information ends in a
lack of trust and consequently in rejection of the
communicated demands or measures. [4]–[6]
The different kinds of communication concerning process
safety and risk management can be simplified separated in
three parts. Care communication, consensus communication
and crisis communication. [1, pp. 3–4]
Care communication is the communication about hazards
and risks and the management and mitigation of them
through science, technology and understanding. Care
communication is widely accepted by the stakeholders and
applied. Examples are work instruction, standard operation

procedures, safety data sheets, maintenance instructions or
mandatory given precautions per law. Risk communication of
generally accepted risks like smoking, eating too fat foods or
too much sweets are special cases of this communication.
Consensus communication is risk communication through
groups and different stakeholders. The intent is to inform and
encourage stakeholders to work together and find solutions.
This is the case, for example, in industrial plant law, where
one stakeholder (a company) has a request but another has
an objection. The law on industrial plant and equipment and
environmental protection with public participation are
examples of communication with stakeholders from various
professional and educational backgrounds. Preventive
accident measures are also integrated here. [1, p. 5]
Crisis communication occurs in the face of imminent danger
and requires precise, fast and prudent actions by all those
involved without much room for misinterpretations.
Instructions must be kept unambiguous and short, but must
also be understood. Without an understanding of the
measures, they are often disregarded within panic or
rejected. [7], [8]
Within this framework risk and hazard communication as well
as consensus communication refers to preventive measures.
Crisis communication includes corrective measures for
affected stakeholders. The legal backgrounds to this are e.g.
the Ordinance on Hazardous Incident Information or
Emergency Plans.
But regulated communication is not only helpful between
stakeholders. It is also a necessity in the definition and
description of operational concepts. Data that is generated
from a team in one phase in the safety life cycle at one
location at a time passes through many intermediaries, for
example process safety techniques, and generates further
measures from it, which in turn have an iterative effect in
system changes, redefinitions, and within different life cycle
phases.
A controlled language and clear terminology within
companies and between stakeholders can help to strengthen
process safety and consensus.
Controlled Language
In the area of conflict between applications and process
safety, there is always communication between the parties
involved. Clear terminology is a necessary prerequisite for
making the design of systems, applications and maintenance
safer. Communication between the stakeholders requires a
clear, precise "controlled language" and an unambiguous
symbolism.
Different fields of activities in science and technology like
mathematics, informatics and engineering have this
similarity. See following examples.
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Example 1:

“3+3=6”, is a generally understandable
mathematical formalism.

Example 2:

“if...then...else”,
gives a clear instruction in IT.

Example 3:

Pump (English), Pumpe (German),
(Language independent engineeringsymbolism).

Language problems and prevented tragedies
Within history, several incidents and disasters were caused
by wrong understanding or the misuse of a language. [9], [10]
This caused several branches to use kinds of a controlled
language for decades.
A controlled language means a simplified language with a
controlled vocabulary and rules for building sentences. [11]–
[13] An advance is the use of non-ambiguous words. This
means one word has one meaning. This is useful for a better
understanding and for more efficient and secure machine
translation.
Well known examples are the military and civil radio two-way
communication. Strict rules enable a purposeful
communication.
Like "Roger" which means "Received Order Given, Expect
Results" or "Over", when someone stops transmitting.
Methods
This paper is based on extensive literature search of journals,
article and books on process safety, risk perception and risk
communication, written by renowned scholars on process
safety, risk management techniques, crisis and hazard
communication. In general about 500 journal articles and
books (425:75) were reviewed, whereas about 50 made
statements which are incorporated in this article. The
selection for this study within this documents was guided by
the search for the use of a controlled language or the use of
terminology.
The selection was led by the central questions:

What are the crucial key elements of successful risk
communication?

How can risk assessment and management be made
more efficient through better communication?

Has terminology management and controlled
language a positive influence on process safety?

How to make translations for non-native speakers
more efficient and secure?
Results and Discussion - Controlled Language
Instructions, manuals and maintenance manuals often were
the source of misinterpretations and mistakes in different
branches of our daily and the industrial life, partly with fatal
consequences.
Starting in the 1970ies, the use of a controlled language for
this and other purposes in relevant, dangerous and safety
critical applications was suggested. [14] The first approaches
were within the military and aviation fields. Later the
automotive industry, the medicine and the pharmaceutical
industry as the food processing industry joined the use of a
controlled language.

Today, many companies and organisations like Airbus [15],
Scania [16], Microsoft [17], Volkswagen [18], Caterpillar [19],
Nortel, Bull, etc. [20, p. 23] use a controlled language.
Especially the ASD-STE 100 should be highlighted. [21] It is
a controlled language, developed in the 1970ies by the
Association of European Airlines to investigate the readability
and understandability of maintenance documentation and
find a solution to simplify the language used in these
documents. [21, p. i]
Although English is worldwide one of the most important
languages, controlled languages or easy languages are
available in different languages.

Leichte Sprache (Easy Language in German) [22],
[23]

Spell Checkers for „easy languages“ in different
languages. [24]
Understanding = the first step to safety!
A controlled language can also be found within other safety
relevant branches or areas like machine safety, where a clear
wording indicates a clear and increasing level of danger to
health
and
life
like
the
controlled
words:
"Caution < Warning < Danger". [25]
In chemistry, the P & H statements are in common use. They
are part of the Globally Harmonized System of Classification
and Labelling of Chemicals (GHS). The P - Precautionary
statements give advice about the correct handling of
chemical substances and mixtures. The H - Hazard
statements form a set of standardized phrases about the
hazards. The code like e.g. "H320" stands for "Causes eye
irritation". With the help of the P & H statements, safety
instructions can be attached briefly and without language
barriers. The code can be decoded with the help of
standardized tables in various languages.
Controlled Language in Risk Assessment
Risk identification, assessment and mitigation often are the
last frontiers against incidents or accidents. So why don’t we
use a controlled language for this purpose yet?
Risk management needs a clear definition of a system, a
process or an application to describe possible problems,
deviations and barriers! [26]–[29]
Defining parts and systems for safety or safety related
functions need clear definitions for functionality. [30] And a
controlled language provides this.
The HAZOP (Hazard and Operability Analysis) as an
example, aims in the direction of a limited controlled language
by providing a set vocabulary for possible deviations within a
process. [31]
With a controlled language and clear terminology, it is also
easier, safer and more efficient to manage the iterative
feedback loop of changes in the documentation, which is
shown in figure 1. Clear descriptions help to implement
changes clearly. This has an effect on all levels of the
documentation that finally promote process safety, if correct
understood and applied. On the one hand through clarity, on
the other hand, for example, by saving work with regard to
inquiries in case of ambiguities.
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Figure 1: Risk and Hazard Communication and Documentation - Feedback Loop
Rules for a controlled language
After studying a set of well-known and proven rules, Crabbe
summed up some rules and proposed them as the
structured basis for a controlled language. [20, pp. 91–92]
Some examples on the rules are:

Use only words that are part of the controlled
language.

Use only the approved spellings.

Do not add new words to the controlled vocabulary
unnecessarily.

Avoid using abbreviations and contractions unless
they are part of the controlled language.

Limit word strings to no more than three nouns or
adjectives.

Use the active voice wherever possible.

Use the imperative mood in sentences containing
instructions.

Use positively worded sentences wherever possible.

Use negatively worded sentences wherever possible
in cautions and warnings to draw attention to their
content.

Limit each sentence to one instruction.

… [20, pp. 91–92]
Examples for the use are:

Bad: The cables must not be kinked.
Good: Do not make kinks in the cables.


Bad: Mark the component with a code that will ensure
its correct assembly.
Good: Identify the component with a code to help you
to install it again correctly.

Conclusion
Within literature and the industry, there is a strong
agreement, that controlled languages and terminology
management help us to make information more
understandable and that language barriers will decrease.
Experiences from industries show that controlled languages
make work safer and translations into other languages more
simple, secure and cost effective. [19], [32], [33]
The use of a controlled language is a win-win situation for all
involved native and non-native speaking users and
stakeholders. It improves communication and understanding
between the parties involved. [34]
Nevertheless it should be said, that the implementation
could lead to more costs within the first phase, because the

controlled dictionary, and the terminology have to be
established and further people have to be trained and the
rules and restrictions have to be applied. Like in all
applications, a proper training and repetition is an
indispensable part in the implementation of terminology and
a controlled language for more safety. [35], [36]
In existing documents a lot of work has to be done, before it
leads to quality improvement and better understanding. The
change process in the documentation starts from top and
multiplies in effort to the bottom. But this argument is not
generally accepted. Some argue it is not difficult to use
controlled languages and the benefit is much higher than the
effort. [37]
It should be suggested that the controlled language is
increasingly used in the area of process safety and its riskmanagement techniques. The input of these techniques,
which are often the last barriers in the safety or loss
prevention structure, must not be ambiguous or
incomprehensible. Process safety requires a precise
terminological framework.
Dealing with external stakeholders requires clear language
rules,
which
must
be
clear
and
trustworthy.
Incomprehension fosters mistrust and furthermore a lack of
a tendency towards acceptance and consensus. [1], [3]
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Abstract
Direct ethanol fuel cells (DEFC) are limited by the slow
kinetics of the ethanol oxidation reaction (EOR) at the anode.
In this work, a ternary PdNiBi/C catalyst was synthesized via
the modified instant method including a few modifications to
investigate the influence on the performance for the alkaline
EOR. The catalyst was ex-situ characterized by means of thin
film rotating disk electrode technique using a standard three
electrode set-up. The results were compared with a
commercial Pd/C catalyst. With the CV measurements, all
characteristic reduction and oxidation peaks for Pd, Ni, and
Bi as well as for the hydrogen ad/absorption were observed.
The PdNiBi/C (636 cm2 mg-1) catalyst presents a higher
EASA than the commercial Pd/C (411 cm2 mg-1). The onset
potential of the ternary catalyst (0.193 V) is lower, the
maximum current density (138 mA cm-2) of the forward scan
is higher and a better byproduct tolerance is examined
compared to the commercial catalyst (0.255 V, 126 mA cm-2).
The remaining current density of the PdNiBi/C is 13 % higher
than that of the commercial Pd/C.
Introduction
In recent years, demand of renewable energy has been
increasing due to the limitation of fossil fuels and large CO2
emission. Fuel cells are identified as one of key technologies
for clean energy industry of the future [1, 2]. However, there
are three critical technical barriers, which limit the
commercialization of fuel cells: a) performance (activity),
b) durability (stability), and c) costs [3, 4]. Direct ethanol fuel
cells (DEFC) have attracted attention in the last decades due
to their easy handling, low cost and environmental
friendliness [5, 6]. In addition, ethanol shows relatively high
energy densities (8.01 kWh kg-1) that are comparable to
gasoline (11 kWh kg-1) [7].

to the cathode. The crossover is causing a mixed potential
thus resulting in a reduction of the cathode potential.
Consequently, these both limitations contribute drastically to
the power density decrease of alkaline DEFC systems.
Therefore, the transition from acidic to alkaline electrolyte
became more important to improve the kinetics of the alcohol
oxidation reaction and oxygen reduction reaction [8, 9].
In alkaline DEFC, an Anion Exchange Membrane (AEM) is
used to transfer anions (e.g. OH-, CO32- and/or HCO3-),
whereas in acidic DEFC, a Proton Exchange Membrane
(PEM), mostly Nafion 115® or Nafion 117®, is applied for the
movement of cations (e.g. H+ or Na+).
The dragging force of the moving ions in AEM is reversed
to PEM, reducing problems of fuel crossover. Another
advantage of alkaline DEFC is the simplified water
management.
The most used catalyst for alcohol oxidation is platinum,
but high cost, low availability and prevalent poisoning by
adsorbed CO-like intermediates formed during ethanol
oxidation limits its application. Alkaline DEFC show faster
kinetics due to high concentration of OH- ions [4, 6, 10].
Hence, cost efficient Pt catalysts can be substituted by more
abundant, cheaper and non-noble metal containing catalysts.
Currently, palladium is the most suitable catalyst for the
replacement of platinum in DEFC. Ma et al. [11] have reported
that Pd/C catalysts exhibit a higher ethanol oxidation reaction
(EOR) activity than Pt/C in alkaline condition. This can be
attributed to higher oxophilic characteristics and the inherent
ability of Pd on C-C bond cleavage. This positive effect also
causes a higher stability and less susceptibility to poisoning
of the active sides of the Pd catalyst during EOR [5, 11, 12].
However, the complete oxidation of ethanol remains as
main challenge for DEFC development. As it can be seen in
equation 1, the complete ethanol oxidation leads to CO2 and
water with the release of 12e-. In comparision, state-of-theart catalyst systems lead to an incomplete oxidation reaction
resulting in acetic acid (acetate) with 4e- released as
described in equation 2 [4].

Complete oxidation:
CH3CH2OH + 12OH- → 2CO2 + 9H2O + 12e-

(1)

Incomplete oxidation:
CH3CH2OH + 5OH- → CH3COO- + 4H2O + 4e-

Figure 1: Schematic illustration of a) proton exchange membrane (PEM)
and b) anion exchange membrane (AEM) direct ethanol fuel cell with
cathode catalyst layer (CCL), anode catalyst layer (ACL), cathode
diffusion layer (CDL) and anode diffusion layer (ADL) (adapted from [4]).

However, DEFCs are limited by the slow kinetics,
especially of the electrochemical reaction at the anode and
the ethanol crossover through the membrane from the anode

(2)

The cleavage of the C-C bond of ethanol resulting in a CO2
efficiency of 100% can be described by the C1 pathway, but
the ethanol oxidation reaction in alkaline media with currently
available catalysts predominantly follows the C2 pathway
(Figure 2). Ethanol is oxidized by hydroxide ions to acetic
acid/acetate as the main oxidation products. During the EOR,
acetate is adsorbed on the catalyst surface as the active
species. Nevertheless, various reaction intermediates
deactivate the catalyst due to poisoning of the active sites
and thus decrease the EOR performance [13, 14].
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Figure 2: Alkaline EOR: C2 pathway and C1 pathway [14].

The reaction mechanism of EOR for Pd-based catalystsis
still not completely explained. Multiple studies [12, 15, 16]
describe the generally accepted mechanism of EOR on Pd in
alkaline media as followed in Equations 3-7:

Pd0 + OH- ⇆ Pd-OHads + e-

(3)

Pd0 + CH3CH2OH ⇆ Pd-(CH3CH2OH)ads

(4)

Pd-(CH3CH2OH)ads + 3OH- ⇆ Pd-(COCH3)ads + 3H2O + 3e(5)
Pd-(COCH3)ads + Pd-OHads ⇆ Pd-(CH3COOH)ads + Pd0 (6)
Pd-(CH3COOH)ads + OH- ⇆ Pd0 + CH3COO- + H2O

(7)

From this reaction pathway, the importance of the OH- ions
for the conversion of the intermediates (acyl) to acetate is
pointed out. Liang et al. [16] describe that the removal of the
adsorbed acyl by the adsorbed hydroxyl is the rate
determining step (equation 6), while the dissociative
adsorption of ethanol is quickly proceeded [12, 17, 18].
In the last years, a lot of research is dedicated to anode
materials to enhance the EOR performance and to reduce the
costs of the fuel cell. The two most promising techniques for
that are first, to find appropriate synthesis methods for
catalyst nanostructures to enlarge the surface area of the
active material and second, to alloy Pd with other metals. The
advantage of bi- and trimetallic catalysts is that the additives
are mainly cheaper and act as co-catalysts which facilitate
the catalytic activity [1, 8].
Ni is a very promising candidate as co-catalyst for Pd. It
causes the formation of alloys thus resulting in a shift of the
lattice constants and promotes synergetic effects. The
binding energy at the surface is lowered and therefore, the
poisoning effect by different adsorbents like CO or CHx
species is reduced [19, 20, 21]. Moreover, Ni has a high
affinity for the attraction of OH--ions, that are fundamental for
the EOR as described above [2].
In contrast to Ni, Bi and Pd have quite different
crystallographic properties, which significantly reduces the
probability of alloy formation [22]. Nevertheless, Neto et al.
[23] reported a positive impact on the performance of the
anode catalyst upon adding Bi to Pd. Additionally,
crystallographic changes were observed during the
synthesis. Huang et al. [24] describe the affinity of Pd to
Bi(III)-ions that are adsorbed on the surface as one possibility
for the interaction. In literature, the formation of oxide- and
hydroxide-species at the surface is also said to increase the
OH- concentration at the catalyst surface and thus enhances
the activity for EOR [23, 24, 25].
Another strategy to enhance the electrocatalytic activity of

the Pd catalysts is the deposition of the nanoparticles on a
suitable support material [1, 8]. The dispersion of the active
material on a support results in a higher active surface area
and thus the total loading can be reduced that further lowers
the costs [26]. The most used supports are carbon based
materials (e.g. Vulcan XC72R from Carbot Cooperation) that
show an excellent combination of surface properties,
electronic conductivity and corrosion resistance. Therefore, it
is well known, that the support material influences the particle
size, morphology, particle distribution and stability [27, 28].
As it can be seen in equation 3-7, the EOR on Pd is a
typical multistep and multiselective catalytic process with a
complex network of steps. Pd catalysts can greatly influence
its EOR performance due to various atomistic properties and
adsorption behaviours of different Pd crystal facets [29]. The
Pd (100) crystal structure is proved to be the best surface for
ethanol dissociation with relatively low energy barriers [15,
29]. The shape of the nanoparticles is another critical factor
for the catalytic activity, because the shape is in correlation
with the surface structure. Hao et al. [30] reported a higher
activity of cubic Pd nanocrystals than for the spherical ones.
This can be attributed to a higher concentration of the more
active Pd (100) facets in the cubic nanoparticles. Another
critical factor that effects the catalytic activity of the
nanoparticles is the particle size. The reduction of the particle
size results in a higher surface area and thus increases the
quantity of available active atoms [31].
Therefore, many research groups focused on the
development of a suitable synthesis method of
nanoelectrocatalysts [31, 32]. The chemical reduction
method is a facile strategy for the synthesis of mono-,
bimetallic or ternary catalysts. Various reducing agents like
sodium borohydride hydrazine alcohols, citric acid and
ascorbic acid have been used for the reduction of the metals
[31].
In this study, a carbon supported ternary PdNiBi catalyst is
synthesized by the modified instant method [13] and
compared with a commercial Pd/C catalyst from fuel cell
store. The prepared and commercial catalysts were ex-situ
characterized by means of thin film rotating disk electrode
technique using a standard three electrode set-up. Cyclic
voltammetry (CV) and EOR measurements were recorded in
N2 purged potassium hydroxide solution (1 M) and a mixture
of potassium hydroxide and ethanol solution (1 M),
respectively. The obtained data are utilised to determine the
electrochemical active surface area (EASA), the EOR activity
and the byproduct tolerance of the catalysts.
Chronoamperometry was performed to examine the stability
of the catalysts.
Materials and Methods
Materials. Carbon Black (XC72R, Carbot), Palladium (II)
chloride (PdCl2, anhydrous, 59-60% Pd basis, Sigma
Aldrich), Nickel (II) nitrate hexahydrate (Ni(NO3)2 ∙ 6 H2O, 99
% trace metals basis, Sigma Aldrich), Bismuth (III) chloride
(BiCl3, ≥ 98 % p.a., Sigma Aldrich), Sodium Hydroxide
(NaOH, 98 % p.a., Baker), Sodium borohydride (NaBH4, ≥ 98
% p.a., Sigma Aldrich), Ethanol (EtOH, 99.9 % p.a., Roth),
Propanol-2 (Isopropanol, 99.9 % p.a., Roth), Potassium
Hydroxide (KOH, 1.0 M Fixanal 1 L Ampoule, Sigma Aldrich),
Hydrochloric acid (HCl, 37 % p.a., Roth), Nafion® Solution
(5 wt% in H2O, Quintech), Alumina suspension (Al2O3,
0.05 µm, MasterPrep Bühler).
Pd-based Nanocatalyst Preparation using Modified
Instant Method. The carbon supported PdNiBi catalyst was
synthesized based on the modified instant method [33]. The
catalyst was prepared using Vulcan XC72R as a carbon
support with the following metal loading: 60 wt % carbon and
40 wt% metal. First, an appropriate amount of Vulcan XC72R
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was dispersed in 60 mL of ultrapure water. An ultrasonic
probe (Hirscher, UP400s) was used for sonication at an
amplitude of 40 % and a cycle of 1 (5 minutes, two times)
under nitrogen atmosphere and ice cooling.
Three metal precursor salt solutions are separately prepared
by adding 10 mL ultrapure water to an appropriate amount of
the PdCl2, Ni(NO3)2 ∙ 6 H2O and BiCl3 metal salts. In addition,
1.5 mL of 1 M HCl were added to the Pd and Ni salt solutions
for a better solubility. PdCl2 is insoluble in water and forms a
square-planar, water soluble complex in the presence of HCl
(equation 8) [33]. The solution process of PdCl2 is further
accelerated by sonication (Bandelin Sonorex, Typ RK 31H)
until complete dissolution.

measurements were recorded in nitrogen purged potassium
hydroxide solution (1 M) and in a mixture of potassium
hydroxide and ethanol solution (1 M KOH and 1 M EtOH) at
30 °C with a scan rate of 10 mV s-1. Chronoamperometry
(CA) was performed at 0.83 V at 30 °C for 3600 s to examine
the stability of the catalysts. Three independent
measurements with three cycles for CV and one sweep for
CA of each catalyst were recorded and the last cycle with the
best performance was used for comparison. The mean value
and standard deviation was calculated from all cycles.
The charge of the integrated reduction peak of PdO to Pd
(QPd; located at 0.65 V - 0.9 V in Figure 4a) was used for the
determination of the EASA according to equation 9.

PdCl2 + 2HCl → H2[PdCl4]

EASA = (QPd/Q*Pd) ∙ (1/cL) ∙ (1/AGC)

(8)

A few drops of concentrated (37 wt.%) HCl were added to the
BiCl3 precursor solution instead of 1 M HCl to dissolve the
water insoluble bismuth oxychloride (BiOCl) [13].
Afterwards, the metal salt precursor solutions were added
to the dispersion of Vulcan XC72R under constant sonication
and nitrogen atmosphere in the ice bath. The pH of the
mixture is adjusted to 10 by adding 1 M NaOH. The reduction
process is carried out by adding NaBH4 (~5 eq., in 6 mL
ultrapure water and 0.6 mL of 1 M NaOH) dropwise to the
dispersion.
The reaction mixture was stirred at 60 °C for 4 h, whereas
nitrogen atmosphere was removed after 1 h. Finally, the
catalyst dispersion was cooled to room temperature
overnight. The precipitate was filtered instead of centrifuged
and was extensively washed several times with ultrapure
water. The resulting product was dried at 40 °C overnight and
crushed with a mortar to gain a fine, black catalyst powder.
Electrochemical Characterization. The synthesized
PdNiBi/C and commercial Pd/C catalysts were ex situ
characterized in half-cell experiments. The measurements
are performed using a thin film rotating disk electrode (RDE)
from PINE Research Instrumentation (AFE5T0GC) in a
standard three electrode setup. The RDE, covered with the
catalyst, was used as the working electrode, the counter
electrode was a platinized titanium rod (Bank Elektronik –
Intelligent controls GmbH) and a reversible hydrogen
electrode (RHE; Hydroflex®, gaskatel) was utilized as
reference
electrode.
A
Reference
600TM
Potentiostat/Galvanostat/ZRA and software from GAMRY
Instruments was used for data analysis.
The working electrode was prepared by applying the
catalyst on a glassy carbon (GC) rotating disk electrode
(Ø = 5 mm; 0.196 cm2) via a suspension. The catalyst
powder was mixed with 2-propanol/ultrapure water (7:3) and
a Nafion ionomer solution (binder) and was sonicated for
20 minutes to form a homogenous suspension. The GC-RDE
was cleaned and polished with an Al2O3 powder and rinsed
with ultrapure water before each measurement. Two times
5 µL of the suspension are pipetted on the GC-RDE to obtain
a Pd-loading of 56 µg cm-2. The electrode was rotated at
700 rpm for 1 h to form a dry, thin and uniform catalyst film.
For the determination of the EASA and the EOR activity
(including byproduct tolerance), cyclic voltammetry and EOR

(9)

For the calculations, the assumed value of the reduction
charge of PdO to Pd (Q*Pd = 405 µC cm-2) [13, 34], the
catalyst loading of Pd (cL) and the surface area of the
electrode (AGC) are considered.
Results
The EOR performance of the Pd-based nanocatalysts was
determined via electrochemical characterization (CV and
CA). The results, presented in Figure 3-6, are discussed in
this section and summarized in Table 1. In Figure 3, the CV
of the PdNiBi/C catalyst recorded in de-aerated 1 M KOH at
30°C in a potential range of 0.05 V – 1.5 V vs. RHE is shown.
The characteristic reduction peak V at a potential of
0.5 V – 0.8 V is linked to the reduction of Pd to PdO. Peak III
and IV are attributed to the oxidation of Ni(OH)2 to NiOOH
and to the reduction of NiOOH to Ni(OH)2 [35]. The oxidation
peak II at approx. 0.9 V indicates the formation of Bi2O3 from
Bi [25]. The associated reduction peak cannot be noticed due
to the fact that it is overlapped by the large reduction peak of
Pd to PdO. In the lower potential region (peak I), hydrogen
ad/absorption is detected [13, 23, 36].

Figure 3: CVs of carbon supported Pd-based nanocatalysts in de-aerated
1.0 M KOH solution at 30 °C with a scan rate of 10 mV s–1 from 0.05 V to
1.5 V vs RHE.

Table 1: Electrochemical characterization results of the Pd-based nanocatalysts.

Catalyst

EASAa
(cm2 mg-1)

Eonsetb
(V)

i fc
(mA cm-2)

i bc
(mA cm-2)

if/ibd

Qf/Qbe

ircf
(%)

Pd/C

411 ± 21.0

0.255 ± 0.001

126 ± 6.36

150 ± 6.69

0.84 ± 0.07

2.01 ± 0.12

14.5 ± 1.72

PdNiBi/C

636 ± 72.8

0.193 ± 0.008

138 ± 7.23

111 ± 18.3

1.27 ± 0.19

3.29 ± 0.61

27.0 ± 9.84

aelectrochemical

active surface area; bEonset, onset potential of the ethanol oxidation; cif and ib, peak current density of forward and backward scan; dif/ib,
byproduct tolerance using peak current density of forward and backward scan; eQf/Qb, byproduct tolerance using the charge of the integrated peak current
density area of forward and backward scan; firc, remaining current density after CA at 0.83 V for 3600 s.
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The CVs as well as the resulting EASAs of the ternary
PdNiBi/C and commercial Pd/C catalyst recorded in
de-aerated 1 M KOH at 30°C in a potential range of
0.05 V – 1.2 V vs. RHE are shown in Figure 4. It can be
noticed, that the characteristic peak in the negative scan for
the reduction of Pd to PdO is much more distinct for the
ternary PdNiBi//C catalyst. Therefore, the investigations show
a higher EASA of the ternary PdNiBi/C catalyst
(636 cm2 mg-1) compared to the commercial Pd/C catalyst
(411 cm2 mg-1). Furthermore, the presence of Bi reduces the
hydrogen ad/absorption on the Pd-based catalyst. This
phenomenon can be explained by the strong interaction of Bi
with Pd on the catalyst surface [37].

the CA curve of the ternary catalyst indicates a steeper
decrease at the beginning of the measurement and
afterwards it is more or less stable, whereas the current
density of commercial catalyst constantly decreases.

Figure 6: CA measurements for stability determination of the Pd-based
nanocatalysts in a mixture of 1.0 M KOH and 1 M EtOH at 30°C at an
applied potential of 0.83 V for 3600 s (left) and the resulting remaining
current densities (right).

Conclusion

Figure 4: CVs of carbon supported Pd-based nanocatalysts in de-aerated
1.0 M KOH solution at 30 °C with a scan rate of 10 mV s–1 from 0.05 V
to 1.2 V (left) and the resulting EASAs (right).

The performance of the Pd-based nanocatalysts for the
alkaline EOR is evaluated by cyclic voltammetry in the
presence of ethanol. The CVs and the resulting byproduct
tolerances toward ethanol reaction intermediates are shown
in Figure 5. The onset potential, that is determined at
0.1 mA cm-2 and the maximum current density of the forward
scan indicate the activity of the catalysts for the alkaline EOR.
The ternary PdNiBi/C catalyst shows a lower onset potential
(0.193 V) and a higher maximum current density for the
forward scan (138 mA cm-2) compared to the commercial
Pd/C catalyst (0.255 V, 126 mA cm-2). Furthermore, the
maximum current density for the backward scan of the
ternary PdNiBi/C (111 mA cm-2) is lower in comparison with
the commercial Pd/C catalyst (150 mA cm-2). This indicates a
better byproduct tolerance toward ethanol reaction
intermediates of the ternary catalyst synthesized by the
modified instant method. The calculated byproduct tolerance
according to the maximum current densities results in 1.27
for the ternary PdNiBi/C catalyst and in 0.84 for the
commercial Pd/C catalyst. The byproduct tolerance
determined using the charge of the integrated peak current
density area of forward and backward scan leads to the same
trend (PdNiBi/C: 3.29, Pd/C: 2.01).

In this work, a ternary PdNiBi/C catalyst was synthesized via
the modified instant method. A different purification method
(filtering instead of centrifugation) was applied to investigate
the influence on the performance for the alkaline EOR. With
the CV measurements in a potential range of 0.05 V – 1.5 V,
all characteristic reduction and oxidation peaks for Pd, Ni,
and Bi as well as for the hydrogen ad/absorption were
observed. The results of the electrochemical characterization
were compared with a commercial Pd/C catalyst. It was found
out that the synthesized PdNiBi/C (636 cm2 mg-1) catalyst
presents a higher EASA than the commercial one
(411 cm2 mg-1) and that the presence of Bi reduces the
hydrogen ad/absorption on the Pd-based catalyst.
Furthermore, the onset potential of the ternary catalyst
(0.193 V, 138 mA cm-2) is lower and the maximum current
density of the forward scan is higher compared to the
commercial catalyst (0.255 V, 126 mA cm-2). A better
byproduct tolerance toward ethanol reaction intermediates of
the PdNiBi/C catalyst was examined. The stability tests result
in a steeper current density decrease of the commercial
catalyst compared to the ternary catalyst and the remaining
current density is 13 % lower.
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Abstract
Anion exchange membranes (AEMs) play an important role
in improving the performance and efficiency of anion
exchange membrane fuel cells (AEMFCs). A sequence of
composite anion exchange membranes (AEMs) consisting of
poly(vinyl alcohol) (PVA) as a backbone polymer and different
approaches for introducing functional groups has been
prepared by a solution casting method. The performance of
composite AEMs was evaluated using water uptake, swelling
degree, and OH- conductivity measurement. Composite
AEMs consisting of quaternized poly(vinyl alcohol) (QPVA)
and poly diallyldimethylammonium chloride (PDDA) acquired
the highest hydroxide conductivity, water uptake, and
swelling degree. This study demonstrates that the PVAbased AEMs has the potential for fuel cell application.
Introduction
Over the past decades, enormous attention has been
devoted to proton exchange membrane fuel cells (PEMFCs)
development because of their significant performance in
comparison with other types of fuel cells. However, the
development has been hampered by several issues,
including considerable cost due to the use of a platinum
catalyst in the electrode layer, fuel crossover, slow reaction
kinetics in an acidic condition, and complicated water
management [1], [2]. In order to resolve these issues,
considerable attention has been evoked on anion exchange
membrane fuel cells (AEMFCs). Since AEMFCs employ
anion-exchange membranes (AEMs) as opposed to protonexchange membranes, hydroxide transport emerges instead
of a proton, which offers advantages as compared to the
PEMFCs. These comprise the use of low-priced and nonnoble catalysts, high oxygen reduction rate (ORR) in the
cathode, low fuel permeability, and outstanding corrosion
resistance in the alkaline condition [3], [4]. Therefore, AEMs
contribute considerably to increase the performance and
efficiency of AEMFCs [5].
Poly(vinyl alcohol) (PVA) is a low-cost polyhydroxy-type
polymer that possesses exceptional film-forming properties,
hydrophilic, and non-toxic. PVA has a high density of reactive
chemical functional groups, which are favorable for crosslinking and chemical modification [6]. Furthermore, due to the
high selectivity of water to alcohol, PVA has low methanol
permeability and has the potential for alkaline fuel cell
application [7], [8].
The anion exchange membranes were frequently prepared
by dissolving KOH into the matrix of PVA membranes to
provide charge carriers. Since KOH has a high solubility in
water, fuel cells with this type of membrane are susceptible
to lose conductivity arising from the loss of KOH [7].
In this research, we applied PVA as the main-backbone
polymer. For converting PVA membrane to anion exchange
membranes, we used three different approaches: (i)
glycidyltrimethylammonium
chloride
(GTMAC)
by
quaternization of PVA, (ii) poly(diallyldimethylammonium
chloride) (PDDA) by blending with PVA and (iii) combination

of both techniques. PDDA contains quaternary ammonium
functional groups that are able to offer OH− as charge carriers
[9], [10]. Furthermore, the cyclic structures of PDDA establish
large steric hindrance, obstructing functional groups'
degradation through SN2 nucleophilic substitution in an
alkaline condition [11]. PDDA also has a hydrophilic and is
eco-friendly.
In order to restrain membrane swelling and improve the
chemical stability of the membrane, cross-linking of the
polymer chains was introduced to the membrane preparation.
The effect of different approaches for inducing ion-conducting
functional charge was investigated in PVA-based AEMs
preparation.
Methods
Polymers solution preparation
Four different samples with different ion-conducting
sources were prepared (Table 1). First, 10 wt.% PVA (98-99%
hydrolyzed, average Mw = 86,000-89,000 g mol-1, SigmaAldrich) aqueous solution was prepared by dissolving PVA in
ultra-pure water at 80oC with stirring.
QPVA was prepared as reported by [12]. Firstly, 5 g PVA
was dissolved in 95 ml ultra-pure at 80 °C until obtaining a
homogeneous clear solution. Then 10 ml of 2.0 M KOH
solution (Merck) and 10 g glycidyltrimethylammonium
chloride (GTMAC, ≥90%, Sigma-Aldrich) were added to the
solution under continuous stirring for 4 h at 65 °C for PVA
chains quaternization. Anhydrous ethanol (Merck) was added
into the solution to acquire the precipitate and dried at 40 °C
for 24 h. Finally, the white obtained QPVA particles were
dissolved in ultra-pure water at 80oC with stirring to obtain 10
wt.% QPVA solution.
The aforementioned 10 wt.% PVA solution and 10 wt.%
QPVA
solution
was
then
blended
with
poly(diallyldimethylammonium chloride) (PDDA, Mw =
400,000-500,000, 20 wt.% in H2O) under stirring for 4 hours,
resulting in PVA/PDDA and QPVA/PDDA with a weight ratio
of 1:0.5, respectively.
Table 1 Composition of the samples
Sample names
Description
PVA
10 wt.% PVA solution
QPVA
10 wt.% QPVA solution
PVAPDDA
Blend of 10 wt.% PVA and 10 wt.%
PDDA solution with a weight ratio of
1:0.5
QPVAPDDA
Blend of 10 wt.% QPVA and 10 wt.%
PDDA solution with a weight ratio of
1:0.5
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Reference 600 potentiostat (USA). The membrane was
alkalized in a 1.0 M KOH solution for 24 h, then immersed in
ultra-pure water for 24 h. The samples at a size of 2.5 × 1.0
cm placed into the four-electrode configuration of the
conductivity clamp (Bekktech BT110 LLC, Scribner
Associates, USA) in ultra-pure water at ambient
temperatures. Impedance was measured over a frequency
range of 0.1 Hz–10 kHz (50 mV amplitude). The membrane
resistance (Rm) was obtained from the intercept of the
Nyquist curve with Zreal axis. The OH- conductivity was
calculated according to equation 4.

σ=

(4)

. .

Where d is the length of the membranes between electrodes,
and T and W are the thickness and width of the wet
membranes, respectively.
Figure 1. Reaction scheme of quaternization of PVA [13]
Membrane preparation
The polymer solutions were cast onto the glass substrate
with a doctor blade (Elcometer 4340 automatic film applicator,
UK) and evaporated under ambient conditions for 24 h.
Subsequently, the dried membranes were peeled from the
glass.
In order to restrain the swelling formation and enhance the
mechanical properties of membranes, a combination crosslinking of the polymer chains was introduced to the
membranes. The membranes were annealed at 130 oC for an
hour to induce physical cross-linking and immersed in a
cross-linker solution (10 wt.% glutaraldehyde (GA, SigmaAldrich), 0.2 wt.% HCl in acetone solvent) to promote
chemical cross-linking between polymers chains (Figure 2).

Results
Water Uptake

Figure 3. Water uptake of membranes
Figure 2. Chemical cross-linking reaction of PVA and PDDA
[10]
Membrane Characterization
Water uptake (WU) and swelling degree (SD) of the
membrane were calculated by measuring the change in
weight and dimension of the membrane before and after
water immersion. Membrane samples were weighted (Md).
Furthermore, their thickness (td) and surface area (Ad) were
measured. Subsequently, the samples were immersed in
ultra-pure water at ambient conditions for 24 h. The weight
(Mw), thickness (tw) and surface area (Aw) of the swelling
membranes were measured immediately after eliminating the
surface water gently. The WU and SD of the AEMs were
calculated by:
WU =

SD
SD

(1)

x 100%

=

=

Aw − A d
Ad

tw − td
td

x 100%

x 100%

(2)

(3)

In order to achieve high OH- conductivity, the water content
in the membranes is required. Water clusters can offer
transport passages for hydroxide inside the anion-exchange
membrane, thus enhancing the ionic conductivity [9]. Since
the temperature of annealing and concentration of
glutaraldehyde as cross-linker were kept constant, the water
uptakes could depend only on exchangeable quaternary
ammonium groups [14].
Figure 3 demonstrates the water uptake (WU) of the
membranes. Pristine PVA has the lowest water uptake
compared to all type of membrane samples because has no
exchangeable quaternary ammonium groups.
The QPVA
has higher water uptake in contrast to the pristine PVA
membrane. Due to quaternization process of PVA from
GTMAC, exchangeable quaternary ammonium groups
become available in the chemical structure that leads to
increasing the water uptake of PVA membrane. PVAPDDA
membrane On PVAPDDA membrane, the source of the
cation groups, was from PDDA resulting in higher WU than
QPVA. This could be owing to the higher ion-exchange
capacity of PVAPDDA than QPVA. QVAPDDA has the highest
water uptake content in comparison with other membrane
types. This result is reasonable because this membrane
combines two different sources of exchangeable cation
functional groups.

The hydroxide conductivity was measured by
electrochemical impedance spectroscopy using Gamry
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Swelling Degree

Figure 4. Swelling degree of membranes
Regardless of the fact that a certain amount of water in the
membrane is required for OH- conductivity, excessive water
uptake can induce a severe swelling of the membrane. This
excessive swelling can decrease the dimensional stability
and possibly restricts the preparation of membrane electrode
assembly (MEA) by reducing contact between the active
layer of the electrodes and the membrane [15].
Pristine PVA is hydrophilic, easily damaged in water, and
completely dissolved in hot water. Cross-linking treatment
has restrained the swelling formation of membranes.
However, small swelling still occurred in the chemical swelling
process and changed the dimension afterward. This swelling
was due to the water present in the source cross-linking
solution (25 wt.% in H2O).
In order to evaluate any change in area dimension and the
thickness of membranes, the swelling degree (SD) of
different PVA membranes are assessed. Figure 4 exhibits the
SD through-plane (thickness) and SD in-plane (area) of the
membranes. The SD through-plane of PVA membrane is
3.13% and increases with the order QPVA, PVAPPPA, and
QPVAPDDA. The increase of SD through-plane is
proportional to the increase of WU membranes. However, SD
in-plane (area) of membranes only increases slightly with the
same order. This implies that changes in membrane
dimensions have a tendency towards through-plane than inplane direction.
Membrane swelling also
OH- conductivity

The OH− conductivity is one of the most crucial attributes
of AEMs and is strongly assigned to the performance of
AEMFCs. Typically, the ionic conductivity of AEMs is strongly
reliant on the number of quaternary ammonium groups
present in the membrane, water uptake and morphology of
membranes.
Figure 5 shows the OH− conductivity of membranes. The
conductivity of the pristine PVA membrane is really low (1.09
mS cm-1) due to no exchangeable quaternary ammonium
groups present in the membrane. Quaternization of PVA
(QPVA) slightly increases the conductivity of the membrane
to 1.71 mS cm-1. This probably because the quaternary
ammonium groups available in PVA chemical structure are
not high. In order to increase the number of quaternary
ammonium groups in the membrane, the amount of GTMAC
should be increased in the quaternization process. However,
excessive concentration of quaternary ammonium groups
could deteriorate the mechanical strength of the membranes,
due to excessive swelling or brittleness due to an intensive
dryness [16]. PVAPDDA and QPVAPDDA membranes give
much higher OH- conductivity of 23.03 mS cm-1 and 53.19 mS
cm-1, respectively. The increase of OH- conductivity is
comparative to the increase of WU membranes. These
results prove that the ionic conductivity of AEMs is intensely
dependent on the water uptake of membranes and PDDA
contributed more to the number of quaternary ammonium
groups present in the membrane. Combination of PVA
quaternization and PDDA blend resulting highest OHconductivity of membranes. Interestingly, the OHconductivity of QPVAPDDA is much higher than the sum of
conductivity of QPVA and PVAPDDA. This phenomenon is
still not well understood, probably due to good l compatibility
of QPVA and PDDA polymers.
Conclusion
Composite anion exchange membranes (AEMs) consisting
of poly(vinyl alcohol) (PVA) as a backbone polymer and
different approaches for introducing functional groups have
been successfully prepared by a solution casting method.
QPVA/PDDA composite AEMs acquired the highest
hydroxide conductivity, water uptake, swelling degree
through-plane and swelling degree in-plane of 53.19 mS cm1, 52.1 %, 46.3%, and 16.7%, respectively. This study
demonstrates that the PVA-based AEMs have the potential
for fuel cell application.
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Abstract
Polymer electrolyte fuel cells reach high efficiency and zero
emissions even under highly dynamic loads. Power
fluctuations, sudden load changes, start up and shut down
procedures cause locally very high as well as very low
voltages. These undesired voltage levels accelerate the
degradation of the cells in terms of carbon corrosion, platinum
oxidation and membrane decomposition. Experiments with
single cells are capable to indicate, which conditions are most
harmful to the cell. The voltage response during load steps
shows characteristic under- and overshoots. The amount of
these over- and undershoots are directly correlated to the
amount of the extend of the load change. The shape and the
relaxation time of the voltage curve are dependent on the
operation conditions of the cell in terms of humidity, pressure
and stoichiometry.
Introduction
During the last decade several car manufacturers provide fuel
cell cars for commercial sales. The benefits of fuel cell cars
are their high efficiency, zero emissions and renewable fuel
production methods. The fuel cell propulsion system has to
overcome some barriers to be competitive on the commercial
market. The major barriers are the costs of the system and
the lifetime. The lifetime of fuel cells is greatly influenced by
the operation conditions. Very high and low voltage levels are
known to accelerate the degradation in terms of catalyst,
carbon catalyst support and membrane degradation. In
stationary applications the maintenance of stable voltages is
easy to achieve by constant operation conditions. In contrast
automotive applications always have high dynamic load
changes and altering operation conditions.
These dynamic
changes cause undesired voltage levels and can harm the
fuel cell. An example of typical load changes is given by the
‘New European Drive Cycle’ that is used to simulate real
driving conditions and is shown in Figure.1

give insides of the actual processes. To transfer this
knowledge to industry and real automotive applications it has
to be considered that automotive fuel cell systems have
distinct differences to ‘normal’ laboratory cells. The most
significant differences are the humidification of the gases and
the hydrogen recirculation. For laboratory scale cells the
hydrogen and the air are humidified separately and the
amount of humidification can be adjusted as desired. In cars
only the cathode can be humidified actively and the anode is
supplied with dry hydrogen. The hydrogen can only be
humidified by water transport through the membrane. The
water can accumulate on the cathode side. The hydrogen
recirculation system enables the enrichment of humidity but
also enriches gases like nitrogen and carbon dioxide that also
diffuse through the membrane. This accumulation especially
of inert gases reduces the efficiency of the systems.
Consequently, frequent purging of the anode with fresh
hydrogen and draining of the condensed excessive water is
necessary.
For fundamental research this deviation is ignored and the
focus is on the water transport mechanisms in the cell and
how they are influenced. In Figure.2 the basic water transport
mechanisms are shown. The most important mechanisms
are the self-humidification of the cathode side by product
water. The water drag with protons, which is the amount of
water that is attached to a proton during the transport through
the membrane and the back diffusion of water forced by
concentration gradients from the cathode to the anode.

Figure 2: Schematic illustration of proton exchange membrane (PEM)
and the mechanisms that influence the water management inside the
membrane [2]

Figure 1: Load changes according to the NEDC [1]

To reduce the degradation induced by load changes it is of
high interest to understand the mechanisms that occur inside
the cell during transient operation conditions. To investigate
the mechanisms laboratory scale single cells are capable to

The water management is also greatly influence by the
geometry of the flow field and the applied operating pressure.
As long as water is produced on the cathode the design of
the flow field channels in terms of width and height as well as
the length have significant effects on the water management.
The interaction of heat and water production on the cathode
can lead to a two phase flow, consisting of humidified gas and
a liquid water phase. Under extreme conditions this can lead
to undesired condensation inside the channels. To eliminate
these influence factors, the measurements were done with a
so called segmented zero cell. The detailed description of this
cell type and the used materials are explained in the next
chapter.
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Materials and Methods
The cell that was used for this experiments was a segmented
25 cm2 cell. The cell consisted of 5 separate graphite flow
fields with a dimension of 40*40*5 mm. The combination of
these 5 segments and the isolation spacing resulted in a total
flow field with a length of 25 cm and a width of 1 cm.

test system and the conditioning system was controlled by an
in-house programmed LabVIEW software. Because the
voltage response is more significant under dry conditions the
anode was supplied with dry hydrogen and the cathode was
partially humidified to 50 % relative humidity. The gas supply
was constant at a stoichiometry according to Table 1 for a
current of 12.5 A.
Results

Figure 3: Zero cell with 5 segments and counter flow configuration

The single MEA components are shown in figure 4. The MEA
(membrane-electrode-assembly) is the heart of the fuel cell
where the reactions take place. It consists of an CCM
(catalyst coated membrane) and an attached GDL (gas
diffusion layer). The CCM consists of a membrane (Nafion)
that is sandwiched between two electrodes.

The results of the measurement are shown in Figure 4. The
voltage at 12.5 A developed a constant value at about 0.425
V. After the current decreased to 5 A a voltage increase can
be seen and no constant voltage value was achieved. This
behaviour was attributed to the dry and excessive constant
gas flow. That means that too much gas supply can dry out
the membrane. After the following load increasing step to
12.5 A a significant voltage undershoot is visible. This
undershoot is followed by a fast increase above the
corresponding level that was observed before the first load
decreasing step at 12.5 A. The following steps showed a
similar behaviour. The difference between the load steps is
that the under- and overshoots show a greater extend with
greater load steps. The relaxation time to reach a constant
voltage level is also longer for bigger load steps. The results
for each segment of the cathode side are shown in Figure 5.
The segment number one is related to the air inlet and
number five is placed at the cell outlet. A distinct difference in
the measured current for each segment is visible. The first
and the fifth segments show similar trends and the lowest
values compared to the other segments. The dominant high
current of the second segment is always observable.

Figure 4: Components of the MEA

The single segments were thermally and electrically isolated
by a polycarbonate matrix. Each segment was heated with a
Peltier element to minimize the heat transfer from one to
another segment and to keep the segment temperature
constant. The operating conditions of the cell during load
cycle measurements are shown in table 1.
Table 1. Materials and operating conditions
Figure 5: voltage response behaviour during load steps with dry gases

Figure 6: current distribution during load steps between 5 segments

The measurement procedure consisted of an initial activation
and the load step measurements. The activation was
performed by voltage cycling between 0.4, 0.6 and 0.8 V.
Consecutively the load step measurement was done by
ramping the current up to 12.5 A and keeping this value for 1
hours followed by a current change from 12,5 A to 5 A. The
second load step was from 5 A back to 12.5 A. The following
steps were done in the same way with a greater extent of the
load step. The test system was a Scribner Associates 890CL

Conclusion
It can be concluded that increasing load steps influences the
water transport of the membrane in that way that the voltage
over- and undershoots are also increased [3,4]. The constant
voltage levels that were achieved during high current periods
show that the amount of produced water was sufficient to
reach a constant performance. During low current periods the
release of water/humidity took more time and no constant
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voltage level were observed. For the results of the single
segments it can be concluded that the first segment showed
low current values because of the only partially humidified air.
The produced water from the first segment effected the
second segment in that way that the humidification was much
better than for the first, resulting in much higher current
values. The third and fourth segment undergo contrary
effects. On the one hand the product water from the first two
segments will increase the hydration of the membrane but
can also cause mass transport limitations because of
diffusion limitation through liquid water. On the other hand,
the dry hydrogen that enters the anode at the outlet side of
the cathode will dry out the fifth segment but will transport
water from the anode inlet to the anode outlet. This dry out of
the fifth element is obviously also responsible for the similar
shape of the current curve compared to the first element.
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Abstract
Alkaline direct ethanol fuel cells (ADEFCs) have gained much
attention in the last years due to their use of alternative
energy sources. Commercial carbon supported palladium
and platinum catalysts were ex-situ characterized by means
of cyclic voltammetry experiments for their application in
ADEFCs. The activity for the ethanol oxidation reaction
(EOR) of the Pd/C catalyst was analyzed and an
electrochemical active surface area (ECSA) of 411 cm2 mg-1,
an onset potential of 0.255 V and a maximum current density
for the forward scan of 126 mA cm-2 was examined. In
addition, the performance of the Pt/C catalyst for the oxygen
reduction reaction (ORR) was investigated resulting in an
onset potential of 0.95 V and a limiting current density
of -3.68 mA cm-2 at 2000 rpm. Moreover, in-situ
characterization in a self-designed ADEFC was performed.
Therefore, a membrane electrode assembly (MEA) was
developed using the Pt/C catalyst as active cathode material,
Pd/C as active anode material and a commercial fumasep®
FAA-3-PK-130 as anion-exchange membrane. The results of
the single cell tests showed that a humidified oxygen flow rate
of 20 mL min-1 and an ethanol fuel flow rate of 200 mL min-1
are most optimal for a good performance of the fuel cell. A
maximum power density of 0.4 mW cm-2 was achieved.
Introduction
In the last decades alkaline direct ethanol fuel cells
(ADEFCs) have gained much attention due to their
robustness, low toxicity, easy storage and transport,
environmental friendliness and low costs [1, 2]. The use of an
alkaline electrolyte compared to an acidic one results in
enhanced kinetics of the oxygen reduction reaction (ORR)
and ethanol oxidation reaction (EOR), in a simpler water
management and also in reduction of ethanol-crossover, due
to the reversed dragging force of moving ions in anion
exchange membranes (AEM) [3–6]. Figure 1 shows a
schematic illustration of an ADEFC with AEM, anode and
cathode.

The oxidation of ethanol takes place at the anode (1), while
the oxygen is reduced at the cathode (2). The generated
moving ions and the water are transported through the
membrane. The electrons pass through an external circuit.
The combination of EOR and ORR results in the overall
reaction of the ADEFC (3) [3, 7, 8].

CH3CH2OH + 12OH- → 2CO2 + 9H2O + 12eO2 + H2O + 4e- → 4OHCH3CH2OH + 3O2 → 2CO2 + 3H2O

(1)
(2)
(3)

Nowadays, Pd/C catalysts are the most used anode catalysts
in ADEFCs, due to their high activity for EOR. The
advantages are their higher stability, lower susceptibility to
poisoning and higher oxophilic character in comparison with
Pt/C and Au/C catalysts [9, 10]. Pt/C is also very active for
the ORR in ADEFCs and is therefore widely used even
though it’s disadvantages like the high costs and the
nonexistent ethanol tolerance [3, 11]. In ADEFCs, solid
polymer electrolytes consisting of a hydrophobic backbone
with positive functional hydrophilic groups are used as AEMs.
The conduction of the ions through the membrane takes
place by interaction with these hydrophilic groups.
Furthermore, AEMs also act as selective barriers [12].
In general, the cathode, the anode and the AEM together
are classified as membrane electrode assembly (MEA)
(Figure 2). There are two different ways of MEA construction
and building. The distinction is made on the basis of the
catalyst coated surface, either membrane or gas diffusion
layer (GDL). In the catalyst coated on membrane (CCM)
method the membrane is coated, while in the catalyst coated
on substrate (CCS) method a gas diffusion layer is utilized.
The CCM is assembled together with both GDLs in the cell.
In the CCS method, the preparation of both electrodes is
separately performed. The AEM is afterwards hot pressed
between both electrodes [13].

Figure 2: Schematic illustration of the membrane electrode assembly of
the alkaline direct ethanol fuel cell.
Figure 1: Working principle of the alkaline direct ethanol fuel cell.

For the preparation of the MEA, independent on the
method, a well dispersed catalyst ink, to produce a uniformly
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distributed catalyst layer without cracks, is essential. An
important ingredient of this ink represents the ionomer. It
creates the pathway for the ion transport between membrane
and catalyst layer. Therefore, it influences the performance of
the cell. Besides the choice of ionomer, the catalyst loading
also plays a crucial role.
In this study, a Pd/C and Pt/C catalyst were
electrochemically characterized using a typical three
electrode set-up. The performance of the catalysts was also
tested in a self-designed fuel cell, therefore MEAs were
prepared. Different fuel flow rates on cathode and anode
were used to determine the influence on the cell
performance.

activated membranes were placed, without hot pressing,
between the electrodes to prepare the membrane electrode
assemblies.

Materials and Methods
Materials. Alumina suspension (Al2O3, 0.05 µm,
MasterPrep Bühler), Nafion® Solution (5 wt% in H2O,
Quintech), Propanol-2 (Isopropanol, 99.9 % p.a., Roth),
Ethanol (EtOH, 99.9 % p.a., Roth), Potassium Hydroxide
(KOH, 1.0 M Fixanal 1 L Ampoule, Sigma Aldrich), fumion®
FAA-3 solution (10 wt% in NMP), fumasep® FAA-3-PK-130
(anion-exchange membrane, reinforced), comm. Pd/C
(40 wt% on Vulcan from FuelCellStore), comm. Pt/C (40 wt%
on carbon black from FuelCellStore).
Electrochemical Characterization. Both purchased
catalysts, the EOR (Pd/C) as well as the ORR (Pt/C) catalyst
were electrochemically characterized in a typical three
electrode assembly. As working electrode, a rotating disk
electrode (RDE) from PINE Research Instrumentation
(AFE5T0GC) was used. This RDE was polished with an Al2O3
suspension and cleaned with ultrapure water between the
measurements. A reversible hydrogen electrode (RHE;
Hydroflex®, gaskatel) as reference electrode and a platinized
titanium rod (Bank Elektronik – Intelligent controls GmbH) as
counter electrode were utilized. The Software and the
Reference 600TM Potentiostat/Galvanostat/ZRA from
GAMRY Instruments were used for data analysis.
For the EOR measurement of the comm. Pd/C catalyst a
suspension consisting out of catalyst, ultrapure water,
2-propanol and a small amount of binder (Nafion® ionomer
solution) was prepared. The suspension was dispersed in an
ultrasonic bath and afterwards pipetted on the working
electrode. The RDE was rotated until an evenly distributed
catalyst layer was formed. The measurements were
performed in de-aerated 1 M potassium hydroxide solution,
as well as in a mixture of 1 M potassium hydroxide and
1 M ethanol solution at 30°C.
The working electrode for the ORR measurements was
similarly prepared as described for the EOR measurement,
but ethanol was used for the slurry preparation instead of
2-propanol. The electrolyte solution (1 M potassium
hydroxide solution) was purged with pure oxygen to carry out
linear sweep voltammograms at different rotation rates of
400, 600, 900, 1200, 1600, 2000 rpm to describe the
oxidation reduction reaction.
Membrane Electrode Assembly Preparation. For the
investigation of the performance of the catalysts in the fuel
cell, membrane electrode assemblies were prepared.
Therefore, an automatic ultrasonic spray coater was used for
depositing catalyst ink suspensions onto both different GDLs.
Both catalyst ink suspensions consisted of catalyst, ultrapure
water, 2-propanol and the anion exchange ionomer (fumion®
FAA-3 solution).
The anode and the cathode showed a metal loading of
1 mg cm-1. At the anode side, a carbon cloth
(ELAT - Hydrophilic Plain Cloth) and on the cathode side, a
carbon paper (Sigracet 29 BC) was used as GDL (Figure 3).
The fumasep® membranes were pretreated with 1 M KOH
for 24 h and afterwards washed with ultrapure water. The

Figure 3: Spray coated carbon supported active layer
(Pd/C comm. + FAA3 ionomer) on carbon cloth (ELAT-Hydrophilic Plain
Cloth) (left) and (Pt/C comm. + FAA3 ionomer) on carbon paper (Sigracet
29 BC) (right).

Single Cell Tests. The prepared MEAs were assembled in a
self-made ADEFC. Humidified oxygen gas was used as
cathode feed gas, while a mixture of 1 M potassium hydroxide
and 1 M ethanol solution was utilized as anode fuel. Different
flow rates of 20, 50, 100 and 200 mL min-1 on both sides were
used to determine the influence on the cell performance. All
single cell measurements were performed at room
temperature. The cell potentials (V) and current densities (I)
were recorded using a Zahner IM6ex Potentiostat. The
obtained results are shown in a current density vs. potential
diagram and furthermore, the calculated power densities are
plotted in a power density vs. current density diagram.
Results
In this section, the EOR performance of the Pd catalyst
(Figure 4 and 5) and the ORR performance of the Pt catalyst
(Figure 6 and 7) determined via electrochemical
characterization are discussed. Furthermore, the influence of
the flow rates of both fuels in the single cells with the selfprepared MEAs, consisting of the catalysts characterized
before, is described. The investigation of the self-designed
cell performance is shown in Figure 8 and 9 and in Table 1.
To get information about the typical oxidation and reduction
reactions at the Pd surface, a CV of the Pd/C catalyst was
recorded (Figure 4). The first peak (I) can be associated with
the adsorption/absorption of hydrogen on Pd, while the
second peak (II) showed the desorption of hydrogen. The
formation of Pd oxide can be linked to peak (III), the
characteristic reduction peak (IV) between 0.6 V and 0.8 V
showed the reverse reaction to Pd [14]. Through integration
of this peak, the electrochemical active surface area (ECSA)
with a value of 411 cm2 mg-1 was determined.

Figure 4: CV of Pd/C in de-aerated 1 M KOH solution.

The onset potential and the maximum current density of the
forward scan in the CV of the EOR (Figure 5) were used to
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determine the activity of the catalyst. The Pd/C catalyst
showed an onset potential of 0.255 V and a maximum current
density for the forward scan of 126 mA cm-2. Therefore, the
catalyst is suitable of catalyzing the EOR.

Figure 5: CV of Pd/C in a mixture of 1 M KOH and 1 M EtOH solution.

For the investigation of Pt/C’s activity concerning ORR the
voltammograms are illustrated in Figure 6. The onset
potentials of all curves at a current density value
of -0.05 mA cm-2 were at 0.95 V, since current densities in this
region are controlled by electron-transfer kinetics and are not
influenced by the rotation rates [15]. Furthermore, the
following
limiting
current
densities
were
determined: -1.63 mA cm-2 (400 rpm), -2.00 mA cm-2
(600 rpm), -2.44 mA cm-2 (900 rpm), -2.83 mA cm-2
(1200 rpm), -3.29 mA cm-2 (1600 rpm) and -3.68 mA cm-2
(2000 rpm).

and single cell tests performed. To determine the influence on
the cell performance and to find the optimal fuel flow rate,
different flow rates of 20, 50, 100 and 200 mL min-1 on both
sides were tested. In Figure 8 and Table 1, the influence on
the cell performance of the varying oxygen flow rate can be
seen. It was determined that with increasing oxygen flow rate
the cell performance decreases. Therefore, a humidified
oxygen flow rate of 20 mL min-1 is most optimal.

Figure 8: Current density vs. potential diagram (right) and power density
vs. current density diagram (left) using different oxygen flow rates at room
temperature.

The same experiment was afterwards performed with
different ethanol fuel flow rates, while the oxygen flow was
set to the before determined value of 20 mL min-1. The
variation and the influence can be seen in Figure 9 and
Table 1. The behavior is vice versa, with increasing ethanol
fuel flow rate a higher performance was reached. The
maximum power density of 0.4 W cm-2 was achieved with an
ethanol fuel flow rate of 200 mL min-1 and a humidified
oxygen flow rate of 20 mL min-1.

Figure 9: Current density vs. potential diagram (right) and power density
vs. current density diagram (left) using different ethanol fuel flow rates at
room temperature.
Figure 6: ORR voltammograms of Pt/C in O2 saturated 1 M KOH at
different rotation rates.

Table 1: Results of the single cell tests.

Levich and Koutecky-Levich plots were used for the
determination of the number of electrons, which are
exchanged during the oxygen reduction reaction. The limiting
current densities at 0.4 V were utilized for the Levich and
Koutecky-Levich analysis [15]. Figure 7 illustrates both plots
for the calculation. The determined transferred electron
number, between 3.6 and 3.7, is lower than the theoretical
value of 4, because of the production of the intermediate
H2O2 [16]. Therefore, Pt/C is suitable for the ORR at the
cathode.

O2*
0.17
0.11
0.09
0.08

Figure 7: Levich plot (right) and Koutecky-Levich plot (left) of Pt/C.

After the successful electrochemical characterization of
both catalysts in half cell experiments, MEAs were prepared

Fuel flow rates
mL min-1

Maximum power density / mW cm-2

20
50
100
200

EtOH**
0.33
0.20
0.38
0.40

*constant EtOH flow rate of 5 mL min-1
**constant O2 flow rate of 20 mL min-1

Conclusion
Palladium and platinum-based carbon supported catalyst
were electrochemically characterized in half cell experiments
for the use in ADEFCs. The commercial Pd/C catalyst was
found out to be capable of catalyzing the EOR at the anode,
while the commercial Pt/C is suitable for the ORR at the
cathode. Following results were determined for the Pd/C
catalyst: an ECSA of 411 cm2 mg-1, an onset potential of
0.255 V and a maximum current density for the forward scan
of 126 mA cm-2. The investigation of the Pt/C catalyst resulted
in an onset potential of 0.95 V and a limiting current density
of -3.68 mA cm-2 at 2000 rpm. Moreover, the number of
transferred electrons was determined to be between 3.6 and
3.7. A MEA was developed using these two catalysts and
inserted into a self-designed ADEFC. The results of the single
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cell tests show that a humidified oxygen flow rate of
20 mL min-1 and an ethanol fuel flow rate of 200 mL min-1 are
most optimal for a good performance of the fuel cell. A
maximum power density of 0.4 mW cm-2 was achieved.
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Abstract
Wall friction is an important parameter in the handling of fine
granular materials. In the selection of wall material, a small
wall friction angle between the powder and the wall material is
often an important target. However, there is little information
available about the wall friction of different plastic powders. In
this study, the wall friction of various fine granular plastic
powders with three different wall materials (stainless steel
1.4301, aluminum alloy 3.3535 and a UHMW polyethylene)
was determined. For most materials a significant dependence
of the wall friction angle on the wall normal stress was
observed. However, no general trend was found for the wall
material with the lowest wall friction angle.
Introduction
In the engineering of processing, conveying, handling,
dosing and storage equipment for dry bulk solids, wall friction
between the granular material and the wall material is always
an important parameter. Wall friction can be described by both
the friction coefficient µ and the wall friction angle φW. These
two parameters are calculated from the wall shear stress W
and the wall normal stress σW [1] as shown in Eqs. (1) - (2):



W
W

Stainless steel

(1).

 W 


 W

W  arctan

(2).

Wall friction depends on the properties of both the powder
and the wall material. Powder properties influencing wall
friction are the particle size, the particle size distribution, the
surface structure of the particles, the particle hardness, the
moisture content and the chemical composition [1]. However,
these parameters are usually determined by process
requirements, leaving the wall material properties to be
adapted for the reduction of wall friction. Important parameters
of the wall material with respect to wall friction are the
hardness, the surface roughness and the chemical
composition [1-4].

Aluminum alloy

Materials and methods
Wall materials
Three different materials were used as wall materials in the
experiments for comparison of the wall friction: stainless steel
1.4301, aluminum alloy 3.3535 (AlMg3) and a UHMW
polyethylene (PE-UHMW). Figure 1 shows micrographs of the
three wall materials tested.
The surface roughness of the wall material samples was
measured in two directions (x and y) using a Mitutoyo SJ-201p
surface roughness tester. The instrument measures the onedimensional surface roughness profile with a measuring
feeler, which scans the unevenness of the surface. The
vertical displacement of the feeler pin is recorded and
converted to the standardized output value Ra (arithmetic
average of the profile deviation).

PE-UHMW
Figure 1. Micrographs of the three wall materials
Table 1 shows the values of Ra of the wall materials tested
for both directions. The smallest surface roughness was found
for the stainless steel sample, the roughness of the aluminum
alloy sample was slightly higher. The roughness of the PEUHMW sample was approximately four times higher.
Table 1. Wall materials used in the wall friction tests
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Ra in µm

Hardness

Stainless steel
1.4301

0.19 / 0.21

176 HV30

Aluminum alloy
3.3535

0.24 / 0.28

50 HV5

PE-UHMW

0.80 / 1.03

measurement was repeated three to five times.

65.2 Shore D

Plastic powders
In the wall friction measurements seven fine granular
materials were tested. Four materials were polymer powders,
one was a polymer fiber and the two others were a polyester
resin powder and melamine powder, which is the basis for
melamine resins. The particle size data of the powder
materials are summarized in Table 2. The polypropylene (PP)
sample consisted of fibers with an average length of
approximately 6 mm and a diameter of 40 µm.
Table 2. Powders used in the wall friction tests
Mass median
diameter x50
in µm

Span (x90/x10)
in µm

Polymethyl
methacrylate PMMA

136

4.3

Polyvinyl alcohol PVA

71

8.4

Polyvinyl butyrate PVB

38

3.8

Polyvinyl chloride PVC

131

1.9

Carboxylated
polyester resin

35

8.0

Melamine

53

16

Figure 3. --diagram for PVC powder with PE-UHMW
Results
Figure 4 depicts an effect, which was observed for some
materials. In each shear test the wall normal stress is
increased in steps. Thus, before the first test the powder
material was not compressed with the maximum stress, which
stands in contrast to the conditions in the subsequent tests.
For PVC the wall friction angle measured in the first test has
quite the same value as the average angle obtained in the
subsequent measurements. However, for some materials the
wall friction angles measured in the first test differed from the
results obtained in the following tests. The difference is shown
exemplarily for the wall friction angle of PVC and PVB with
stainless steel.

Wall friction measurements
A RST-XS Schulze ring shear tester was used for the
measurement of the wall friction angles. Figure 2 shows the
shear cell in the shear tester. The bottom ring of the wall shear
cell is formed by a sample of the wall material tested. In the
shear cell the powder sample is loaded vertically (FV) with the
normal stress and then the bottom with the wall material
surface is moved in relation to the powder at a constant
rotation velocity ω. The horizontal force FH required to keep
the lid in position is measured.

Figure 2. Shear cell of the RST-XS Schulze ring shear tester
To measure a point of the wall yield locus, corresponding
pairs of values of the normal stress and the shear stress are
determined. The slope of a straight line running through the
origin of the --diagram and a point of the wall yield locus is
the kinematic angle of wall friction [1]. Figure 3 shows the -diagram for PVC powder with PE-UHMW. In the tests, each

Figure 4. Wall friction angle between PVC and 1.4301 (top)
and PVB and 1.4301 (bottom)
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Figure 5 Wall friction angle as a function of the wall normal stress (Average values ± standard deviation)
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Figure 5 summarizes the results of the measured wall
friction angles for all materials. When a significant difference
was found between the results from the first measurement and
the subsequent measurements only the data from the
subsequent measurements were used for the calculation of
the average and the standard deviation.
For several powders the wall friction angles decreased with
increasing wall normal stress. However, this behavior was not
found for PVB and the polyester. For these powders the wall
friction angles were nearly stress-independent for all three wall
materials. For PVA, only the wall friction angle with PE-UHMW
was stress-independent, while the wall friction angles with the
stainless steel and the aluminum alloy decreased significantly
with increasing wall normal stress. The wall material with the
lowest wall friction angle was often stainless steel (PP fiber,
PVC and Melamine). The lowest wall friction angle of PVA was
found with the aluminum alloy and for PVB it was stainless
steel or aluminum alloy, depending on the stress. PMMA had
the lowest wall friction angle with UHMW-PE.
The average relative standard deviation for the wall friction
angle for all measurements was 0.5°. Depending on the
powder and the wall material it varied between 0.2° and 1.1°.
Conclusions
From the experiments the following conclusions can be
drawn:
- The wall material with the lowest wall friction angle
depends very much on the powder: it was stainless steel for
PP, PVC and Melamine; aluminum alloy for PVA and UHMWPE for PMMA. For PVB it was stainless steel or aluminum alloy
and for the polyester it was stainless steel or UHMW-PE,
depending on the wall normal stress.
- The wall friction angle between the plastic powders and the
metallic wall materials decreases with increasing wall normal
stress; the exceptions being PVB and polyester, where the
wall friction angle with stainless steel was nearly constant.
- The wall friction angle between PVA and polyester with
UHMW-PE was constant and with PVB the wall friction angle
increased with increasing wall normal stress.
- The results measured in the first experiment often differ
from the results obtained in the subsequent measurements.
The reason for this could be that in the subsequent tests the
material has already been exposed to the maximum wall
normal stress.
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Abstract
Hydrocyclone design and application is still a research item,
although the first patent on hydrocyclones was already published in 1891. Now, 130 years later, there are still no general
design criteria and calculation models for all applications available. The present paper shows a direct approach for hydrocyclone evaluation for a new application, a mixture consisting of
water and concrete, produced by a water jet cutting process
at a tunneling site. By the use of a mobile hydrocyclone test
plant, the particle concentration in the underflow was 32% (average) higher than the feed particle concentration.

Introduction

„If the equations and graphics […] are to be used for actual
problem-solving it must be borne in mind that there are some
assumptions involved and that the results are only as good as
these assumptions and the given data [3].”
Even more striking is the summary of Bergström and
Vomhoff, saying that the dissimilarities in measurement results
between the studies are often greater than the similarities [4].
This is in accordance to the results of Chen et al. [5], who compared 6 established calculation models for hydrocyclones
(Braun [6], Plitt [7], Svarovsky [8], Schubert/Neesse [9], Müller/Bohnet [10] and Krebs Engineers). One of the results is
given in Fig. 2, showing the calculated and experimental results for the fractional efficiency for a selected test case.

On the tunneling site Perjen (Tyrol, Austria) the 40 years old
existing structure is renovated. Therefore, thin concrete layers
are removed by water jet cutting from the wall inside the tunnel. In this process, a volume of 5-10 m³ wastewater per day
is produced. The wastewater is stored temporarily on-site and
periodically taken away by a waste disposal company. In order
to reduce disposal costs the reduction of the wastewater volume by mechanical treatment is required.
One possible option for separating the solid particles from
liquids is the use of a hydrocyclone (Fig. 1). In a hydrocyclone,
the feed (pumped into the device at the inlet) is split up in a
particle-rich underflow and an overflow with low particle concentration.

Fig. 2: Fractional efficiency for a selected test setup (vortex
finder diameter 14 mm, underflow diameter 3.2 mm, feed
rate 3.16 m³/h, overflow rate 3.08 m³/h, underflow rate 0.08
m³/h, feed concentration 0.5 vol.%, overflow concentration
0.23 vol.%, underflow concentration 9.3 vol.% [5]

Fig. 1: General design and functioning principle (primary and
secondary vortex) of a hydrocyclone [1,2]
Bretney [1] published the first patent on hydrocyclones 130
years ago, but there are still no generally valid universally accepted design criteria available. Svarovsky and Svarovsky
highlight the problem at the first pages of their latest book with
the following statement:

In their discussion, Chen et al. [5] state that none of the models made good predictions for every set of data. Furthermore,
they conclude that a calculation model may have a good prediction for the separation efficiency, but can perform poorly on
predicting the pressure drop.
The comparability between the individual calculation models
is limited by various reasons. The cyclones used by the individual authors have different geometries and the parameters
used in the calculation are different. In addition, the individual
approaches do not provide the same output parameters: while
one model only provides the cut size diameter, another model
can only calculate the pressure drop. In addition, empirically
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determined coefficients are used in the models (e.g. describing the hydrocyclone geometry), which cannot be easily transferred to another calculation configuration.
This results in the problem, that the separation characteristics of a hydrocyclone in a given practical application cannot
be calculated reliable and therefore cannot be guaranteed.
Consequently, on-site tests, with a mobile test plant, can be a
possible solution. In previous studies, a mobile hydrocyclone
test plant was developed and first presented in [2], followed by
different experimental studies in the municipal waste sector
[11] and for biological waste pre-treatment [12, 13].
This paper presents investigations on the separation of solid
particles from water jet cutting wastewater (see Fig. 3) at a
tunneling construction site.

According to the particle sedimentation (qualitative sedimentation time) shown in Figs. 4-7, hydrocyclone testing was
classified as promising, so the field tests on-site were implemented.

Methods
Environmental analytics always include errors caused by
the sampling itself and by the measurement process [14, 15].
This leads commonly to high efforts in analytics (e.g. validation, isokinetic sampling, sample splitting, …) in order to get a
precise result.
In contrast to the common way of analytics, on-site testing
in industrial scale can be a more direct solution approach [2].
Therefore, a portable solid-liquid-separation test plant (see
Figs. 8-10) was used for avoiding errors based on sampling
and measurements.

Fig. 3: Water jet cutting wastewater container
Optical observation of the particle behaviour in the water is
the first step for a rough assessment, if a hydrocyclone can be
an appropriate separator (see Fig. 4-7).

Fig. 8: Mobile test plant for on-site tests including the hydrocyclone unit (left) and pump units (right) [2]

Fig. 4: Sedimentation after
5 minutes time

Fig. 5: Sedimentation after
15 minutes time

Fig. 6: Sedimentation after
45 minutes time

Fig. 7: Sedimentation after
120 minutes time
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the pressure drop Δp. Repetitive sampling (n = 5) was implemented for determination of the feed (F), overflow (O) and underflow (U) particle concentration. The liquid fraction of the
samples was removed by drying at 95°C for 7 days.

Results and Discussion
Fig. 13 shows the sample particle concentration of the inlet,
underflow and overflow. The particle concentration in the underflow is 32% (average) higher than the inlet particle concentration, whereas the overflow concentration is 28% (average)
smaller than the inlet particle concentration. In conclusion,
particle separation by a hydrocyclone is partly possible for the
present wastewater.

Fig. 10: Simplified P&I-diagram of the portable test rig with
inlet connection, circulation pump MP-01, flowmeter FIC2-1,
pressure sensors PI2-1and PI2-2, manually and electrically
operated valves
The wastewater was pumped from the wastewater container
to the hydrocyclone, where the feed is split up into overflow
and underflow (separated particles), see. Figs. 11-12. The
overflow was transferred back to the wastewater container,
while the underflow was operated in patch mode. Samples of
the feed (F), underflow (U) and overflow (O) were taken.

Fig. 13: Gravimetrically determined particle concentrations in
the inlet, overflow and underflow of the hydrocyclone and average values.
Transferring the results of the hydrocyclone evaluation to
the objective of the tunneling company (reducing the amount
of wastewater) the purified water in the overflow of the hydrocyclone (average 4,28 g/m³) is still not clean enough for avoiding disposal of the wastewater by a disposal company. Nevertheless, on-site testing was the direct way to this result.
Fig. 11: Test setup and sampling positions for the feed (F),
overflow (O) and underflow (U) of the hydrocyclone

Outlook
The present study does not deal with the particle size distribution in the feed, overflow and underflow because of the extensive time and resource consumption of the necessary sampling and measurement process. In the next studies, this can
be considered as an additional indicator for hydrocyclone performance, depending on the application.
The mobile test plant proofed that it is a good option for getting reliable results in a short time. Based on the results of this
direct field tests it is possible for the producer of the
wastewater to decide if a hydrocyclone is a solution for their
problem or not. The current test plant will be continuously optimized (e.g. increased grade of automation) and the field of
application will be extended to other fields in the coming years.
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Abstract
Dispersibility in wet wipes made of wetlaid hydroentangled
nonwovens is a crucial property and is influenced by factors
such as pressure sum during production and the used
materials. Different raw materials for nonwovens were
produced using a laboratory scale inclined wire paper
machine and a hydroentanglement device. In the typical
blend of a nonwoven consisting of long regenerated cellulosic
fibres and wood pulp the flat viscose fibre seems to be the
best according to dispersibility. In the blend the amount of
viscose fibres has only a small impact on the dispersive
properties, whereas there is also the possibility that the
measurement setup is not suitable to test different amounts
of long fibres. Next to viscose fibres the tested nonwovens
consist of wood pulp which is also able to decrease the
dispersive properties when dissolving pulp is used instead of
the normally applied bleached kraft pulp. The usage of
hydrophobic polyester fibres as the long structure fibres also
decreases dispersibility in comparison to regenerated
viscose fibres. Here the ability of viscose fibre to swell is a
possible reason why these types of fibres in nonwovens
easier form well-dispersible nonwovens.Introduction
The demand of so-called flushable wet wipes as
commodity grows with raising comfort. The production
process as a combination of a wetlaid process for web
formation and water jet hydroentanglement as enforcement
measure suits therefore perfect. The paper-production-like
wetlaid process allows the usage of biodegradable [1]
cellulosic fibres without additional binders that still provide
dispersible properties [2].
Before processing the nonwoven material to wet wipes, it
solely consists of viscose fibres and wood pulp. In this
compound the regenerated cellulose fibres form the ground
structure of the nonwoven where the short wood pulp fibres
are attached to. This in some publications called ribbon-like
[3] in other u-shaped [4] structure is liable for the wet strength
properties of wet wipes. The wet strength thereby is strongly
enhanced through the hydroentanglement where the areas
hit by the water jet are impacted more [5] and the fibres are
moved due to the impact [6]. This leads to an even more
entangled network thus providing strength properties also in
a wet state.
Dispersibility is a crucial characteristic in nonwovens for
wet wipes that are designed to be flushable after disposal of
via the toilet and the sewer system. Therefore, many
publications [7–9] investigated on the dispersible behaviour

of these materials in respect to different material
characteristics. In the named publications the focus was laid
on the production process where it was shown that with
enabled hydroentanglement [9] and with increasing pressure
[8] in the hydroentanglement the dispersible properties of the
nonwovens dropped.
This work will deal less with the influences of the production
process but with the raw materials for nonwoven
manufacturing. Therefore, different types of regenerated
cellulosic fibre and pulps are used to investigate their impact
on the dispersible properties of wet wipes.
Materials and Methods
Materials
Three different types of regenerated cellulose fibres
(viscose and lyocell types) and one polyester were used as
the long structure fibres in the nonwoven production. The
fibres and their characteristics are listed in Table 1.
Length
[mm]

Linear Density
[dtex]

Round viscose fibre

8

0.9

Round viscose fibre

10

1.7

Flat viscose fibre

10

2.4

Polyester fibre

10

1.7

Round lyocell fibre

12

1.7

Fibre type

Table 1 Long structure fibres used in the tested nonwovens
The remaining part in the nonwovens consists of wood
pulp. When not marked differently bleached softwood kraft
pulp (BSK) was used to produce nonwovens. For identifying
the influence of the pulp on the dispersibility of nonwovens
additionally two different dissolving pulp grades were used.
The properties of the used wood pulps with their cellulose
content (R18, DIN 54 355) and length-weighted mean fibre
length are listed in Table 2.
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R18
[%]

Pulp grade

Fibre length
[mm]

BSK

85.9

3.386

Dissolving pulp

93.28

0.749

Dissolving pulp

94.18

1.740

Table 2 Wood pulp characteristics
Nonwoven production
Samples for testing were produced using a pilot-scale
inclined wire paper machine depicted in Figure 1. Therefore,
the used pulp was disintegrated with a laboratory pulper. The
pulp together with the viscose fibres were mixed in a chest
(Figure 1 (a)) at a concentration of 1 g fibre material (oven
dry) to 1000l tap water. If not stated differently the blend ratio
of wood pulp to viscose fibres was 70:30. The suspension is
equally distributed on the wire of the paper machine (b) where
the nonwoven web is built. In a through-air dryer (c) the fragile
web is dried at 125°C and winded afterwards.
Hydroentanglement procedure was used to increase the
tensile properties of the material. High pressure water jets
were applied on the web in a multi-step concept similar to the
one shown in Figure 1 (d). Directly after the
hydroentanglement the now tightened nonwoven is again
dried and winded.
Sample preparation
For the sloshability test the nonwovens are cut to 175mm x
125mm. To avoid production influences all tested sheets
were cut in paper machine direction.
Slosh box test
Sloshability describes the behaviour of nonwovens to
disintegrate after being disposed of via the toilet. An industrial
applied measurement method, the so-called slosh box test,
was used to determine this behaviour. The slosh box test
represents one of the many methods to determine dispersible
properties and is depicted in Figure 2. Sloshability and
dispersibility can be used synonymously. Therefore, the cut
nonwovens were placed in a plastic box filled with 2l of water.
The box then is tilted for 30 minutes at 26rpm before the
residues are separated with a 12.5mm hole sieve stacked on
a 200µm sieve.
Sloshability is calculated according to Equation 1, whereas
m200µm is the oven-dry mass of the residues on the 200µm
sieve in grams and m12.5mm is the same for the other sieve.

𝑆𝑙𝑜𝑠ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

𝑚
𝑚

µ

µ

+𝑚

∙ 100 [%]

(1)

.

Equation 1 shows that the sloshability is increased the
more of the residues pass the 12.5 mm sieve, meaning a
higher sloshability indicates a better dispersible behaviour.
All sloshability tests were carried out using the cut
nonwovens in a dry condition.

Figure 1 Scheme of the pilot-scale paper machine (left) and
a hydroentanglement machine (right)

Figure 2 Slosh-Box principle and 200 µm sieve and 12.5 mm
sieve
Results
Sloshability is represented for nonwovens produced of
different raw materials that are named in the bar diagrams.
Figure 3 demonstrates the influence of the viscose fibre in
the dispersibility of nonwovens. Still the majority of the
material consists of the same bleached softwood kraft pulp in
all nonwovens, it is visible that the flat viscose fibre provides
good dispersible properties. For the same pressure sum of
135 bar in the hydroentanglement literature indicates for
similar wipes a less distinguishable dispersibility [8]. There, it
is also stated that at higher pressure sums the wipes with the
lyocell fibres show a better dispersible behaviour than
comparable viscose fibres.
However, in our results there is only a small difference in
the dispersibility of round viscose fibres and round lyocell
fibres. Furthermore, the difference is negligible compared to
the difference of the sloshability of the flat viscose fibre to the
other round regenerated cellulosic fibres.
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Figure 3 Sloshability for different types of regenerated
cellulose fibres. Each bar represents the mean value of three
measurements.
The influence of the amount of viscose fibres in nonwovens
is depicted in Figure 4. Here the differences between 20%
and 30% are very small and only the nonwoven with 70%
viscose fibre shows a reduced dispersibility. Not necessarily
this must lie in the used materials but in the measurement
method. The higher amount of 10mm fibres increases the
possibility of the fibres to be retained by the 12.5mm sieve
used for the slosh box test. Also other publications found only
little influence in the fibre blend ratio [7]. In their findings the
biggest influence on dispersibility was found to be the
pressure sum during hydroentanglement.
In Figure 5 it is visible that viscose fibres with the same
length and linear density (10mm/1.7dtex) as a polyester fibre
provide better dispersible properties to nonwovens. This is in
contradiction to recent publications[8] where the higher fibre
stiffness in the tested polyester fibres seems to be liable for
the good dispersible behaviour at low pressure sums.
However, the swelling of the cellulosic fibre is able to play a
role. The swollen fibre could, once they were dried again and
shrunk, form a looser network and allow an easier dispersion
during the slosh box test.
Although it was stated that the wood pulp is liable for the
dispersible properties of a nonwoven it can be seen in the
Figure 3 to 5 that the long structure fibres also define
dispersibility. Especially the replacement of cellulosic
regenerated fibres with petroleum-based fibres confirms this
finding.
Next to the influence of the viscose fibres also the impact
of wood pulp is of interest when investigating dispersibility of
nonwovens. Therefore, the typically used bleached softwood
kraft pulp was compared to two different dissolving pulps.
Both pulps are highly purified as it can be seen by the high
R18 numbers of 94.18 respectively 93.28. Both pulps consist
of rather short fibres which under industrial aspects makes
them unsuitable for nonwoven production as during the
hydroentanglement these short fibres tend to get torn out of
the network due to the high water jet pressures.

Figure 4 Sloshability for different amounts of the same
viscose fibre. The remaining part consists of bleached kraft
pulp. Each bar represents the mean value of three
measurements.

Figure 5 Comparison of synthetic petroleum-based fibres with
regenerated cellulose fibres in nonwovens. Length (10mm)
and linear density (1.7 dtex) are the same in both fibres. Each
bar represents the mean value of three measurements.
Figure 6 shows no clear tendency in dispersibility according
to the different pulp grades. One dissolving pulp shows quite
acceptable dispersible properties where the other is not. Here
the production process is possible to influence these
properties. The good dispersibility in one dissolving pulp is
most probably accorded to unsatisfying processability of this
pulp during the hydroentanglement. This dissolving pulp with
its very low mean fibre length is easy to be torn out of the
fabric during the hydroentanglement and therefore creating a
loose nonwoven with small holes in it. During disintegration
either after disposal or in the slosh box test these small holes
could initiate an easier disintegration. However, it is still worth
considering that when using dissolving pulp instead of
bleached kraft pulp the dispersibility is decreased.
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Abstract

According to the task and technical requirements following
boundary conditions [6] could be defined:

In
mineral
processing
and
chemical
industry,
hydrocyclones are widely used for solid/liquid separation [1].
The present work shows investigations whether a
hydrocyclone can also be used to separate impurities from
waste water, focusing on waste water from washing machine
drains. In this respect, two different samples of waste water,
the “washing water” and the “synthetic water” are used. Here,
a separation was achieved by using the “washing water”
containing cotton fibres, PES fibres, hair, detergent and
grease residues. However, by using the “synthetic water” no
separation could be achieved due to the small microplastic
particles.








Introduction
The aim of this investigation is to verify whether a
hydrocyclone can be used to separate impurities from
washing machine waste water. Depending on the application,
the waste water can be contaminated with cotton fibres,
polyester (PES) fibres, hair and many other impurities [2].
Just for reference, a single garment can lose more than
1,900 PES fibres per washing cycle [3], which then, can
hardly be separated in waste water treatment plants. Ideally,
these impurities could be separated by a hydrocyclone in
washing machines so that these impurities do not enter the
wastewater in the first place.
In general, the physical principles for the separation of solids
from liquids range from sedimentation in a gravitational or
centrifugal field to the retention of solids in porous material
(filtration) [4]. Fig. 1 shows a simplified representation of the
apparatus and its functionality. The material flows are the
contaminated raw liquid (RAW), the separated particles
(PART) and the purified liquid (CLEAN) entering the
apparatus.

Fig. 1: Different principles for solid-liquid separation [4]

During sedimentation, the particles are separated by settling
down by gravity. The most common sedimentation
apparatuses are sedimentation tanks. Centrifuges and
hydrocyclones are also assigned to sedimentation apparatus,
whereby particles are separated by centrifugal forces. Due to
higher centrifugal forces compared to gravitational force, the
settling velocity can be increased [4]. During filtration, the
particles are separated on a filter medium, while the cleaned
liquid can pass through the filter medium. The effect is based
on diffusion, electrostatic, inertial and barrier effects [5].



Selectivity: The impurities should be separated in the
best possible way.
Low maintenance requirements: The separating
equip-ment should have hardly any wearing parts.
Simple construction: Complex installations increase
the risk of blockages during operation of the
apparatus.
Low operating costs: Operating costs for the
apparatus must be kept low. Apparatuses that require
consumables (e.g. filter media, lubricants) in addition
to energy are only suitable to a limited extent.
Little space demand: The installation of the device
must not be complex and should take up little space. A
compact design is required.
Simple integration: A simple integration results mainly
from little space demand.

Based on the boundary conditions described above, the
different separation principles can be qualitatively evaluated.
Sedimentation tanks are not suitable for the given application
due to the large space requirement resulting in difficult
integration. Centrifuges are widely used at low flow rates, but
have a complex geometry and moving parts, which makes
centrifuges not suitable [5]. Filter devices (hydrostatically
operated, suction and pressure filters) can be easily
integrated, but have higher operating or maintenance costs,
e. g. due to replacement of the filter medium [5].
After the qualitative evaluation, the use of a hydrocyclone
appears to be the most promising. This apparatus has a
compact design and the selectivity can be adjusted by
adapting the geometry accordingly. In addition, the operating
costs result mainly because of the power needed to operate
the hydrocyclone. However, increased wear could be a
disadvantage due to the high velocities inside the separation
chamber [7]. Furthermore, the hydrocyclone is only suitable
to a limited extent for medium and high viscosity media,
since particle movement in the centrifugal field is inhibited by
the viscosity of the medium [1].
However, since the present problem refers to contaminated
waste water from washing machine drains, the limitation in
terms of viscosity and wear and tear does not cause any
problems. This study will also show whether the
hydrocyclone provides the appropriate selectivity to separate
even small microplastic particles.
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Method
Two different samples of washing machine waste water are
used for the experiments:



For the present task, the hydrocyclone was designed for a
flow rate of 1 m³/h according to the principles of [6] and was
manufactured by using rapid prototyping. The manufactured
hydrocyclone can be seen in Fig. 5.

"Washing water": Water from a washing process
containing cotton fibres, PES fibres, hair, detergent
and grease residues.
"Synthetic water": Water which is derived from the
washing cycles of pure synthetic garments without
detergents or other additives and thus contains PES
fibres only.

Fig. 2 and Fig. 3 show the two different samples of washing
machine waste water. Whereas sedimented fibres can be
qualitatively observed in the "washing water", no visible
solids can be identified in "synthetic water".
Fig. 5: Manufactured hydrocyclone using rapid prototyping

A simplified flow chart of the test rig is shown in Fig. 6. The
waste water is conveyed to the hydrocyclone by a circulation
pump from a reservoir, containing the respective water
sample. The highly contaminated underflow as well as the
cleaned overflow are then recirculated into the reservoir. The
main fluid flow is controlled by a magnetic-inductive sensor
and the respective circulation pump. The actual setup can be
seen in Fig. 7.

Fig. 2: “washing water” – sample with sedimented fibres

HydroCyclone

Circulation
Pump

Fig. 3: “synthetic water” – sample without any visible impurities

The test rig (see Fig. 4) was developed particularly for tasks
in the field of solid-liquid separation. The operating
parameters are in the following ranges:






Samples from
Underflow

Samples from
Overflow

Reservoir with „washing
water“ or „synthetic water“

Fig. 6: Schematic representation of the test rig for the experiments

Flow rate: 0.2 to 40 m³/h
Pressure: up to 4 bar
Solid mass flow of dosing unit: 10 g/h to several kg/h
Operating mode: circulation or final separator
operation
Smallest separable particle size: 0.75 µm (bag filter)

Depending on the task, model hydrocyclones are
manufactured individually using rapid prototyping or other
manufacturing processes.

Fig. 7: Setup for the experiments

Fig. 4: test rig for solid-liquid separation
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To evaluate the separation performance of the hydrocyclone,
samples are taken from the underflow and overflow. After
drying the samples in a drying cabinet, the concentration or
specific dry matter of impurities is determined in the
respective partial flow. If the specific dry matter in the
underflow is greater than that in the overflow, the
hydrocyclone can be classified as suitable.
The underflow is considered as particularly significant
regarding separation performance [4]. The setting of the
underflow, typically in the range of 2 to 10 % of the main fluid
flow [6], is adjusted by a valve in the underflow downstream
the hydrocyclone. For the present investigations, an
underflow of 3 % of the main fluid flow (0.03 m³/h) was
defined. In case of a successful separation, the underflow
should contain the separated impurities, while the overflow
should be almost free of them.
For the "washing water" as well as for the "synthetic water"
three equivalent experiments are carried out in order to
determine an average of the samples from the underflow and
overflow.

Here, too, increased dry residue or specific dry matter of
impurities in the underflow have been verified. The
abbreviation "MV" describes the mean value of the repeated
experiments.
Tab. 1: Specific dry matter in the underflow after tests with the “washing water”

Samples

Washing water

Underflow

#

Spec. dry matter

1

1.980 mg/ml

2

2.332 mg/ml

3

1.598 mg/ml

MV

1.970 mg/ml

Tab. 2: Specific dry matter in the overflow after tests with the “washing water”

Samples

Washing water

Results and Discussion

Partial flow

Partial flow

Overflow

#

Spec. dry matter

1

1.072 mg/ml

2

1.023 mg/ml

3

1.046 mg/ml

MV

1.047 mg/ml

In the following section the results for the "washing water"
on the one hand as well as the results for the "synthetic
water" on the other hand are presented. The test procedure
was the same for both water samples.
Fig. 8 and Fig. 9 show illuminated pictures of the samples
from the underflow and overflow after separation, which
enable a qualitative evaluation of the separation performance
of the hydrocyclone in the first place. It can be observed that
visible fibers have accumulated in the underflow, whereas
the overflow contains hardly any visible fibers.

Fig. 10 and Fig. 11 show pictures of the samples from the
underflow and overflow, however, here with regard to the
experiments with the "synthetic water". Since no visible
solids (sedimented fibers) were identified in the sample of
"synthetic water" in Fig. 3, no visible separated solids could
be detected qualitatively after the separation by the
hydrocyclone.

Fig. 8: Illuminated sample from the underflow with clearly visible fiber content

Fig. 10: Sample from the underflow without any visible solids

Fig. 9: Illuminated sample from the overflow without any visible fiber content

Fig. 11: Sample from the overflow without any visible solids

It can be concluded that a centrifugal separator of the
present design and operating mode is suitable for this
separation task.
In addition, Tab. 1 and Tab. 2 show the measurement results
after drying the individual samples.

In addition, Tab. 3 and Tab. 4 show the quantitative results
after drying the individual samples. Both the qualitative and
quantitative analysis of the samples from the underflow and
overflow show that no separation of solid matter was
achieved regarding the ”synthetic water”.
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Tab. 3: Specific dry matter in the underflow after tests with the “synthetic water”

Samples

Synthetic water

Partial flow

Underflow

#

Spec. dry matter

1

0.290 mg/ml

2

0.289 mg/ml

3

0.294 mg/ml

MV

0.291 mg/ml

Tab. 4: Specific dry matter in the overflow after tests with the “synthetic water”

Samples

Synthetic water

Partial flow

Overflow

#

Spec. dry matter

1

0.289 mg/ml

2

0.293 mg/ml

3

0.285 mg/ml

MV

0.289 mg/ml

[6]

Senfter, T., Kontinuierliche Störstoffabtrennung in der
Klärschlamm-Co-Fermentation
mittels
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[7] Svarovsky, L., Solid-Liquid Separation. ButterworthHeinemann, 2000.
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H., The Use of Hydrocyclones for Small Particle
Separation, SeparationScience and Technology, 18:1213, 1395-1416, 1983.
[10] Talvitie, J., Mikola, A., Koistinen, A., Setälä, O.,
Solutions to microplastic pollution – Removal of
microplastics from wastewater effluent with advanced
wastewater treatment technologies, Water Research,
vol. 123, pp 401-407, 2017.
[11] Poerio, T., Piacentini, E., Mazzei, R., Membrane
Processes for Microplastic Removal, MDPI Molecules,
24(22), 4148, 2019.

When using the “synthetic water”, hardly any differences in
the specific dry matter of impurities in the underflow and
overflow could be detected. Thus, the hydrocyclone is
classified as not effective for this application. This is mainly
due to the microplastic particles, which cannot be separated
by the present hydrocyclone due to the small particle size
and low difference between particle and fluid density [8, 9].
Laser diffraction measurements (Mastersizer 2000E,
Malvern) also proved that the particle size of the microplastic
particles was smaller than 5 µm.
Conclusion
The findings only indicate a separation when using the
“washing water” with the visible impurities. The specific dry
matter in the underflow was 1.970 mg/l, while in the overflow
it was 1.047 mg/l. Thus, the hydrocyclone can be considered
as a suitable device for the separation of visible fibres from
the "washing water". However, using the “synthetic water” no
separation could be achieved due to the size and low density
of the microplastic particles. Here, the specific dry matter in
the underflow was 0.291 mg/l, while it was 0.289 mg/l in the
overflow. Thus, the hydrocyclone can be considered as
unsuitable for separation regarding the "synthetic water", as
the hydrocyclone does not meet the requirements for
sufficient selectivity
In this case, other separation methods, e. g. membrane
technology or filtration could be used [10, 11].
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Abstract
In course of this project, the charging behavior of
industrial minerals is analyzed to allow a successful
separation in the electrostatic field. The experimental design
is based on the statistical design of experiments.
The first part is the development of basic knowledge
about the triboelectrostatic charging behavior and the
sortability of industrial mineral samples.
The second part of the project is the design of a
triboelectrostatic charging unit, aiming to produce a clearly
delimited system in which the triboelectrostatic charging is
carried out, recorded by measurement and thus controllable.
The project background is to make a scientific contribution
for expanding the area of the application of electrostatic
separation in the processing in the challenging field of
industrial minerals.
Introduction
The global demand for high-quality industrial minerals is
continuously increasing. [1]
Minerals of this group offer a wide range of applications in
modern industry due to their specific physical properties.
Areas of application include without any claim of
completeness the pharmaceutical, paper, paint and plastics
industry. Depending on the field of application, concentrates
must fulfill very different quality criteria with respect to color,
purity, grain size, etc.
As high quality deposits are running low, future deposits
will have lower grades and / or less favorable growth
conditions. Due to the increasingly fine intergrowth, mineral
processing in the fine grain size ranges (<100 µm) is
becoming increasingly important.
Currently for fine particle sizes, predominantly wet
treatment processes (e.g. flotation and wet operated
magnetic separation) are used. Due to the limited availability
of water and restrictive environmental regulations, dry
operated fine grain processing is becoming essential.
Electrostatic separation is one such processing method in
dry operation.
Depending on the mineral phases involved, the separation
takes place according to differences in conductivity or
surface charge. [2], [3]
Due to the fact, that industrial minerals are largely nonconductors, research in the field of sorting due to
differences in surface charge, the so-called triboelectrostatic
separation, is in the foreground.
Situation in Austria
Despite the fact, that Austria is "the promised land of
water", the careful use of this valuable resource is becoming
increasingly important. A first marker for this tendency is that
the average water consumption in Austria is steadily
decreasing. Industry is more economical with process water
than before, primarily for cost reasons. Circulation systems
and water treatment plants are often used.
Nevertheless, 56 % of the total amount of water in Austria
is still used by industry (Figure 1). [4]

Industry 56%
Agriculture 5%
Household 39%

Figure 1: Average water consumption in Austria [4]
By establishing a dry treatment method, such as
triboelectrostatic separation, for the processing of industrial
minerals, the proportion of water consumption could be
significantly reduced.
However, in the field of triboelectrostatic separation,
especially in the targeted charging of mineral phase
surfaces, intensive research work is still required.
Research question
During the project “Controlled charging of mineral
surfaces for a successful separation in the electrostatic
field“, the charging behavior of mineral surfaces is
investigated in order to enable a successful separation in
the electrostatic field and to expand the knowledge in the
area of triboelectrostatic charging of (industrial) mineral
phases.
Based on systematic parameter studies, triboelectrostatic
charging mechanisms are examined in detail in order to gain
a better knowledge of charging behavior and to be able to
carry out the separation process in a controlled manner.
This is intended to make a scientific contribution for
expanding the area of the application of electrostatic
separation in dry processing of high-quality filler products,
especially in the challenging field of industrial minerals.
State of research
The beginning of electrostatics goes back to the Greek
philosophers. In ancient Greece, Thales von Milet is said to
have recognized that the rubbing of amber on a cat's fur
attracted small dust particles.
The observation of this triboelectrostatic charging effect
was ultimately the basis for today's electricity. [5]
The use of electrostatics for the separation of mineral raw
materials started at the beginning of the 20th century. With
the advent of flotation and the fact that high voltage was
insufficiently manageable, electrostatic separation, with the
exception of niche applications, was pushed out of mineral
processing for decades.
At the beginning of research activities in this area, the
focus was on the separation of electrically conductive from
nonconductive mineral phases (e.g. separation of ore from
gangue).
The
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nonconductors were carried out in the 1950s with salt
minerals. Since the 1970s, electrostatic separation has been
a standard process in the treatment of potassium salts,
which competes with flotation. [6] [7]
Research activities at the Chair of Mineral Processing on
the topic of "electrostatic separation of industrial minerals"
started about 15 years ago. In course of this project this
research activities are continued in order to gain a better
understanding of the triboelectrostatic charging behavior of
mineral phases and their influencing factors and to
subsequently expand the possible uses of electrostatic
separation of industrial minerals in the fine grain range (<
100 µm).
Methodological approach
The first target of the project is the development of basic
knowledge about the triboelectrostatic charging behavior
and the sortability of selected industrial mineral samples.
This is realized by use of triboelectrostatic belt separation.
The second target of the project is the design of a
triboelectrostatic charging unit, aiming to produce a clearly
delimited system in which the triboelectrostatic charging is
carried out, recorded by measurement and thus controllable.

material conditions (humidity and temperature) are checked
and varied in a targeted manner in order to examine their
influence on the charging behavior of the raw material
samples and subsequently to increase or suppress the
triboelectrostatic charging effect.
The procedure for varying the parameters is based on the
statistical design of experiments, which is a further
development of traditional experimental design methods.
Through detailed planning and targeted change of
influencing factors, the efficiency of the experimental setup
can be increased. [10]
Triboelectrostatic charging unit
The triboelectrostatic charging unit is designed for the
generation of a clearly delimited system in which the
triboelectrostatic charging is carried out and recorded by
measurement. This system is intended to offer further
parameters for influencing charging behavior. These
parameters should be able to be precisely defined and
monitored during charging process so that the process can
be better understood and subsequently influenced.
A 3D illustration of the triboelectrostatic charging unit is
shown in figure 3.

Triboelectrostatic belt separation
The experiments for the first project part are carried out at
a “ST X2” triboelectrostatic belt separator in laboratory
scale, provided by ST Equipment and Technology LLC.
The operational principle of this lab scale separator is
shown in figure 2.

Figure 2: Operation principle of a triboelectrostatic belt
separator [8]
The sample passes from above through a vibro-feeder
and a downspout into the separation area. The separation
area is delimited with two electrodes, called top and bottom
electrode. The polarity of top and bottom electrodes can be
reversed. The sample is triboelectrostatic charged and
transported with a fast circulating plastic belt.
Depending on the charge the mineral phases are
deflected to the top or bottom electrode. The discharge of
the products takes place on the left and right side after
leaving the separation chamber.
The two produced products are collected in bags for
further tests and analysis. [9]
The following machine parameters can be changed on the
lab scale belt separator:
a) applied voltage
b) electrode distance
c) belt speed
d) polarity of the top electrode
e) feed rate
The five machine parameters (a-e), ambient and raw

Figure 3: 3D illustration of the triboelectrostatic
charging unit
At the beginning of the dimensioning work, the conditions
of the in-house compressed air network determined the
maximum available compressed air volume flow rate and
the maximum available volume flow rate and operating
pressure for the charging unit.
Taking into account the simultaneous operation of other
smaller compressed air consumers, the maximum volume
flow rate for the charging unit was set at 160 Nm3 / h at an
operating pressure of 6 bar. The relative humidity of the air
supply is about 20 %.
The grain size range and density for analyzed raw
material samples were then defined.
In order to fluidize as many different industrial minerals as
possible, density between 2 and 4 g / cm3 was assumed.
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The desired grain size range lies between 40 µm and
1 mm, a possible discharge of the fine fraction (<20 µm) in
the filter system is accepted, since this fraction often has a
negative impact on the selectivity in the electrostatic
separation process anyway.

In figure 5 the sample is extracted from the fluidization
and afterwards transferred into the faraday cup (figure 6:
Principle of charge measurement with faraday cup and
electroscope).

The fluidized bed consists of three chambers, which are
connected to each other by detachable flange connections.
The feed weight is about 1.5 kg, the inside diameter is
about 14 cm. Operation is possible at different air
temperatures ranging from 20 to 150 °C.
In order to measure the charging success of the raw
material samples under consideration, a possibility for
sampling and in the following measuring the surface charge
is integrated into the triboelectrostatic charging unit. The
charge measurement is carried out with an electroscope
and faraday cup. This measurement is discontinuous and
enables simple and quick measurement. [11]

Figure 4: 3D model of the sampling unit

The gas for fluidization is supplied by de-oiled
compressed air (max. 6 bar) from the laboratory own
compressed air network. Furthermore, the possibility of
supplying different gases (e.g. nitrogen, argon) should be
provided via changeable gas bottles.
The gas flow is subjected to a flow measurement at the
beginning in order to adapt it to the fluidized raw material.
The gas is then passed through an electrical flow heater
to set the desired temperature for the triboelectrostatic
charging process. The flow heater offers the possibility to
heat up the gas to a maximum temperature of 150 °C.
The gas is then fed directly into the fluidization chamber
where it can optionally be mixed with chemicals in order to
specifically influence the charging behavior of the fluidized
mineral phases.
In table 1 technical data of the triboelectrostatic charging
unit are summarized.
nominal voltage

400

air pressure
volume flow rate

6
1 - 160

bar
Nm3/h

10

Nm3/h

max. volume flow rate (lab facility)
air heating

V

150

°C

dimensions fluidized bed ground

14

cm

dimensions fluidized bed chamber

87

cm

Figure 5: 3D model of the sampling unit
Charge measurement
To measure the efficiency of the triboelectrostatic charging
during the fluidization tests, a faraday cup was positioned
below the sampling unit of the triboelectrostatic charging
unit.
The faraday cup consists of two concentrically arranged
metal cylinders well insulated from each other. The two
cylinders are fixed by polyethylene foam. The outer cylinder
is used for shielding from external interference.
The via tribopolarization charged grains are transferred by
use of the sampling unit into the inner cylinder of the faraday
cup.
The principle of the charge measurement with faraday cup
and electroscope is shown in figure 6.

maximum feed mass
1.5 kg
Table 1: Technical data of the triboelectrostatic charging
unit.
Sampling unit
For understanding the charging mechanism, it is
necessary to detect the total charge of the fluidized
samples. For this reason, a sampling unit is integrated into
the process chamber of the charging unit.
This allows to take samples during the fluidization process
to check the charge growth over the time.
In the figures 4 and 5 the principle of the sampling unit is
shown in a 3D model.
In figure 4 the sampling unit is positioned in the
fluidization chamber, where the sample is collected in the
sampling bag.

Figure 6: Principle of charge measurement with faraday
cup and electroscope [14]
After fluidization in the triboelectrostatic charging unit the
grains generate an electrical charge on the surface of the
inner cylinder according to the principle of influential charge
an electrical charge on the surface of the inner cylinder.
The inner cylinder is connected to a Coulomb meter of
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type "Monroe 284".
The connection to the Coulomb meter is realized via a
BNC connector. The total charge of the sample is shown
with the correct sign on the display of the Coulomb meter.
After the total charge has been measured, the collected
sample in the Faraday cup is weighed and the mass specific
surface charge is calculated. [12], [13]
The equation for the calculation of the mass specific
surface charge is given below:

qm = Q / m
qm [nC/g] … mass specific surface charge
Q [nC] … total charge
m [g] … sample mass
Charging behavior of mineral phases
For the detection of the triboelectrostatic charging
behavior of mineral phases high quality products are used in
the first step. This serves the purpose of generating basic
knowledge about the charging behavior of a special pure
mineral phase. Furthermore, a very narrow grain size
distribution was chosen for these tests in order to eliminate
any effects caused by grain size and grain size distribution.
The samples are fluidized for 60 minutes at the
triboelectrostatic charging unit. Samples are taken every
15 minutes and measured immediately in the faraday cup to
check the mass specific surface charge over time.
The result of these tests is the time course of the surface
charge, the so-called basic charging curve of pure minerals.
This curve could be used to predict how long the charging
process will take and from which other minerals the phase
can be separated.
For illustration, such a curve (that of quartz) is shown in
Figure 7. Therefore a high quality quartz product was used,
that was not processed using chemicals.

Figure 7: Basic charging curve of pure quartz
If the charging tests are repeated with the addition of
reagents, this could generate assumptions about how the
chemical used influences the charging behavior of the
mineral sample. These tests are a first step towards
controlled charging of mineral surfaces.
Summary
From the results of systematic sorting tests of various
industrial minerals at the triboelectrostatic belt separator, it
can be concluded that there is a specific optimal setting of
machine, ambient and raw material parameters for each
feed type.
These settings need to be determined for each raw
material to ensure the right conditions for the successful
separation at the triboelectrostatic belt separator.
With the aid of the triboelectrostatic charging unit,
charging processes and the influencing factors mentioned
can be tracked over time.

Thereby, advantageous conditions for sorting at the belt
separator and the basic charging curves of minerals can be
predicted. Furthermore, the influence of chemical surface
conditioning can be determined which could subsequently
support the targeted influencing of the surface charge of
minerals phases.
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Abstract
With January 1st, 2020 marine ships are subject to stricter
sulfur dioxide emission legislation. To reach the emission
reduction goals, packed absorption columns are frequently
employed for flue-gas treatment on board the ship. However,
currently available column packings do not properly match
the key demands for this application. The HiPaSEED project
aims to provide a new packing specifically tailored towards
flue-gas desulfurization on marine ships.
In the wake of preliminary studies, an existing pilot plant for
the characterization of column packing hydraulics was made
fit
for
mass-transfer
measurements.
Hydraulic
characterization of the column packing Raschig RSP 250Y
was performed and results are in good agreement with
literature data. Furthermore, first
mass transfer
measurements using a CO2-NaOH test system were
performed. It is indicated that the number of transfer units
𝑁𝑇𝑈 decreases with increasing gas load.
In the future, these findings will be used to derive a new
geometric structure for a high-performance packing for an
application in flue-gas desulfurization on marine ships.
Introduction
Starting January 1st, 2020, SOx emissions from marine
ship engines are subject to stricter abatement regulations.
For ships operating outside of designated emission control
areas (ECAs) the limit for SOx emissions in the off-gas was
lowered to 0.50% (mass by mass). To adhere with these
regulations, ships must use fuel oils which meet the specified
emission limits, such as liquid natural gas (LNG) or ultra-low
sulfur oil blends. Alternatively, the use of exhaust gas
cleaning systems in the form of packed absorption columns
is frequently employed as the same level of emission
reduction is achieved. [1]
Available column packings do not properly match the key
demands of exhaust gas cleaning systems on marine ships:
high hydraulic capacities while simultaneously being spacesaving and highly efficient for mass transfer. Conversely, the
emerging and strongly increasing market for flue gas
desulfurization systems on marine ships demands large
volumes of such packings.
The main goal of the HiPaSEED (High Performance
Packings for Seawater Desulfurization on Marine Ships)
project is the development of an innovative metal column
packing specifically tailored towards the requirements of fluegas desulfurization of marine ship exhaust gases. The basis
for column packing conception and optimizations within the
HiPaSEED project lies in a strong understanding of the
absorption system SO2/seawater. Afterwards, the main

mass-transfer resistance will be evaluated through masstransfer experiments and described through relevant model
equations. Based on these learnings, high void-fraction
packing structures will be geometrically defined and
characterized through CFD simulations coupled with masstransfer modeling. The structures with the most promising
predicted performance will be manufactured as prototypes,
and their hydraulic and mass-transfer performance will be
validated experimentally. Finally, the optimum geometrical
structure will be defined, considering economically feasible
methods for production. As a result, a new product – a
specifically tailored high-performance packing for flue-gas
desulfurization systems on marine ships – will be available
for market introduction.
State-of-the-art development of tower packings is still of
mostly empirical nature and packings are usually developed
independently of their application. Commonly, new packings
are developed based on experience with the performance of
existing products and how those have been successfully
improved in the past. In this proposed project, the basis for
development is the insight and understanding of the specific
absorption system coupled with the specific requirements on
marine ships which forms the basis of system modelling and
simulation. Based on this sound theoretical understanding,
geometrical shapes of a new packing will be derived. In case
this approach is successful, it would be a radical
breakthrough in the development of tower packings.
Hydraulic characterization of column packings
To describe the hydraulic performance of column packings,
the pressure drop ∆p and the liquid hold-up ℎ are measured
as functions of irrigation density B and F-Factor F.
Irrigation density is a measure for the specific liquid load
during column operation and is defined as the ratio of liquid
volume flow 𝑉̇ and column cross-section 𝐴:

𝐵=

𝑉̇
𝐴

The specific gas load is expressed with the help of the FFactor 𝐹, which is a measure for the kinetic energy of the
inflowing gas:

𝐹=

𝑉̇
𝐴

𝜌

The liquid hold-up ℎ is defined as the ratio between liquid
volume 𝑉 inside the packing and the overall packing volume
𝑉:
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For flue-gas desulfurization on marine ships operators
usually desire high liquid hold-ups during operation as it is
generally believed that higher liquid hold-ups are beneficial
for absorption systems with relatively slow kinetics.
For a given irrigation density, an increase in the F-factor
leads to an increased pressure drop over the column packing.
At the loading point, the gas flow is high enough to start
impeding liquid flow. After passing the loading point, pressure
drop rises more steeply until the flooding point is reached,
where all liquid flow is restricted, and the column packing fills
with liquid. Absorption columns are usually operated between
loading and flooding point.

𝐽 , = 𝛽 , 𝑐∗ − 𝑐 ,
Assuming equilibrium conditions at the interface, a relation
between interfacial partial pressure in the gas phase and the
interfacial concentration in the liquid phase can be specified
(Henry’s Law):

𝑝∗ = 𝐻 𝑐 ∗
Equating 𝐽 , and 𝐽 , and subsequently eliminating 𝑝∗ and
𝑐 leads to an expression containing the overall gas-side
mass transfer coefficient 𝛽 , , resulting in
∗

𝐽=
Mass-Transfer Modeling
When modelling mass-transfer properties of absorption
columns, the two-film model of mass-transfer is frequently
employed. The two-film model is based on the concept that
the interfacial area between gas and liquid phase exists in the
form of a rigid film. It is further supposed that the entirety of
the mass-transfer resistance is localized in small boundary
layers 𝛿 and 𝛿 around the interfacial area and that there is
no convective mass transfer in the boundary layers. The
interfacial area itself has no mass-transfer resistance, for it is

1
1
𝐻 1
+
𝛽,
𝑅𝑇 𝛽 ,

𝑝 , − 𝑝∗
𝑝, −𝐻𝑐,
= 𝛽𝑖,𝑂𝐺
𝑅𝑇
𝑅𝑇

By analogy, an expression for the overall liquid-side mass
transfer coefficient 𝛽 , can be derived.
For determining the volumetric overall mass transfer
coefficient 𝛽 , 𝑎 , the HTU/NTU model is used wherein the
height of the column packing is written as the product of the
height of a transfer unit (HTU) and the number of transfer
units (NTU):

assumed to be of infinitesimal nature. The situation is

𝐻 = 𝐻𝑇𝑈 ,

∙ 𝑁𝑇𝑈 ,

In the case of a chemical reaction taking place directly in the
interfacial area the number of transfer units can be expressed
as

𝑁𝑇𝑈 ,

= ln

𝑐,
𝑐,

Finally, the volumetric overall mass transfer coefficient may
be calculated using
𝛽,

illustrated in fig. Figure

1 below.

For stationary conditions, the molar flux density of
component i being transferred is proportional to the
concentration gradients in the respective boundary layer:

1
𝛽 𝑝 , − 𝑝∗
𝑅𝑇 ,

𝑢𝐺
𝑢𝐺
=
∙ 𝑁𝑇𝑈𝑖,𝑂𝐺
𝐻𝑇𝑈𝑖,𝑂𝐺 𝐻

By using specific gas-liquid pairings for absorption or
desorption experiments, it is possible to evaluate the effective
interfacial area 𝑎
of column packings as well as their gas
and liquid side mass transfer coefficients. For this approach
to work, the overall mass transfer resistance of the test
system must be entirely localized within either the liquid or
gas phase. Lists of suitable test systems can be found in [3]
and [4]. Examples include absorption of CO2 into NaOH,
absorption of SO2 into NaOH or desorption of CO2 from H2O.
The methodology is relatively new and is subject to ongoing
standardization efforts. [2]

Figure 1: Concentration gradients and boundary layers
around the interfacial area according to two-film theory.

𝐽, =

𝑎𝑒𝑓𝑓 =

Materials and Methods
The absorption column pilot plant at the Chair for Process
Technology and Industrial Environmental Protection at
Montanuniversität Leoben is suitable for the hydraulic
characterization of column packings via an experimental
assessment of dry and irrigated pressure drops. The
relatively large size of the plant allows for the testing of
column packings under realistic conditions, thereby ensuring
a proper subsequent scale-up. The pilot plant (fig. Error!
Reference source not found.) consists of two columns
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manufactured from polypropylene. During operation ambient
air is taken in and saturated with water in the first column
(d = 600 mm). The saturated air is

Figure 2: Schematic of the absorption column pilot plant. Left: Saturation column, Right: Measurement Column.

subsequently introduced into the second column
(d = 450 mm), where the actual hydraulic characterization
and mass-transfer measurements take place over a packing
height of up to 2000 mm. Experiments can be conducted in
both closed-loop and open-loop configurations and a total of
up to 5000 liters of washing liquid may be prepared and
stored in basins. Since the plant is operated under negative
pressure this allows for the use of potentially hazardous
gases such as SO2 or NH3 in mass-transfer measurements.
For the preliminary studies presented within this work the
test system CO2-NaOH was selected. The sodium hydroxide
solution had a concentration of 1 mol/L and CO2 input
concentration ranged from about 370 ppm (atmospheric CO2)
to 6000 ppm (added from gas cylinders to the ambient air
introduced into the system).
Preliminary Results
Fig. 3 illustrates the results of the hydraulic characterization
of the Raschig RSP 250Y column packing. Irrigation densities
varied between 𝐵 = 0 (dry pressure drop) to 𝐵 = 60 m³/(m²h)
and the F-Factor was slowly increased for a given irrigation
density. Each test run was completed upon reaching the
flooding point.

Figure 3: F-Factor dependent pressure drop over column
packing Raschig RSP 250Y for different irrigation densities.
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Symbol
𝐴
𝑎
𝐵
𝑐
𝑑
𝐷
𝐻𝑇𝑈
𝐹
ℎ
𝐻
𝐽
𝑁𝑇𝑈
𝑃
𝑅
𝑇
𝑢
𝑉
𝑉̇
ß
𝛿
𝜌

Definition

SI Unit

column cross-section
effective interfacial area

m²
m²/m³

irrigation density
concentration
column diameter
molecular diffusivity
height of transfer unit
F-Factor
hold-up
Henry’s Law constant
molar flux density of component
i being transferred
number of transfer units
(partial) pressure
ideal gas constant
temperature
gas velocity
volume
volume flow

m³/(m²h)
mol/m³
mm
m²/s
m
√Pa
m³/m³
m³Pa/mol
mol/(m²s)

mass-transfer coefficient
boundary layer thickness
density

m/s
m
kg/m³

1
Pa
J/(molK)
K
m/s
m³
m³/s

Subscript

Figure 4: Measured F-Factor dependency of 𝑁𝑇𝑈 , values
of column packing Raschig RSP 250Y for different irrigation
densities between 10 and 50 m³/(m²s). Test system: CO2NaOH.
Fig. 4 shows the results from the mass transfer
measurements using the CO2-NaOH test system. The NTU
value decreases with an increasing F-Factor. Although a
clear trend can be seen using the entirety of the recorded
data, individual measurement results scatter rather strongly
so that no clear trend for individual irrigation densities can be
observed from the available measurement results.

𝐺
𝑖
𝑖𝑛
𝑜𝑢𝑡
𝐿
𝑂
𝑃
𝑡𝑜𝑡

gas
component i
column input
column output
liquid
overall
packing
total

Superscript
∗

interface
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Conclusion and Outlook
The preliminary results presented show a good conformity
between pressure drop measurements obtained on the pilot
plant and literature data. [5]
Mass transfer measurements with the test system CO2NaOH suggest that the number of transfer units 𝑁𝑇𝑈
decreases with increasing gas load, expressed as F-factor.
The influence of irrigation density on mass transfer could not
yet be resolved with the generated data, although literature
suggests that increases in irrigation density should strongly
correlate with increased 𝑁𝑇𝑈 values. [5]
Future measurements coupled with an increased
understanding of the absorption system SOx/seawater will be
used for providing an innovative packing specifically tailored
towards an application in flue-gas desulfurization on marine
ships.
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