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Zusammenfassung

Das Interesse an komplex geformten Nanopartikeln wéchst stetig. Fiir eine zuverlassige
Prozessvorhersage und -optimierung ist eine detaillierte Charakterisierung erforderlich, die
iiber die Bestimmung einer Aquivalentgréfe hinausgeht. Klassische Methoden wie Tandem-
Setups oder SEM /TEM-Bildgebung sind jedoch haufig durch hohen Zeit- und Kostenauf-
wand sowie begrenzte statistische Aussagekraft eingeschrinkt. Zur Verbesserung und Ver-
einfachung der Charakterisierung nanoskaliger Partikel wurde der Centrifugal Differential
Mobility Analyzer (CDMA) entwickelt, der die Prinzipien des Aerodynamic Aerosol Classi-
fiers (AAC) und des Differential Mobility Analyzers (DMA) kombiniert. Damit ermdglicht
er die simultane Bestimmung des Mobilitéts- und Stokesdquivalentdurchmessers sowie die
Erfassung zweidimensionaler Partikelgrofenverteilungen. Im Rahmen dieser Arbeit wur-
de neben der Entwicklung eines Prototyps die zweidimensionale Transferfunktion unter
verschiedenen Randbedingungen hergeleitet und diskutiert. Zudem kam der Algorithmus
Projections onto Convex Sets (POCS) zum Einsatz, um das schlecht gestellte Inversions-
problem der zweidimensionalen Partikelcharakterisierung zu lésen. Der CDMA erdffnet
damit einen effizienten und robusten Ansatz zur Nanopartikelanalyse und liefert zugleich
Zugang zu erweiterten Kenngrofen wie effektiver Dichte und fraktaler Dimension, wodurch

sich neue Einblicke in die Partikelmorphologie ergeben.

Abstract

The growing interest in complex-shaped nanoparticles requires a detailed characterization
that goes beyond the determination of a single equivalent size to enable reliable process
prediction and optimization. Conventional methods such as tandem setups or SEM/TEM
imaging are often limited by high time and cost demands as well as restricted statistical
significance. To address these limitations, the Centrifugal Differential Mobility Analyzer
(CDMA) was developed, combining the principles of the Aerodynamic Aerosol Classifier
(AAC) and the Differential Mobility Analyzer (DMA). This instrument enables the si-
multaneous determination of mobility and Stokes equivalent diameters, thereby providing
access to two-dimensional particle size distributions. In this work, a prototype was designed
and constructed, and the two-dimensional transfer function was derived and analyzed un-
der various boundary conditions. Furthermore, the Projections onto Convex Sets (POCS)
algorithm was applied to solve the ill-posed inversion problem inherent in two-dimensional
particle characterization. The CDMA thus offers an efficient and robust approach for na-
noparticle analysis, granting access to additional parameters such as effective density and

fractal dimension, and thereby providing deeper insights into particle morphology.
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1 Einleitung

Die Charakterisierung von Nanopartikeln ist fiir eine Vielzahl von wissenschaftlichen und
industriellen Anwendungen von fundamentaler Bedeutung. Beispielsweise in den Materi-
alwissenschaften, der Umwelttechnik und der Medizin, aber auch in der Energietechno-
logie, werden Nanopartikel aufgrund ihrer einzigartigen physikalischen und chemischen
Eigenschaften immer héufiger eingesetzt. Diese Eigenschaften, wie eine verbesserte Reak-
tivitdt und die Moglichkeit, biologische Barrieren zu iiberwinden, sind das Ergebnis der
geringen Partikelgrofe und der damit verbundenen hohen spezifischen Oberflache. Wah-
rend traditionelle Methoden der Partikelcharakterisierung, wie die Messung des Mobilitéts-
Aquivalentdurchmessers oder des aerodynamischen Aquivalentdurchmessers, fiir viele An-
wendungen ausreichen, liefern diese Verfahren insbesondere bei komplexen Partikelstruktu-
ren wie Agglomeraten oder anderen nicht sphérischen Formen, haufig unzureichende oder
sogar verzerrte Informationen [Zha+22; Jinl7; Toy+14; Kel422]. So kann beispielswei-
se eine groke, kugelférmige Partikel denselben Aquivalentdurchmesser aufweisen wie ein
kleines, weit verzweigtes Agglomerat mit hoher spezifischer Oberflache.

Eine Aquivalentgrofie allein ist in der Regel nicht hinreichend fiir die vollstandige Be-
schreibung der Eigenschaften von Nanopartikeln, da viele relevante physikalische Merkma-
le wie Partikelform, Struktur und Oberflachenbeschaffenheit erheblichen Einfluss auf das
Verhalten und die Wechselwirkungen der Partikel haben. Aufgrund ihrer hohen Relevanz
gibt es im Bereich der Forschung intensive Bestrebungen, Partikelsysteme anhand mehre-
rer Eigenschaften zu charakterisieren und zu trennen, um hochspezifische Partikelsysteme
herzustellen. Ein Beispiel dafiir ist das Schwerpunktprogramm SPP 2045: Hochspezifische
mehrdimensionale Fraktionierung von technischen Feinstpartikelsystemen, das sich genau
mit diesem Thema befasst. So wurde im Rahmen dieses Programms unter anderem der
Einsatz von 3D-Rontgentechniken untersucht, wobei von multidimensionalen Verteilungen
verschiedener Partikeleigenschaften ausgegangen wurde. Diese Verteilungen lassen sich mit-
hilfe archimedischer Copulas beschreiben, die es ermoglichen, komplexe Zusammenhéange
mit nur wenigen Parametern auszudriicken |[Fur+19|. Eine weitere entwickelte Trennme-
thode basiert auf der Verwendung aerodynamischer Linsen, mit denen eine Separation der
Partikeln nach Stokes-Durchmesser und Dichte moglich ist [Fur+20]. Dariiber hinaus wur-
de die Nutzung stehender Ultraschallwellen untersucht, um disperse Partikelsysteme in
Fein- und Grobanteile zu fraktionieren [SF23|.

Um diese Herausforderungen zu meistern und ein umfassendes Verstédndnis fiir die kom-
plexen Eigenschaften von Nanopartikelsystemen zu entwickeln, ist eine multidimensionale
Partikelcharakterisierung erforderlich. Diese ermoglicht es, mehrere Eigenschaften von Na-
nopartikeln gleichzeitig zu messen und so ein vollstandigeres Bild von der Partikelstruktur
zu erhalten. Ein vielversprechender Ansatz fiir eine zweidimensionale Charakterisierung
ist der Centrifugal Differential Mobility Analyzer (CDMA), ein neu entwickeltes Instru-
ment, das die Messung von zwei dquivalenten Partikelgrofien, dem Aerodynamischen- und
dem Mobilitéits-Aquivalentdurchmesser, in einer einzigen Messung ermdoglicht [Ras25|. Die-

se gleichzeitige Messung der beiden Gréfsen erlaubt es, eine zweidimensionale Verteilung
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der beiden Partikeleigenschaften zu erstellen, die zur Berechnung weiterer wichtiger Para-
meter wie der effektiven Dichte oder des Formfaktors verwendet werden kann [Par+08|. Im
Vergleich zu traditionellen Methoden, die meist nur eine einzige dquivalente Partikelgrofe
bestimmen, liefert der CDMA somit eine erheblich genauere und differenziertere Analyse
von Nanopartikelsystemen. Dieses Wissen kann genutzt werden, um iiber die Partikeleigen-
schaften Verbrennungsprozesse genauer zu analysieren und zu verbesseren [OSCO07| oder
auch um weitere Korellationen beispielsweise zur spezifischen Oberflaiche und somit zur
Reaktivitiat der Partikeln zu bilden [TO13].

Die Anwendung des CDMA in der Partikelcharakterisierung bringt jedoch auch Her-
ausforderungen mit sich. Besonders wichtig fiir die prézise Inversion der Messdaten ist
ein fundiertes Verstdndnis der Transferfunktion des CDMA. In der vorliegenden Arbeit
wird die Entwicklung dieser Transferfunktion vorgestellt, die zunéchst auf einer Modellie-
rung der Partikeltrajektorien basiert. Eine alternative Ableitung mit Hilfe der Streamline-
Funktionen kommt zu einem identischen Ergebnis und kann somit als Validierung verstan-
den werden. Weiterhin erlaubt die Anwendung der Streamline-Funktionen eine genauere
Beschreibung der Diffusionseffekte im Klassierspalt. Der Ansatz orientiert sich an den Me-
thoden, die in fritheren Arbeiten wie Stolzenburg [Sto88] verwendet wurden, und stellt
sicher, dass die mathematische Beschreibung der Partikelbewegung innerhalb des CDMA
realistische und préazise Riickschliisse auf die Partikeleigenschaften zuldsst. Zudem wird
die Bedeutung der Randbedingungen am Einlass untersucht und deren Einfluss auf die
Partikelklassierung sowie die daraus resultierenden Messwerte umfassend analysiert.

Diese Arbeit wurde in kumulativer Form verfasst. Die Abschnitte 2 und 3 dienen der
Vermittlung der erforderlichen theoretischen Grundlagen und der Identifikation der beste-
henden Forschungsliicke. Abschnitt 4 umfasst die zugehorigen wissenschaftlichen Publika-
tionen.

Die erste Verdffentlichung présentiert eine initiale Validierung des CDMA. Aufbauend
darauf werden in der zweiten Publikation die berechneten Transferfunktionen bestétigt und
die zugrunde gelegten Randbedingungen naher untersucht. Die dritte Publikation widmet
sich der theoretischen Fundierung sowie der praktischen Anwendung der Dateninversion.
In der vierten Publikation wird der Einfluss des Stromungsfeldes im CDMA detailliert

analysiert und erste experimentelle Messergebnisse werden vorgestellt.
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Im Folgenden werden die wesentlichen Techniken zur Messung von Aerosolen vorgestellt,
woraus sich der Forschungs- und Entwicklungsbedarf ableitet. Diese Vorgehensweise dient
der besseren Einordnung der nachfolgenden Publikationen sowie der Vermittlung des er-

forderlichen Vorwissens.

2.1 Aerosolmesstechnik

Ein Aerosol ist die Dispersion einer Fliissigkeit oder eines Feststoffes (disperse Phase) in
einem Gas (kontinuierliche Phase)|Fri00]. Der Grofenbereich der Aerosolpartikeln erstreckt
sich von 1 nm iiber mehrere Grofenordnungen bis zu etwa 100 pm [Col13]. Dies entspricht
in etwa der Grofe von grofsen Gasmolekiilen bis hin zum Durchmesser eines menschlichen
Haares. Aufgrund der immensen Spannbreite des zu untersuchenden Bereichs ist es erfor-
derlich, auf eine Vielzahl von Methoden zuriickzugreifen, um Aerosole addquat charakte-
risieren zu konnen. Partikeln grofser als etwa 250 nm lassen sich mit etablierten Streulicht-
und optischen Methoden gut charakterisieren [Fri00]. Besonders bei Partikeln ab etwa
5 um ist auch eine bildgebende optische Erfassung moglich. Unterhalb von etwa 250 nm
nimmt jedoch die Streulichtintensitét stark ab, und auch die optische Auflésung stoft an
ihre Grenzen, was die direkte Bestimmung der Partikelgrofe deutlich erschwert. Allerdings
konnen iiber verschiedene Methoden Aquivalentgrofen bestimmt werden, welche in vielen
Fillen eine zufriedenstellende, jedoch dennoch indirekte Mafangabe darstellen. Bei Metho-
den mit héherem Informationsgehalt kann allerdings aufgrund der geringen Probenmenge
die Repréasentativitit der gezogenen Probe fiir das gesamte Partikelkollektiv nicht immer
gewahrleistet werden. Tabelle 2.2 zeigt eine reprisentative Auswahl an Messmethoden,
welche die Bestimmung von Aquivalentgrofen fiir Partikeln im Grofenbereich bis 1000 nm

ermoglichen.

Tabelle 2.2: Messmethoden zur Charakterisierung von Partikeln <1000 nm

Messmethode Abk. | Aquiv.-grofe Messbereich
Aerodynamic Aerosol Classifier AAC dge 20nm — 2.5 pm
Aerosol Particle Mass Analyzer APM dy 1l4nm — 1.3 ym

Centrifugal Aerosol Particle Mass Analyzer | CPMA dy 7Tnm — 1.3 um
Differential Mobility Analyzer DMA dm 10nm — 1 gm
Low Pressure Impactor LPI dge 30nm — 10 ym
Electrical Low Pressure Impactor ELPI ae 6nm — 10 pum
Aerodynamic Particle Sizer APS dge 500 nm — 20 ym
Aerosol Mass Spectrometer AMS dge vac 40nm — 1 um
Laser Aerosol Spectrometer LAS dstr 90nm — 7.5 pm
Scattered light spectrometer system Welas dstr 200 nm — 10 pm
Optical Particle Sizer OPS dstr 300nm — 10 pm
Transmission Electron Microscope TEM dpyr 0.1nm — 100 nm
Scanning Electron Microscope SEM dpr 2nm — 1mm

In Bezug auf die genannten Messmethoden ist eine weitere Unterteilung in bildgebende
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Verfahren, optische Verfahren und klassierende Verfahren moglich.

Zu den bildgebenden Verfahren zédhlen in erster Linie Elektronenmikroskope.lhr Einsatz
ist erforderlich, da die Grofe von Nanopartikeln in der Grofenordnung der Wellenldnge des
sichtbaren Lichts liegt, wodurch eine hochauflésende Abbildung mittels lichtoptischer Mi-
kroskopie nicht mehr realisierbar ist. In diesem Bereich wird das sogenannte Beugungslimit
erreicht, das die maximal mogliche Winkelauflésung eines optischen Systems definiert. Fi-
ne prézise Abbildung und Unterscheidung einzelner Partikeln ist mit optischen Verfahren
daher nicht mehr moglich. Im Gegensatz dazu wird bei einem Rasterelektronenmikro-
skop anstelle eines Lichtstrahls ein stark fokussierter Elektronenstrahl verwendet, welcher
die Oberflache der Probe abrastert. Die Detektion der riickgestreuten Elektronen erlaubt
schlieflich die Generierung eines Bildes [MZ11; Ale97|. Beim Transmissionselektronenmi-
kroskop (TEM) basiert die Analyse auf dem durch die Probe transmittierten Elektronen-
strahl. Daher ist eine ausreichende Durchléssigkeit des Materials erforderlich, was eine
entsprechend geringe Probendicke voraussetzt. Dies ermoglicht beim TEM eine Auflésung
bis zu wenigen A [WC96]. Die bildgebenden Verfahren ermoglichen die Analyse der Projek-
tionsfliche und somit der Partikelgeometrie. Auferdem kann mit Hilfe weiterer Sensoren
auf die Materialzusammensetzung geschlossen werden.

Allerdings sind die Probenahme und -préparation sowie die Messung selbst sehr zeit-
aufwéindig und erfordern ein hohes Maf an theoretischem Versténdnis sowie praktischer
Erfahrung. Da pro Messung lediglich eine begrenzte Anzahl an Partikeln analysiert wird,
ist der Informationsgehalt zwar, wie zuvor beschrieben, sehr hoch. Allerdings erfordert ein
statistisch belastbarer Riickschluss auf die Grundgesamtheit einen erheblichen experimen-
tellen Aufwand.

Die Mehrzahl der optischen Verfahren zur Messung von Aerosolen mit geringen Kon-
zentrationen basiert auf der Analyse einzelner Partikeln. Hierbei wird der Zusammenhang
zwischen der Intensitdt des riickgestreuten Lichts und der Partikelgrofe ausgenutzt. Da die
Zuordnung insbesondere im Mie-Bereich nicht sehr eindeutig ist, nutzen beispielsweise der
OPS (TSI) und auch das Welas (Palas) Weiflicht. Dies erméoglicht eine Integration {iber
verschiedene Wellenlédngen, was die Eindeutigkeit der Zuordnung erhoht. Des Weiteren
wird die Eindeutigkeit der Zuordnung durch den Einsatz einer Weitwinkeloptik verbessert,
wobei iiber eine Vielzahl von Riickstrahlwinkeln integriert wird [Szy02].

Laser-Aerosol-Spektrometer nutzen den Umstand, dass bei Detektion in einem engen
Vorwértswinkel sowohl die Zuordnung eindeutig ist als auch die riickgestreute Lichtin-
tensitdt hoher ist. Infolgedessen ist es mit Laser-Aerosol-Spektrometern méglich, kleinere
Partikeln mit hoher Zuverléssigkeit zu messen [MC16].

Die Anwendung dieser Techniken ist unkompliziert, ein Nachteil ist jedoch, dass ledig-
lich ein Streulichtdquivalentdurchmesser gemessen wird. Die Umrechnung in andere Groéfsen
ist nur mit sehr groffem Aufwand moglich, da hierfiir der genaue Brechungsindex sowie die
Form der Partikel bekannt sein miissen. In der Praxis werden daher genormte Kalibrier-
partikeln eingesetzt, um das Gerét zu kalibrieren. Es besteht jedoch die Moglichkeit, dass
die tatséchlichen Partikelgrofen von den Messwerten abweichen [Jon99].

Klassierende Methoden stellen eine weitere Gruppe innerhalb der Aerosolmesstechnik
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dar. Dabei wird auf die Partikel eine definierte Kraft ausgeiibt, die ihre Trajektorie im
Zylinderspalt von der urspriinglichen Bahn ablenkt. Das Ausmaf der Ablenkung héngt
sowohl von der wirkenden Kraft als auch vom stréomungsabhéngigen Widerstand ab, dem
das Partikel entgegenwirkt. Durch die Entnahme von Partikeln die spezifischen Stromlinien
folgen, kann ein monomodales Aerosol mit definierter Aquivalentpartikelgrofie gewonnen
werden, dessen Grofse und Eigenschaften durch die aufgebrachte Kraft definiert werden. Da
die klassierten Partikeln oftmals eine geringe Grofe aufweisen, erfolgt die Ermittlung der
Partikelanzahl mittels eines Faraday-Cup-Elektrometers, welches die Ladungsanzahl der
Partikeln misst, oder eines Condensation Particle Counters (CPC). In einem CPC fungieren
die Partikeln als Kondensationskeime. Durch Séttigung der umgebenden Luft mit einem
geeigneten Medium (z. B. Butanol, Wasser oder Isopropanol) und anschliefende Abkiihlung
wird eine leichte Uberséttigung erzeugt, die heterogenes Keimwachstum initiiert. Dadurch
wachsen die Partikeln auf eine Grofe an, die eine zuverlassige Detektion mittels optischer
Verfahren ermdglicht.

Im Differential Mobility Analyzer (DMA) wird ein elektrisches Feld tiber einen Zylin-
derspalt aufgebracht. Unter Beriicksichtigung der Ladung und der Lauflinge l&sst sich der
Mobilitatsdurchmesser d,, ableiten [KW75; Sto88].

Im Aerodynamic Aerosol Classifier (AAC) wird die Triebkraft durch Aufbringen einer
Zentrifugalkraft auf den Zylinderspalt erzeugt. Dadurch werden Partikeln mit gleicher Sink-
geschwindigkeit klassiert. Die Sinkgeschwindigkeit ist dabei vom aerodynamischen Durch-
messer dq. abhéngig [TO14].

Beim Aerosol Particle Mass Analyzer (APM) wirkt sowohl eine elektrische als auch eine
Zentrifugalkraft. Anders als beim DMA und AAC werden hierbei die Partikeln allerdings
nicht innen oder auffen am Zylinderspalt aufgegeben, sondern iiber die gesamte Breite
des Spalts. Die Partikeln, bei denen sich die Zentrifugalkraft und elektrische Kraft aufhe-
ben, erfahren keine radiale Partikelbewegung und kénnen ebenso mittig gesampled werden.
Hierdurch wird das Masse-Ladungs-Verhéltnis gemessen. Sind die Partikeldichte p sowie
die Ladung n bekannt, ergibt sich direkt der Volumenédquivalentdurchmesser [Taj-+11].

Der Centrifugal Particle Mass Analyzer (CPMA) stellt eine Weiterentwicklung des
APM dar. Der Antrieb des Aufsen- und Innenzylinders erfolgt mit unterschiedlichen Dreh-
zahlen. Diese Vorgehensweise zielt darauf ab, die Zentrifugalkraft {iber den Zylinderspalt
moglichst konstant zu halten. Wahrend beim APM bereits geringe Abweichungen von der
mittleren Stromlinie zur Abscheidung an den Wénden fiihren, ist die Partikelbewegung im
CPMA stabil: Kleine Abweichungen resultieren in einer Riickfithrung zur mittleren Bahn,
wodurch eine effektive Klassierung gewahrleistet wird [Olf+06; OCO05].

Die Klassierung in einem Niederdruckimpaktor (LPI) erfolgt mittels Tragheitsabschei-
dung, wodurch wiederum der aerodynamischen Durchmesser dge ermittelt wird. Im Rah-
men dieses Prozesses erfolgt eine Beschleunigung eines Aerosolstroms in einer Diise. Im
Anschluss wird der Luftstrom in einem definierten Abstand senkrecht zur Diise um eine
angebrachte Platte herumgeleitet. Aufgrund ihrer Tragheit konnen Partikeln unterschiedli-
cher Grofe der Fluid-Stromlinienbewegung unterschiedlich gut folgen, sodass groftere Par-

tikeln die Platte erreichen und abgeschieden werden. Diese Vorgehensweise erweist sich
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insbesondere fiir Partikeln mit einer Gréfe von > 300 nm als sehr effektiv, wahrend kleine-
re Partikeln aufgrund ihrer geringen Trégheit nur unzureichend abgeschieden werden. Aus
diesem Grund wird der Druck hier abgesenkt, wodurch auch kleinere Partikeln effektiv
abgeschieden werden konnen. Bei einer Kaskadierung mehrerer Impaktorstufen, wobei die
abgeschiedene Partikelgrofe mit jeder Stufe jeweils geringer wird, kann die Abscheidung
an den einzelnen Stufen gemessen und somit die Partikelgroffenverteilung hinsichtlich des
aerodynamischen Durchmessers dqe bestimmt werden [HFF78; May75; HK91|.

Der elektrische Niederdruckimpaktor (ELPI) stellt eine Weiterentwicklung des LPI dar.
Im Rahmen dieses Verfahrens wird das Aerosol vorab mit einem Corona-Auflader unipolar
aufgeladen. Sind nun die einzelnen Impaktorstufen elektrisch voneinander getrennt und an
jeder Platte ein Elektrometer angeschlossen, ist eine direkte online-Messung der Ladung
und (bei bekannter Ladungsverteilung) folglich die Bestimmung der Partikelanzahl moglich
[KPL92; May75].

Die Messprinzipien des Aerodynamic Particle Sizer (APS) und Aerosol Mass Spectro-
meter (AMS) basieren auf der Messung der Flugzeit der Partikeln. Im Rahmen dieses
Verfahrens wird ein Aerosolstrom in einer Diise beschleunigt. Im Bereich hinter der Diise
herrscht ein Unterdruck. Die Ermittlung der Flugzeit erfolgt mittels zweier Laser, die in
einem definierten Abstand angebracht sind (APS) oder tiber die Messung der Zeit von der
Diise bis zur Detektion der Massenspektroskopie (AMS). Die Flugzeit ist dabei erneut von
der Tréagheit der Partikeln abhéngig, sodass kleinere Partikeln stérker beschleunigt werden
und folglich eine kiirzere Flugzeit aufweisen. Dies liefert erneut Informationen iiber den
aerodynamischen Durchmesser d,. oder den aerodynamischen Durchmesser im Vakuum
dge vac. Dariiber hinaus ermdglicht das APS die direkte Messung der Streulichtintensitét,
woraus sich der Streulichtdquivalentdurchmesser dg;, bestimmen lasst [WJ87; WL80|. Das
AMS liefert demgegeniiber zusétzlich die Elementarzusammensetzung mittels Massenspek-
troskopie [All+04; Lee+13|.

Wie aus dem vorliegenden Abschnitt ersichtlich wird, steht eine Vielzahl von Messsyste-
men zur Charakterisierung von Nanopartikeln zur Verfiigung. Allerdings wird deutlich, dass
mit den unterschiedlichen Methoden verschiedene Aquivalentgrofen gemessen werden. Der
Mobilitatsaquivalentdurchmesser d,,, beschreibt ein sphérisches Partikel, welches die gleiche
Widerstandskraft erfihrt wie das zu vermessende Partikel. Der aerodynamische Aquiva-
lentdurchmesser beschreibt ein kugelférmiges Partikel mit einer Dichte von 1000 kg/m? und
der Sinkgeschwindigkeit, die der zu vermessenden Partikel entspricht. Der Volumenéaqui-
valentdurchmesser bezeichnet den Durchmesser einer sphérischen Partikel mit demselben
Volumen [BKW11]. Der Streulichtédquivalentdurchmesser wird anhand des Streulichtdurch-
messers des Kalibrieraerosols bestimmt. Dies bedeutet, dass das zu analysierende Partikel
ein Streulichtverhalten aufweist, das mit dem einer bestimmten Partikelgrofe der Kali-
brierpartikel iibereinstimmt [Szy02; MC16].

Es wird ersichtlich, dass eine Vielzahl von Messgrofien erfasst wird, die fiir sphéri-
sche Partikeln in vielen Fallen deckungsgleich sind. In der Praxis werden jedoch nur in
den seltensten Féllen perfekt sphérische Teilchen untersucht, da insbesondere bei kom-

plex geformten Agglomeraten Eigenschaften wie die spezifische Oberfliche und die Form
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von grofem Interesse sind. Diese spielen eine entscheidende Rolle hinsichtlich der Reak-
tionsgeschwindigkeit, der biologischen Vertraglichkeit, der Adsorption oder auch bei der
Katalyse.

Aufgrund dessen ist eine mehrdimensionale Partikelanalyse von grofem Interesse [Jinl7;
Toy-+14; Kel+22]. Die gezielte Trennung nach mehr als einer Partikeleigenschaft stellt ein
vielversprechendes Forschungsfeld dar, dem sich bereits einige Einrichtungen mit innova-
tiven Ansétzen widmen. Ziel ist die Herstellung hochspezifischer Partikelsysteme [RSN19;
SF23; Fur+20; Fur+19|.

2.2 Messung zweidimensionaler Eigenschaftsverteilungen

Wie aus dem vorherigen Abschnitt ersichtlich wird, liefern die vorgestellten Analysemetho-
den lediglich unzureichende Informationen und ein Vergleich verschiedener Verfahren ist
nur begrenzt moglich.

Auch wenn eine Gréfe allein nicht ausreichend aussagekraftig ist, um einen Prozess
hinsichtlich der Partikeleigenschaften zu optimieren, erlaubt die Ermittlung mehrerer un-
terschiedlicher Aquivalentdurchmesser die Ableitungen weiterer, komplexer Partikeleigen-
schaften.

Dies wird im allgemeinen durch Tandem-Setups realisiert. Hierbei werden zwei Messver-
fahren in Reihe geschaltet. DeCarlo, Slowik, Worsnop, Davidovits und Jimenez [DeC+04]
stellen dar, welche Aquivalentgrofen gemessen werden und iiber welche Eigenschaften sie
verkniipft sind. Dies zeigen sie in einer folgenden Veroffentlichung am Beispiel eines DMA-
AMS-Tandem Setups zur Messung von Verbrennungsabgas [Slo+04]. Hierdurch sind sie
in der Lage den Stokesdurchmesser dg; aus dem Volumendquivalentdurchmesser d, sowie

dem Mobilitdtsdurchmesser d,,, oder auch aus dem aerodynamischen Durchmesser d,. zu

Po d3
ds: 7'da6: ) 1
=2 b= [ (1)

wobei p die Partikeldichte und pg die Einheitsdichte 1000 kg/m? sind. Sind der Mobilitts-

und Volumenéquivalentdurchmesser bekannt, kann die fraktale Dimension D bestimmt

berechnen:

werden.

43 = log(C") - d& (2)

Hierbei muss der Volumen- iiber dem Mobilitdtsdquivalentdurchmesser aufgetragen wer-
den. Durch anfitten der Exponentialfunktion aus Gleichung (2), kann sowohl die fraktale
Dimension als auch die Konstante C’ bestimmt werden. Des Weiteren kann mit Hilfe des

Mobilitats- und Volumeniquivalentdurchmessers die effektive Dichte bestimmt werden.

peff = p - (dm/dy)’ (3)

Slowik, Stainken wu. a. [Slo+04] zeigen durch die Bestimmung dieser Parameter, dass
bei bestimmten Verbrennungsparametern weniger spharische Teilchen und vielmehr stark

agglomerierte Partikeln entstehen.
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Ebenso verwendeten Olfert, Symonds und Collings [OSC07| eine DMA-CPMA Kombi-
nation, um ein Wertepaar aus Mobilitits- und Volumenéquivalentdurchmesser zu bestim-
men. Durch Klassierung mit einem DMA erhalten sie zunéchst ein monomodales Aerosol.
Wird nun eine konstante Drehzahl am CPMA eingestellt, kann die Spannung am CPMA so
variiert werden, dass die maximale Partikelanzahlkonzentration gemessen wird. An diesem
Punkt tiiberlagern sich die Transferfunktionen des DMA und des CPMA, sodass sowohl der
Mobilitatsdquivalentdurchmesser d,,, als auch die Partikelmasse m bekannt sind. Wird nun
die Spannung am DMA verdndert, kann so fiir verschiedene Partikelmobilitdten Z die zu-
gehorige Partikelmasse m und somit auch der zugehorige Volumenédquivalentdurchmesser
d, bestimmt werden. Dies ermdglicht es, die fraktale Dimension und die effektive Dichte
(vgl. Gleichungen 2 und 3) zu bestimmen, um den Einfluss von Sulfat auf die Verbrennung
in Dieselmotoren zu untersuchen. Hierdurch konnten sie nicht nur den Agglomerationsgrad
von Partikeln hinsichtlich ihrer Mobilitat bestimmen, sondern auch feststellen, dass bei ho-
heren Sulfatgehalten die effektive Dichte bei kleinen Partikeln deutlich steigt. Da hier die
Agglomeration aber als sehr niedrig angesehen wird, stellen Olfert, Symonds und Collings
[OSCO07] die Vermutung der Kondensation von Schwefelsdure an diesen Partikeln auf.

Johnson, Symonds und Olfert [JSO13| verwenden ebenfalls ein CPMA-DMA Setup
zur Bestimmung der Dichte oder der Ladungsverteilung. Hierzu werden DEHS-Partikeln
verwendet, die unter Standardbedingungen in fliissiger Form vorliegen, jedoch aufgrund
ihres geringen Dampfdrucks eine vergleichsweise lange Lebensdauer aufweisen. So betréigt
die Standzeit von Partikeln mit einem Durchmesser von 100 nm etwa 80 min [Hin99|. Da-
durch kann von einem stabilen Aerosol mit sphérischen Partikeln ausgegangen werden. Mit
Hilfe der CPMA-DMA Kombination zeigen sie nun, dass sie die Dichte mit einer Abwei-
chung von bis zu 12 % bestimmen koénnen. Auch die Ladungsverteilung kann auf diesem
Wege bestimmt werden und stimmt mit einer Abweichung von maximal 10 % mit der La-
dungsverteilung nach Wiedensohler [Wie88| iiberein. Shapiro, Vainshtein u. a. [Sha+12]
erweitern das Setup, indem sie Kombinationen aus DMA, APM und AMS zur Charakteri-
sierung verwenden. Hierdurch ist zusétzlich der aerodynamische Durchmesser im Vakuum
dge vac messbar. Diesen nutzen sie um den Formfaktor, die effektive Dichte und die fraktale
Dimension zu bestimmen und vergleichen die unterschiedlichen Ergebnisse. Dariiber hin-
aus zeigen sie Rasterelektronenmikroskopaufnahmen (SEM) von Partikeln, die bei einem
aerodynamischen Aquivalentdurchmesser von 120nm gesampled wurden (vgl. Abbildung
2.1). Hierbei wird deutlich, dass viele verschiedene Kombinationen aus Mobilitdts- und
Stokesdurchmesser mdoglich sind. Diese ergeben sich aus unterschiedlichen Partikelformen,
die somit einen mafsgeblichen Einfluss auf die Partikeleigenschaften ausiiben.

Eine weitere vielversprechende Kombination ist ein Setup aus DMA und AAC. Hier-
bei werden der Mobilitsiquivalentdurchmesser d,, sowie der aerodynamische Aquivalent-
durchmesser d,. gemessen. Tavakoli und Olfert [TO13] verwenden diese Kombination, um
ebenfalls die effektive Dichte, den Formfaktor und die fraktale Dimension von Ruf und
von DEHS zu bestimmen.

Diese Tandem-Messverfahren kénnen nicht nur verwendet werden, um die effektive

Dichte pcfr, den Formfaktor x und die fraktale Dimension Dy zu berechnen, vielmehr ist
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d,=600 nm d,,=400 nm d;,=400 nm

Abbildung 2.1: SEM Aufnahmen von Dieselabgas-Partikeln mit einem aerodynamischen
Durchmesser von 120 nm [Sha+12].

es ebenfalls moglich, vollstdndige zweidimensionale Eigenschaftsverteilungen zu messen.
Dies ist allerdings sehr aufwindig und bendtigt umfassende Kenntnisse zur Dateninversion
[SOR20].

Wie in diesem Kapitel dargelegt, ist die mehrdimensionale Analyse von Partikeln von
grofem wissenschaftlichen Nutzen. Auch Park, Dutcher u. a. [Par+-08] verweisen in diesem

Kontext auf weitere Studien.

Diese Untersuchungen verdeutlichen die neuen Moglichkeiten und Erkenntnisse, die sich
durch die multidimensionale Charakterisierung von Partikelagglomeraten ertéffnen. Dabei
geht es nicht nur um den wissenschaftlichen Kontext, wie beispielsweise die Analyse der
Ladungsverteilung in Abhéngigkeit von der Partikelstruktur, sondern auch um die Opti-
mierung industrieller Prozesse, etwa zur effizienteren Gestaltung von Katalysatoren. Vor
diesem Hintergrund befasst sich diese Arbeit mit einem neuartigen Ansatz zur Bestimmung

zweidimensionaler Eigenschaftsverteilungen.

Die Bestimmung von zwei unabhéngigen Aquivalentdurchmessern in einem Gerit fiihrt
dabei zu einer wesentlichen Erleichterung hinsichtlich der Standardisierung der Messung
sowie deren Riickrechnung. Gleichzeitig kénnen die Kosten durch den geringeren appara-
tiven Aufwand gegeniiber Tandem-Setups deutlich reduziert werden. Auch messtechnisch
ergeben sich Vorteile, da eine Partikel nicht zwei Messstrecken sowie zwei Klassierungen

durchlaufen muss.

Fir die Umsetzung dieses Vorhabens wurde eine Kombination aus DMA und AAC
ausgewahlt. Die beiden Geréte bestehen jeweils aus zwei konzentrischen Zylindern, wobei
die Klassierung der Partikeln in dem Zylinderspalt erfolgt. In diesem Fall sind lediglich
die elektrische Kraft (DMA) und die Zentrifugalkraft (AAC) fiir die jeweilige Klassierung
ausschlaggebend. Dies fithrt dazu, dass sowohl der Stokes Aquivalentdurchmesser dg als
auch der Mobilitdtsdquivalentdurchmesser d,,, simultan gemessen werden kénnen. Um die

Funktion des CDMA besser verstehen zu kénnen, werden in den Abschnitten 2.3 und 2.4
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die Grundlagen fiir diese beiden einzelnen Messprinzipien vertieft dargestellt.

2.3 Differential Mobility Analyzer - DMA

Das Klassierprinzip des Differential Mobility Analyzer (DMA) basiert auf der Bewegung
von geladenen Partikeln in einem elektrischen Feld. Der DMA besteht aus zwei konzen-
trisch angeordneten Zylindern, welche elektrisch isoliert sind, sodass eine Hochspannung
angelegt werden kann, wodurch in dem Zylinderspalt ein elektrisches Feld entsteht. Der zu
klassierende Aerosolstrom Q, wird an der duferen Elektrode aufgegeben, wahrend an der
inneren Elektrode gleichzeitig ein Hiillluftstrom Qg eingeleitet wird (vgl. Abbildung 2.2).
Bei Anlegen eines negativen elektrischen Potentials an der inneren Elektrode, werden posi-
tiv geladene Partikeln, aufgrund der elektrischen Kraft Fy;, von der dufleren Elektrode zur
inneren Elektrode hin beschleunigt. Unter der Annahme der Stokes’schen Widerstandskraft
Fp und tragheitsfreier Partikeln ergibt sich die Kréftebilanz fiir eine Partikel zu:

Foa=Fp (4)

n-e-E=3mn-dpy-v/Cu(dy) (5)

Mit: Ladungsanzahl n, Elementarladung e = 1.6021-10~1% C, elektrischer Feldstiirke (raum-
ladungsfrei, unendlicher Zylinderspalt) E = U

 rln(re/rs)

durchmesser d,,, Partikeldriftgeschwindigkeit in radialer Richtung v, dem Cunningham

, dynamische Viskositat n, Mobilitats-

Korrekturfaktor Cu [AR85] sowie Innen- bzw. Aufenradius des Klassierspalts 4, rq.
Die Partikelmobilitat ist definiert als [KWT75]:
g v _ne Culdn) (6)
E 3y - dpy,
Liegt nun im Messspalt ein laminares Stromungsprofil, also eine Schichtenstréomung oh-
ne Quervermischung, vor, kann die mittlere Fluidgeschwindigkeit in axialer Richtung w

berechnet werden:

_ Qsh+Qa
= =2 TL

m(rg —r?)

(7)
Unter Vernachléssigung von Diffusion ergibt sich die Partikelbahn zu:

dr v Z-U-(Tg—r?)
(

dy  w r-In(ra/r) - (Qsn + Qu)

Wobei y die Position der Partikel in axialer Richtung ist. Umstellen und integrieren liefert:

o) — 1 ]2 Z-U-(r2—r2)-y
(y) - \/ ein + IH(TQ/T’i) . (Qsh 4 Qa) (9)

(8)

Ist nun die Lénge L vom Aerosoleinlass bis zum Sampling-Spalt bekannt, kann diese fiir y

B Z-U-(r2—r)-L
= \/ "ein ) (Qon + Q) 1)

eingesetzt werden:
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Abbildung 2.2: Schematische Darstellung eines DMA: Hiillluft Qgp,, Abluft Qc.p, Sampling-
Volumenstrom s, Aerosolvolumenstrom @, (nach [IT08]).

Dabei zeigt sich, dass der Eintrittsradius 7¢;,, an dem die Partikeln in den Klassierspalt
gelangen, eine entscheidende Rolle fiir die Klassierung bzw. Abscheidung der Partikeln
spielt. Allerdings besitzen sowohl der Einlass- als auch der Auslassspalt endliche Abmes-
sungen, und das Verhéltnis von Aerosol- zu Hiillluftstrom f = Q,/Qsp kann nicht beliebig
klein gewahlt werden. Dies fiihrt dazu, dass nicht ausschlielich eine einzelne Partikelgrofse
klassiert wird, sondern vielmehr ein definierter Grofenbereich. Dieses Verhalten wird mit
so genannten Transferfunktionen ) abgebildet.
Stolzenburg [Sto88]| leitete auf Basis von Stromlinenfunktionen eine analytische Gleichung
zur Berechnung der Transferfunktion €2 ohne Partikeldiffusion her.
Q:2'16-[\Z/Z*—1—5!+|Z/Z*—1+ﬂ\—2'\Z/Z*—1|] (11)
Hierbei ist zu beachten, dass diese und folgende Gleichungen nur fiir die typische Betriebs-
bedingung (Q, = Qs, bzw. Qsp = Qez) des DMA’s gelten. Z* stellt die Mobilitét einer
Partikel dar, welche der mittlere Partikelbahn folgt. Sie ergibt sich aus den Betriebspara-

* Qsh Ta
7= %sh (e 12
LU T\ ry (12)

metern:

Abbildung 2.3 zeigt eine Transferfunktion fiir ein Volumenstromverhéltnis von g = 0.1.
Hierbei ist auf der Abszisse die normierte Mobilitdt aufgetragen Z=2Z /Z*. Die sich hieraus
ergebende Dreiecksfunktion hat ihr Maximum bei 1, startet bei 1 — 8 und endet bei 1 4 5.

Folglich wird die Auflésung iiber das Verhéltnis von Aerosol- zu Hiillluftvolumenstrom /3
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Abbildung 2.3: Ideale DMA Transferfunktion fiir 8 = 0.1.

definiert.

Um die gesamte Grofenverteilung des Aerosols zu messen werden in der Praxis mehrere
Spannungen eingestellt, sodass verschiedene Partikelgrofsen klassiert und anschliefsend ty-
pischerweise mit einem CPC gezdhlt werden konnen. Stellt nun jede eingestellte Spannung

U einen Betriebspunkt i dar, ergibt sich die gemessene Partikelanzahlkonzentration N;(U;)
aus [LLCO6]:

+o00o
N;(U;) = Z / nopc(dm) - n7(dm) - no(dm) - Y(dm, 1) - Qdp) dd,, (13)
L)

Wobei nepc(dy,) und nr(d,) die Wirkungsgrade des CPC’s und die Penetrationseffizienz
der Rohrleitungen darstellen, v(d,,,n) die Ladungsverteilung und ng(d,,) die Anzahldich-
teverteilung. Die Anzahldichteverteilung ist definiert als die Ableitung der Partikelanzahl-

konzentration cp nach dem Mobilitatsdurchmesser d,,.

. dCo

noldm) = 34

(14)
Wird das Aerosol durch einen Neutralisator geleitet, bevor es in den DMA gelangt, kann
eine definierte Ladungsverteilung aufgebracht werden. Typische Neutralisatoren sind ra-
dioaktive Quellen, wobei hier die Ladungsverteilung nach Wiedensohler [Wie88| berech-
net werden kann, oder Rontgenquellen, wo die Ladungsverteilung nach Tigges, Jain und
Schmid |TJS15] berechnet werden kann.

Im forliegenden Fall ist N;(U;) die Messgroke und ng(d,,) die Zielgroke. Dies stellt na-
tiirlich zunéchst ein mathematisches Problem dar, da ng(d,,) fiir die Losung des Integrals
bekannt sein miisste. Hierdurch kann nicht von der Messgrofe auf die Zielgréfe geschlos-
sen werden. Es ergibt sich ein inverses mathematisches Problem, welches mit verschiedenen
Inversionsverfahren gelést werden kann. Die Dateninversion wird in Abschnitt 2.5 genauer
diskutiert. Ist die maximale Partikelgrofe bekannt, kann dieses Gleichungssystem direkt

gelost werden. Dies wird im allgemeinen erreicht, indem ein Impaktor eingesetzt wird.



2.4 Aerodynamic Aerosol Classifier - AAC 13

IRDSE T TFELITHT IS FITITTETENFETA

Abbildung 2.4: Schematische Darstellung eines AAC: Hillluft Qgp, Abluft Q..1, Sampling-
Volumenstrom @Qs, Aerosolvolumenstrom @,, Winkelgeschwindigkeit w (nach [TO14]).

2.4 Aerodynamic Aerosol Classifier - AAC

Der Aerodynamic Aerosol Classifiers (AAC) ist wie der DMA ebenfalls aus zwei konzen-
trisch angeordneten Zylindern aufgebaut. Bei dem AAC wird der Aerosolvolumenstrom @,
an dem inneren Zylinder aufgegeben und ein Hiillluftstrom Qg, am Aufenzylinder (vgl.
Abbildung 2.4). Werden nun beide Zylinder in Rotation versetzt, entsteht eine Zentrifugal-
kraft F,, die auf die Partikeln wirkt. Unter Annahme der Stokes’schen Widerstandskraft
Fp und bei Vernachlissigung der Partikeltrdgheit ergibt sich die Kréaftebilanz {iber eine
Partikel zu:

F,=Fp (15)
d3

Mit der Dichte p und der Zentrifugalbeschleunigung a, = w?r. Das Klassiermerkmal des
AAC ist der aerodynamische Aquivalentdruchmesser. Dieser kann grundlegend durch die

Partikelrelaxationszeit ausgedriickt werden, welche durch folgende Formel definiert wird:

= v p d?; - Cu(dm) P dgt - Cu(dst) __po- d¢2ze - Cu(dge) (17)
Wi 18-dy-n 18n N 18n

Wie aus Gleichung (1) ersichtlich ist, stehen die unterschiedlichen Aquivalentdurchmesser in
einer Abhéngigkeitsbeziehung zueinander. Eine Umrechnung ist dabei prinzipiell méglich.
In seiner Definition wird der Aquivalentdurchmesser als die Grofe beschrieben, die ein sphé-
risches Partikel mit der gleichen Eigenschaft wie das betrachtete Partikel hitte. Dies impli-
ziert, dass bei der Umrechnung zwischen den Aquivalentgrofen die Cunningham-Korrektur
unveréndert bleiben sollte. Die Pramisse, dass die Cunningham-Korrektur vom Mobilitéts-
aquivalentdurchmesser abhingt (vgl. Gleichung (16)), ist bereits fragwiirdig. Diese Fra-
gestellung ist allerdings noch nicht vollends geklart und bedarf weiterer Untersuchungen

sowie Vereinheitlichungen beziiglich der exakten Verwendung der Cunningham-Korrektur
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Abbildung 2.5: Ideale AAC Transferfunktion fiir g = 0.1.

der einzelnen Aquivalentgrofen. Hierzu wurde in der ersten hier gezeigten Verdffentlichung
des Autors (vgl. Abschnitt 4.1) ein umfassender Kommentar verfasst [RRS25al.

Da der aerodynamische Durchmesser d,. gemaf der vorliegenden Literatur die klassierte
Aquivalentgréfe darstellt [TO14] und bei fehlender Kenntnis der Partikeldichte die einzi-
ge zugingliche Aquivalentgrofe ist, wird fiir die folgende Herleitung der aerodynamische
Aquivalentdurchmesser als Grofe fiir die Cunningham-Korrektur verwendet.

Nimmt man an, im Messspalt liegt eine uniforme Geschwindigkeit (Plugflow-Stromungsprofil )
vor (vgl. Gleichung (7)) und wird der Einfluss von Diffusion vernachléssigt, kann die Par-
tikelbahn direkt berechnet werden:

dy U Qsh+Qa

Wobei y die Position der Partikel in axialer Richtung ist. Umstellen, integrieren und ein-

setzen von y = L liefert:

Tow?ome(r: —1r?) }

r<L>=rem~exp{ Tl

(19)

Analog zum DMA zeigt sich hier eine Abhéngigkeit der Partikeltrajektorie vom Start-
punkt des Partikels. Da auch hier nur endliche Abmessungen fiir Aerosoleintritt und Ae-
rosolaustritt sowie ein nicht unendlich kleines [ realisiert werden kénnen, ergibt sich ein
Bereich klassierter Partikelgrofen. Dieser Bereich wird durch eine Transferfunktion 2 re-
préasentiert.

Unter der Annahme einer konstanten Zentrifugalkraft iiber den Spalt zeigen Tavakoli und
Olfert [TO14] eine Methode zur Kalkulation der Transferfunktionen fiir den AAC. Diese
Annahme trifft jedoch insbesondere bei einem grofsem Spalt nicht zu, weshalb die Methodik
entsprechend weiterentwickelt werden musste. In Abschnitt 4.1 wird die Entwicklung der
erweiterten Theorie iiber ein Partikeltrajektoriemodell diskutiert und schlieflich in 4.2 iiber

eine alternative Ableitung aus dem Streamline-Modell validiert. Eine Transferfunktion, bei
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der Diffusion nicht berticksichtigt wird, kann somit dargestellt werden durch:

B 1 B+ K2 K2 + Br?
Q_25(1+A)' _‘_1_m2—1"4’+‘_1_’8_ R
2 2 2 (20)
B+ kK K* + Bk
1 _ Al - 21— .
+‘ rp- Ok A‘ ’ - A‘

Mit:

und dem Radienverhéltnis k:

k=== (22)

wobei:

TS L ®
die Partikelrelaxationszeit ist, die eine Partikel hat, welche die mittlere Partikelbahn be-
schreibt.

In Abbildung 2.5 werden zwei Transferfunktionen fiir verschiedene Werte von h=2- %
dargestellt. h entspricht dem Verhéltnis der Spaltbreite zum mittleren Spaltradius und ist
somit ein Maf fiir die Anderung der Zentrifugalkraft bezogen auf den Radius. Ist I Klein,
kann in guter Naherung die Zentrifugalkraft im Spalt als konstant angenommen werden.
Auf der Abszisse ist die normierte Partikelrelaxationszeit 7 = 7/7" aufgetragen. Es ent-
steht eine abgeschnittene Dreiecksfunktion, wobei mit groferen Werten fiir 1 die Funktion
immer weiter abgeschnitten und verzerrt wird. Eine detaillierte Erklarung wird in Ab-
schnitt 4.1 gegeben.

Die gemessene Partikelanzahlkonzentration N; fiir einen Betriebspunkt ergibt sich analog

zu Abschnitt 2.3 zu:

—+00

Nz(wz) - / nCPC'(dae) : nT(dae) : nO(dae) : Q(dae) ddae (24)
0

Auch hier muss die Zielgrofe ng(dge) mit Hilfe einer Dateninversion berechnet werden,

welche im folgenden Abschnitt erlautert wird.

2.5 Dateninversion
2.5.1 DMA Riickrechnung

Der Ladungszustand spielt bei der Klassierung in einem elektrischen Feld eine wichtige
Rolle. Im ersten Schritt zur Berechnung der Partikelgrofsenverteilung wird zunéchst an-
genommen, dass lediglich einfach geladene Partikeln vorliegen. Der CPC-Wirkungsgrad
nepc(dpy) und Wirkungsgrad die Penetrationseffizienz der Rohrleitungen ny(d,,) werden

an dieser Stelle der Ubersichtlichkeit halber zunichst nicht mit beriicksichtigt, kénnen aber
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spater leicht in die Gleichung integriert werden. Der mittlere Mobilitdtsdurchmesser d; bei

der jeweiligen Spannung U;! ist wie folgt definiert.

2 n-e-L-U
di = - -Cu dz 25
3 1 Qsh-In(ra/ri) (e) (25)
Mit d; ergibt sich aus Gleichung (13):
+o0
N1<UZ) = / no(d) -")/(di, n = 1) . Q(dz) dd (26)
0

Unter Annahme einer dreieckigen Transferfunktionen (vgl. Abschnitt 2.3) konnen die In-

tervallgrenzen beschréinkt werden:

di,o
N;(U;) = | no(d)-~v(dijy,n=1)-Q(d;) dd (27)
di,u
wobei die Klassengrenzen:
by = — ) _ (28)
(1 + 6) : d;
di o
dio = cul bl(d-) (29)
(1 + ﬁ) T, *

berechnet werden miissen. Da die Cunningham-Korrektur selbst vom Partikeldurchmesser
abhéngt, muss die Losung iterativ erfolgen.

Nun wird der Ergebnisvektor N* (die gemessenen Werte) in k logarithmisch skalierte Klas-
sen aufgeteilt, wobei erneut eine untere Klassengrenze d; ., obere Klassengrenze d;, und
eine Klassenmitte d; fiir jede Klasse j = 1, ...k erzeugt werden.

Fiir die Festlegung der Integrationsgrenzen ist entscheidend, ob die Transferfunktion voll-
standig innerhalb der Klassengrenzen liegt oder diese liberschreitet. Liegt die untere Klas-
sengrenze d;, oberhalb des unteren Endes der Transferfunktion d;,, wird d;, als untere
Integrationsgrenze gewéhlt; andernfalls wird d; , verwendet. Die obere Integrationsgrenze
wird in entsprechender Weise bestimmt.

Das heift, Gleichung (27) muss fiir jede Klasse erneut berechnet werden. Anschliefsend

werden die Ergebnisse jeder Klasse summiert:

Ni(U;) => /no(dj) (di,n = 1) - Q(d;) dd (30)
=1 | 4,

Die neuen Klassengrenzen ergeben sich aus:

dj,ua dj,u 2 di,u

T, = (31)
diﬂu dj,u < di,u

! An dieser Stelle wurde der 'Mobilitits-Index m weg gelassen, sodass d,, lediglich durch d dargestellt
wird, um eine bessere Lesbarkeit mit Hilfe der Indizierung zu ermoglichen.
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di,o; dj,o > di,o
To = (32)
dj,m dj,o < di,o

Unter der Annahme, dass ng(d;) konstant iiber der Klasse ist, kann die Partikelanzahl

pro Klasse N; berechnet werden:
*
N;

no(dj) = o)

(33)

Da diese nun unabhéngig von der Partikelgrofe ist, kann sie vor das Integral gezogen wer-
den. Da sich die Ladungsverteilung bei kleinen Anderungen in der Partikelgroke ebenfalls
nur sehr wenig dndert dvy(d;,n)/dd ~ 0, kann {iber dem betrachteten Intervall die La-

dungsverteilung ebenfalls als konstant angenommen und somit vor das Integral gezogen

werden.
N7, g
Ni(U;) = Z m “y(di;n =1)- /Q(dz) dd (34)
i=1 2

Um die Summierung aufzulésen kann nun jede Klasse einzeln betrachtet werden. Anschau-
lich heifst dies, wenn die Transferfunktion innerhalb einer Klasse liegt, werden alle klas-
sierten Partikeln in diese Klasse im Klassierspalt abgeschieden. Ist die Transferfunktion
allerdings breiter als die Klasse oder greift in eine andere Klasse iiber, muss der Anteil der

Partikeln, die in einer anderen Klasse sind, korrigiert werden.

o

Nji dio — din
To— du E [ Q(d;) dd
Hieraus folgt:
dio - dzu
N;(U;) = N}, - —— . y(d;,n=1 36
(U) = Nj - B2 (dym = 1) (30)

Das heift, zu jedem Messwert N;(U;) erhélt man einen Vektor N 7; ber alle Klassen j.
Da die Eintrége des Vektors N7, nicht gleich wahrscheinlich sind, kann nicht nicht ohne
weitere Schritte ein Mittelwert gebildet werden. Daher wird ein Schétzwert N7 fiir jede
Partikelklasse gebildet. Hierbei wird angenommen, dass, je grofer der Flachenanteil der
Transferfunktion an der Messung ist, desto grofer ist der Anteil des jeweiligen Wertes von
N7, Schatzwert N7.

Z Nji-€ji
5 S A— (37)
j Z -y
Wobei: .
To — Ty
= Q(d;) dd
I e il (53)

Dieses hier dargestellte Ergebnis ist dquivalent zu dem von Brunner [Bru07|.
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Die bisherigen Berechnungen haben lediglich die Verteilung fiir einfach geladene Teil-
chen beriicksichtigt. Um die korrekte Verteilung zu berechnen, miissen die Messwerte kor-
rigiert werden. Fiir diese Mehrfachladungskorrektur wird eine Korrekturmatrix erzeugt:

/

0, 1 <]
V(dianzl)a =7
M(Z7j) = » i}oﬂn(dl) | | (39)
Z V(dzvn) ' 11:07 , 1>
n=2 )

Wobei €2, nun die Transferfunktion bei der jeweiligen Mehrfachladung ist. Die Ladungs-
verteilung v(d;,n) kann fiir radioaktive Quellen [Wie88| und fiir Rontgenquellen [TJS15]
berechnet werden. Der Schétzwert, falls nur einfach geladene Partikeln gemessen werden

N7, setzt sich nun zusammen aus [Bru07]:

N;=N;-M(j,j)+>_ Ni-C (40)

Dieses ergibt ein Gleichungssystem. Ist die maximale Partikelgrofse, z. B. durch einen vor-
geschalteten Impaktor, bekannt, folgt daraus, dass auch keine mehrfachgeladenen gréfseren
Partikeln in dieser Klasse sind, sondern nur einfach geladene Partikeln. Dies kann dazu ver-
wendet werden, um das Gleichungssystem (vgl. Gleichung (40)) durch Riickwértseinsetzen

zu 16sen, sodass der korrigierte Losungsvektor N; entsteht (vgl. [Bru07]).

2.5.2 AAC Riickrechnung

Die Dateninversion des AAC verlduft analog zu der Inversionsroutine des DMA (vgl. Ab-
schnitt 2.5.1), nur dass hierbei die Ladungsverteilung der Partikeln keinen Einfluss hat
sondern das gesamte Partikelkollektiv nur durch die Zentrifugalkraft beeinflusst wird.
Fiir den mittleren Durchmesser der Transferfunktion d; gilt?:

36 -1 Qsn
m-w?- (rg+1i)?- L-Cu(d;) - po

d; = (41)

Auch hier werden der Ubersichtlichkeit halber analog zu Abschnitt 2.5.1 die Wirkungsgrade
ncepc und nr weg gelassen. Es ergibt sich die gemessene Partikelanzahl pro Drehzahl aus
(vgl. Gleichung (24)):

di o
Niw) = [ mold)- (e dd (42)
di
Mit:
_ g ] g Culdia)
" \/a 5)- G (43)

d,-p:di-\/(lm)‘m (44

2Aus Griinden der Ubersichtlichkeit wird in diesem Abschnitt ebenfalls auf den Index ae verzichtet.
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Nun wird der Ergebnisvektor N* in k logarithmisch skalierte Klassen aufgeteilt, wobei
erneut eine untere Klassengrenze d; ,,, eine obere Klassengrenze d;, und eine Klassenmitte
d; fiir jede Klasse j = 1, ...k erzeugt werden.

Das heifst, Gleichung (42) muss fiir jede Klasse erneut ausgefiithrt und summiert werden,

wobei sich die Klassengrenzen erneut anpassen:

Zo

Niw) =3 | [ naldy) - 0(d;) ad (45)

=1 |,

Mit:

diws din > d;
Ty = 7% U = U (46)
di,w dj,u < di,u

dio, djo = d;
R T (47)
dj,m dj,o < dz}o
Unter der Annahme, dass ng(d;) konstant iiber der Klasse ist, kann die Partikelanzahl pro

Klasse N; berechnet werden:

N*
no(d;) = —~1— (48)
o (To — )
Hieraus folgt analog zu Abschnitt 2.5.1:
* di,o - di,u
Ni(wi) = Nj; - e — o (49)

Um nun gute Schitzwerte fiir die Verteilung N, 7 zu erhalten, werden die Werte des Ergeb-
nisvektors N j’ii entsprechend der Flachenanteile gewichtet. Das bedeutet, dass eine Trans-
ferfunktion, die liberwiegend innerhalb einer bestimmten Partikelgrofenklasse liegt, einen
grofkeren Einfluss auf die Gewichtung erhilt als eine Transferfunktion, die nur zu einem

geringen Anteil in dieser Klasse enthalten ist.

Z Nji-€ji

Nf= e —— (50)
J > 6
Wobei: .
To — Tu
i =—-—"">"- [ Q(d;) dd 1
O et il R0 61)

2.6 Centrifugal Differential Mobility Analyzer - CDMA

Das Messprinzip des Centrifugal Differential Mobility Analyzer (CDMA) verbindet die
grundlegenden Prinzipien des Differential Mobility Analyzer (DMA) und des Aerodynamic
Aerosol Classifier (AAC).

Diese Kombination eréffnet neue Moglichkeiten in der Partikelmesstechnik, insbesondere

bei der Analyse von komplexen Partikelsystemen. Die simultane Nutzung verschiedener
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physikalischer Prinzipien ermoglicht es, eine vollstandige zweidimensionale Partikelgrofen-
verteilung hinsichtlich des Stokes Aquivalentdurchmessers und Mobilitésiaquivalentdurch-
messers aufzunehmen. Dies ist ein entscheidender Fortschritt, da in vielen Anwendungen
— etwa in der Aerosolforschung, Materialwissenschaft oder Umwelttechnik — eine einfache
Aquivalentgrofe nicht ausreicht, um die Systeme hinreichend gut zu beschreiben.

Der CDMA bietet zudem die Mdoglichkeit, die Ladungsverteilungen von Partikeln sowie
die Cunningham-Korrektur zu bestimmen, vorausgesetzt, die Form der Partikeln ist be-
kannt. Diese Berechnungen sind in der Literatur typischerweise auf sphérische Partikeln
beschriankt. Treten hingegen Agglomerate auf, &ndern sich deren Eigenschaften signifikant,
was zu Unsicherheiten bei der Berechnung der Ladungsverteilung sowie der Cunningham-
Korrektur fithrt. Zudem ist nicht abschlieend geklért, welcher gemessene Aquivalentdurch-
messer fiir deren Berechnung verwendet werden sollte.

Dariiber hinaus kdnnte die zweidimensionale Charakterisierungsmethode durch das Hinzu-
fiigen weiterer Parameter zu einer multidimensionalen Analyse erweitert werden. So wire
es beispielsweise moglich, die Streulichtintensitat nach der Klassierung zu messen oder mit-
tels Massenspektroskopie die Elementzusammensetzung sowie den aerodynamischen Aqui-
valentdurchmesser im Vakuum dge yqc zu bestimmen. Diese Ansétze wiirden die Analyse
um eine dritte Dimension ergidnzen und eine noch detailliertere Charakterisierung der Par-
tikelsysteme erlauben.

Die Auswertung solcher multidimensionaler Verteilungen kénnte durch den Einsatz von da-
tenbasierten Algorithmen, insbesondere solcher auf Basis kiinstlicher Intelligenz, erheblich
verbessert werden. Diese Algorithmen kénnten komplexe Zusammenhénge in den Daten
erkennen und eine effizientere Inversion der Messsignale ermdoglichen.

Insgesamt eroffnet der CDMA, kombiniert mit den beschriebenen Weiterentwicklungen,
neue Moglichkeiten fiir die Untersuchung und Analyse von Partikelsystemen. Diese An-
sétze konnten nicht nur die Grundlagenforschung vorantreiben, sondern auch praktische
Anwendungen in Industrie und Medizin verbessern. Die damit einhergehende Erweiterung
des wissenschaftlichen Verstdndnisses und der technischen Méoglichkeiten birgt das Poten-
zial, die Partikelanalyse auf ein vollig neues Niveau zu heben.

Fiir eine detaillierte Beschreibung der theoretischen Grundlagen sowie der praktischen Um-
setzung wird auf die entsprechenden Veroffentlichungen verwiesen (vgl. Abschnitt 4.1 bis
4.4).
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3 Forschungsbedarf

Die Vorhersage des Partikelverhaltens ist fiir zahlreiche Anwendungen essenziell, etwa zur
Optimierung funktioneller Eigenschaften, zur Effizienzsteigerung von Prozessen und Pro-
dukten oder zur Bewertung der biologischen Vertraglichkeit in Medizin und Umwelttechnik.
Besonders Nanopartikel (< 1000 nm) stellen hierbei eine Herausforderung dar, da ihre Ana-
lyse mit erheblichem Messaufwand und komplexer Datenauswertung verbunden ist.

Zur Vereinfachung werden meist Aquivalentgréfen bestimmt (sieche Abschnitt 2), die eine
Reduktion auf eine vergleichbare Grofse erlauben. Bei Agglomeraten und komplexen Struk-
turen, wie Rufpartikeln, fiihrt dies jedoch h&iufig zu Fehlinterpretationen.

Eine detailliertere Charakterisierung solcher Systeme kann mithilfe sogenannter Tandem-
Aufbauten erfolgen. Diese erfassen zwei unterschiedliche Aquivalentgréfen und erlauben
dadurch eine differenziertere Analyse. Die Anwendung dieser Technik ist jedoch durch
hohe Investitionskosten sowie den erheblichen Bedarf an spezifischem Fachwissen fiir die
Dateninversion eingeschriankt, da standardisierte Aufbauten bislang nicht verfiigbar sind.
Um die mit Tandem-Setups verbundenen Einschrankungen — insbesondere die Faltung der
Transferfunktionen, den hohen Erfahrungs- und Kenntnisbedarf des Anwenders sowie die
erheblichen Investitionskosten — zu iiberwinden, wurde am Lehrstuhl fiir Partikelverfah-
renstechnik das Konzept des Centrifugal Differential Mobility Analyzer (CDMA) entwi-
ckelt. Dieses, von Rasche entwickelte Messkonzept erméglicht die Erfassung zweidimen-
sionaler Eigenschaftsverteilungen von Partikeln in einem einzigen Messvorgang mit einem
kompakten Gerét und wurde in einer vorangegangenen Arbeit beschrieben [Ras25].
Durch die Standardisierung der Messung kann ein Dateninversionsverfahren direkt imple-
mentiert werden, sodass die Bedienung durch Anwender mit weniger Fachwissen ermog-
licht wird. Ein wesentlicher Vorteil dieses Ansatzes besteht darin, dass lediglich eine einzige
Transferfunktion beriicksichtigt werden muss. Dies reduziert insbesondere in den Randbe-
reichen der zweidimensionalen Verteilung statistische Unsicherheiten, da in Tandem-Setups
durch die Faltung mehrerer Transferfunktionen viele Partikeln abgeschieden werden. Im
Gegensatz dazu fiihrt die Anwendung einer einzelnen Transferfunktion im CDMA zu einem
hoheren Messsignal und damit zu einer verbesserten statistischen Auswertung. Diese Ei-
genschaften machen den CDMA zu einem vielversprechenden Instrument, insbesondere fiir
die Grundlagenforschung. Rasche lieferte bereits wertvolle Erkenntnisse zur Optimierung
der Auslegungsparameter und entwickelten Berechnungsansétze fiir die Transferfunktionen
auf Basis eines Partikeltrajektorienmodells.

Ziel dieser Arbeit ist es, die theoretischen Grundlagen in die Entwicklung und experi-
mentelle Validierung eines ersten funktionsfahigen Prototyps zu iiberfithren. Auf Grundla-
ge des bereits erarbeiteten Konzepts, werden Auslegungs- und Konstruktionskriterien des
Messaufbaus erarbeitet sowie die geometrischen Abmessungen des CDMA bestimmt. Die-
se Dimensionierung des Systems hingt dabei unmittelbar vom gewdhlten Messbereich ab
und ist bedingt durch ein tiefgehendes Verstdndnis der zugrunde liegenden physikalischen
Prozesse, um eine zuverlassige Funktionsweise zu gewéahrleisten.

Zur Erlangung dieses Verstandnisses werden mehrere komplementére Untersuchungen durch-
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gefiihrt, die sowohl numerische als auch analytische Methoden umfassen. Ein zentraler Be-
standteil ist die Simulation des elektrischen Feldes, welche Aufschluss iiber die Ladungs-
verteilung und die Feldhomogenitdt im CDMA gibt. Parallel dazu wird das Stromungsfeld
numerisch analysiert, um die resultierenden Stromungsverhéltnisse und deren Einfluss auf
die Partikeltrajektorien zu erfassen. Die Kombination dieser Untersuchungen erlaubt nicht
nur eine préazise Vorhersage des Partikeltransports, sondern auch eine erste quantitati-
ve Abschitzung der Partikelverluste innerhalb des Systems. Ergénzend hierzu wird die
Transferfunktion des Prototyps berechnet. Dabei werden verschiedene Randbedingungen
und Modellannahmen beriicksichtigt, sodass unterschiedliche Szenarien abgebildet und de-
ren Einfluss auf die Messergebnisse bewertet werden kénnen. Diese Ergebnisse bilden die
Grundlage fiir eine detaillierte Charakterisierung des Prototyps und stellen zugleich die
notwendige Voraussetzung fiir die Durchfiihrung von Vorwértsrechnungen sowie die darauf
aufbauende Dateninversion dar.

Die numerischen Ergebnisse werden im néchsten Schritt durch gezielte experimentelle Un-
tersuchungen iiberpriift. Hierzu zdhlen insbesondere die Bestimmung der Transferfunktion
sowie die experimentelle Erfassung von Partikelverlusten, um die Validitdt der Modellan-
nahmen und die Qualitit des Aufbaus experimentell abzusichern. Auf dieser Basis wird der
von Rasche entwickelte Dateninversionsalgorithmus an die spezifischen Eigenschaften des
Prototyps angepasst und mithilfe der gemessenen Transferfunktionen validiert. Durch die-
se Adaption ist es moglich, erste zweidimensionale Eigenschaftsverteilungen von Aerosolen
im CDMA zu bestimmen und somit das Potenzial der Methode im praktischen Einsatz zu
demonstrieren.

Abschliefsend wird der entwickelte Prototyp mit Aerosolen unterschiedlicher, idealerweise
bekannter Partikelform getestet. Diese Messungen dienen nicht nur der Uberpriifung der
Robustheit des entwickelten Systems, sondern ermdoglichen auch eine umfassende Bewer-
tung der Aussagekraft der Methode. Damit wird ein durchgéingiger Entwicklungsprozess
realisiert, der von der konzeptionellen Erarbeitung iiber die numerische Simulation und
experimentelle Validierung bis hin zur prototypischen Anwendung reicht und die Grundla-
ge fiir weiterfilhrende Optimierungen und eine mogliche Standardisierung des Verfahrens
schafft.
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4 Publikationen

Die vorliegenden Publikationen beschéftigen sich umfassend mit der Konstruktion, Inbe-
triebnahme und Validierung des Centrifugal Differential Mobility Analyzers (CDMA).

In der ersten Publikation (vgl. Abschnitt 4.1) werden das grundlegende Konzept und die
Theorie des CDMA ausfiihrlich erldutert. Darauf aufbauend wurde ein erster Prototyp des
Geréts konstruiert und einer initialen Fehlerabschatzung unterzogen. Ein zentrales Ergeb-
nis dieser Arbeit war die Berechnung einer zweidimensionalen Transferfunktion basierend
auf einem Partikeltrajektorienmodell, was die Grundlage fiir erste Messungen bietet. Um
die Funktionalitit zu validieren, wurde ein Tandem-Setup bestehend aus einem DMA und
dem CDMA aufgebaut. Ein derartiger Aufbau ermdglicht die Bestimmung der Transfer-
funktion in den Randbereichen des CDMA (U = 0 und w = 0). Die Berechnung der
Transferfunktionen wurde durch eine neu entwickelte Methode durchgefiihrt. Diese Ansét-
ze lieferten erste wichtige Abschétzungen der Gerédteparameter, weisen jedoch noch Ein-
schrankungen hinsichtlich ihrer Genauigkeit auf.

Die zweite Publikation (vgl. Abschnitt 4.2) fokussiert sich stark auf theoretische Aspekte
und dient der Validierung der in der ersten Arbeit berechneten Transferfunktion. Durch
eine alternative Herleitung der Transferfunktion mithilfe von Stromlinienfunktionen wur-
de die Korrektheit der vorigen Berechnungen untermauert. Dariiber hinaus erlaubt es der
neu prasentierte Ansatz, die Berechnungen um Effekte der Diffusion zu erweitern. Die An-
nahme eines homogenen Partikelstroms am Aerosoleinlass wurde kritisch hinterfragt. Eine
Analyse zeigte, dass bei einem laminaren Strémungsprofil mit homogener Konzentration
iiber den Querschnitt, der Partikelstrom in der Mitte des Einlassspalts hoher ist als an
den Réndern. Es scheint sogar mdoglich, dass am Rand gar keine Partikeln vorhanden sind.
Eine Beriicksichtigung dieser Randbedingungen verdndert die Form der Transferfunktion
erheblich und erméglicht eine préazise Anndherung, beispielsweise durch eine Gaufsfunktion,
auch fiir grofsere Partikeln.

Die dritte Publikation (vgl. Abschnitt 4.3) widmet sich der Thematik der Dateninversion.
Hierbei wurde der POCS-Algorithmus (Projection onto Convex Sets) eingefiihrt, imple-
mentiert und unter festgelegten Randbedingungen auf Messdaten angewendet. Zur Vali-
dierung des Algorithmus wurden ideale, virtuelle Partikelkollektive simuliert. Diese Daten
wurden mit kiinstlichem Rauschen versehen, um reale Messbedingungen zu imitieren. Die
Abweichungen zwischen den Ausgangsdaten und rekonstruierten Daten liegen dabei un-
ter 10 %, was auf eine hohe Genauigkeit des Algorithmus hinweist. Abschliefsend wurde
der Algorithmus auf reale Messdaten angewendet, wobei die Ergebnisse zeigen, dass der
POCS-Algorithmus auch hier plausible Verteilungen liefert.

In der vierten Publikation (vgl. Abschnitt 4.4) steht die numerische Simulation des Stro-
mungsverhaltens im CDMA mittels CFD (Computational Fluid Dynamics) im Mittel-
punkt. Die gewonnenen Daten wurden genutzt, um den Einfluss realer Strémungsbedin-
gungen auf die Transferfunktion zu untersuchen. Ergénzend dazu wurden umfangreiche
Messreihen durchgefiihrt, um die tatsidchliche Transferfunktion des CDMA zu bestimmen.

Diese experimentellen Daten dienten als Basis fiir die Anwendung des POCS-Algorithmus
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zur Messung realer Verteilungen. Als Anwendungsbeispiel wurde ein Silberaerosol bei un-
terschiedlichen Sinterstufen analysiert. Die gemessenen Verteilungen wurden anschlieftend
in verschiedene weitere Parameter umgerechnet und die Ergebnisse ausfiihrlich diskutiert.
Die vier Publikationen zeigen die kontinuierliche Weiterentwicklung und Validierung des
CDMA in Theorie, Simulation und Praxis. Beginnend mit der Konzeptentwicklung und
der ersten Umsetzung eines Prototypen, iiber die theoretische Verfeinerung und Datenin-
version bis hin zur praktischen Anwendung und Messung realer Verteilungen bildet diese
Arbeit die Grundlage fiir die Anwendung des CDMA in der Partikelanalyse und weitere

Optimierungen des Verfahrens.
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validation of a new device for measuring 2D property distributions
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Abstract. Usually for the characterization of nanoparticles, an equivalent property is measured, e.g. the
mobility-equivalent diameter. In the case of non-spherical, complex-shaped nanoparticles, one equivalent particle
size is not sufficient for a complete characterization. Most of the methods utilized to gain deeper insight into the
morphology of nanoparticles are very time-consuming and costly or have bad statistics (such as tandem setups
or TEM (transmission electron microscopy)/SEM (scanning electron microscopy) images). To overcome these
disadvantages, a prototype of a new compact device, the Centrifugal Differential Mobility Analyser (CDMA),
was built, which can measure the full 2D distribution of mobility-equivalent and Stokes equivalent diameters
by classification in a cylinder gap through electrical and centrifugal forces. An evaluation method to determine
the transfer probabilities is developed and used in this work to compare the measurement results with the theory
for the pure rotational behaviour (like the Aerodynamic Aerosol Classifier) and the pure electrical behaviour
(like the Dynamic Mobility Analyser). In addition, the ideal 2D transfer function was derived using a particle
trajectory approach. This 2D transfer function is a prerequisite for obtaining the full 2D particle size distribution
from measurements by inversion.

focused on this topic. In particular, the influence of parti-
cle shape on bio-availability and toxicity (Jindal, 2017; Toy

1 Introduction

A common feature of many techniques is that, for non-
spherical particles, they measure an equivalent particle
size. For example, the Differential Mobility Analyser
(DMA) (Knutson and Whitby, 1975) measures the mobility-
equivalent diameter. The Aerodynamic Aerosol Classifier
(AAC) (Tavakoli and Olfert, 2013), the Low Pressure Im-
pactor (LPI) (Fernandez de la Mora et al., 1989), and the
Aerodynamic Particle Sizer (APS) (Mitchell et al., 2003)
measure the aerodynamic-equivalent diameter. The Centrifu-
gal Particle Mass Analyser (CPMA) (Olfert and Collings,
2005) measures the mass—charge ratio. However, this infor-
mation alone is not sufficient to determine the actual particle
properties comprehensively, especially in the case of large
agglomerates, which may have significantly different shapes
than spherical particles. Therefore, numerous studies have

etal., 2014) as well as on environmental aerosols is a topic of
great scientific interest (Kelesidis et al., 2022). The effects of
particle shape on the mechanical stability and reaction rates
of batteries have also been investigated (Zhang et al., 2022).
Due to its relevance, many research institutions are focusing
on separation by more than one particle property to produce
highly specific particle systems (Rhein et al., 2019; Sand-
mann and Fritsching, 2023; Furat et al., 2020, 2019).

In order to design and control these processes effectively, it
is essential to develop techniques to assess the particle struc-
ture and dimensions. Scanning electron microscopy (SEM)
studies at least offer full shape information in 2D for this pur-
pose, but imaging the full particle size distribution requires
a significant number of images, which can be both time-
consuming and costly. An alternative approach is tandem se-

Published by Copernicus Publications on behalf of the European Aerosol Assembly (EAA).
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tups, i.e. a serial arrangement of two different classification
systems, allowing the determination of two different equiva-
lent particle sizes. This can provide more comprehensive in-
formation and can be used to derive enhanced, more specific
structure information, e.g. the effective density or fractal di-
mension (Park et al., 2008; Slowik et al., 2004; Tavakoli and
Olfert, 2013).

The CDMA (Centrifugal Differential Mobility Analyser)
is a recently developed compact device that has been de-
signed to address the limitations of existing tandem setups,
particularly the high costs of equipment and the complexity
of the associated measurement procedures. Furthermore, the
measurement and evaluation can be conducted directly with
the CDMA, which significantly reduces the analytical bur-
den and the user’s required knowledge for calculating such
measurements.

The objective is to obtain a complete 2D particle size dis-
tribution expressed in terms of the Stokes equivalent and
mobility-equivalent diameters. The combination of these two
properties allows us to draw conclusions about the particle
geometry. That is, a complete 2D property distribution of
the effective density or fractal dimension can be calculated,
thus facilitating an even more precise and comprehensive in-
vestigation of the distribution shape. Additionally, the large
number of examined particles enhances the statistical relia-
bility of the findings, exceeding SEM examinations. Further-
more, additional examinations can be conducted using this
approach. For example, it may be possible to measure the
charge distribution of specific particles or to investigate the
influence of particle shape on charge distribution.

2 Concept and fundamental theory

The newly developed principle of the CDMA combines the
concepts of the DMA and AAC. In general, the CDMA con-
sists of two concentric cylinders between which high voltage
can be applied. Both of them can be rotated at the same an-
gular speed. This means that both the voltage and the speed
can be superimposed, whereas in the DMA only the volt-
age can be varied and, in the AAC, only the speed. This
means that, with the CDMA, particles can be classified ac-
cording to their drag force and mass. In the DMA particles
are usually characterized by their mobility diameter dy, (i.e.
the diameter of a spherical particle experiencing the same
drag force for a given relative velocity as the actual parti-
cle) (Friedlander, 2000). The AAC typically uses the aerody-
namic diameter d,e to characterize particles (i.e. the diameter
of a sphere with unit density and the same settling velocity),
which has the advantage that all particles of the same settling
velocity in the centrifugal field will have the same equiva-
lent diameter (Tavakoli and Olfert, 2014). However, particles
with exactly the same shape but a different material density
will show different aerodynamic diameters. Since in our in-
strument the 2D characterization mainly aims to character-

Aerosol Res., 3, 65-79, 2025
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Figure 1. Schematic drawing of the classification zone of the
CDMA: sheath air Qgp, exhaust air Qex, sample air Qs, aerosol
air Q,, electrical field magnitude E, rotational speed w, electrical
force Fp|, centrifugal force F¢, drag force Fpy, length of the transfer
path L, inner radius 1, maximum radius at which the particles enter
ro, minimum radius at which the particles are still classified r3, and
outer radius r4.

ize the particle shape, we suggest using the Stokes diameter
ds; instead (i.e. the diameter of a sphere of the same den-
sity with the same settling velocity wg as the actual particle)
for characterization (Colbeck, 2013; Reist, 1993). Although
both equivalent sizes are closely related, the Stokes diame-
ter only depends on the particle shape, e.g. characterized by
the volume- and mobility-equivalent diameters dy and dp,
respectively (Baron et al., 2011).

/ 18n 0o | d3
dt= | ——m—— - = | = dp = .| - 1
St ps - b-Cu(dy) ws 0S ae dm M

n is the dynamic viscosity, ps the solid density of the particle
material, po the unit density of 1000 kg m™3, b the centrifu-
gal or gravitational acceleration, and wg the settling veloc-
ity. In particular, the Stokes and mobility diameters become
identical in the case of a perfect sphere. However, the calcu-
lation of the Stokes diameter from classification according to
the settling velocity in the CDMA centrifugal field requires
knowledge of the particle density. Therefore, if the density is
not known with sufficient accuracy or an aerosol consisting
of different materials is analysed, the aerodynamic diameter
should be used as in classical AAC theory. This can easily be
adapted in the inversion algorithm. However, if the density
of the particles is unknown, the shape information will no
longer be accessible. By measuring all voltage—speed com-
binations, a full 2D particle size distribution in terms of dg
and dy, can be calculated by data inversion.

When an aerosol volume flow Q, is the inner cylinder,
the particles are displaced by electrical forces and centrifu-
gal forces which always drive the particles towards the outer
cylinder (Fig. 1). Particles pass through the sheath airflow
Qsh and are classified and counted in the sample flow Qy if
they meet the specified characteristics.

Because inertial forces are typically negligible, the quasi-
static particle drift velocity wp, can be obtained from a force

https://doi.org/10.5194/ar-3-65-2025
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balance. Assuming Stokes’ drag then leads to
Qp - E +mp-ac = 3w ndmwp/Cu, 2)

with particle charge Qp, electrical field magnitude E (as de-
fined like in Fig. 1), particle mass mp, centrifugal acceler-
ation a. = w?r, dynamic viscosity 7, mobility diameter dp,,
particle drift velocity wpy, and Cunningham correction factor
Cu (Allen and Raabe, 1985).

The limiting cases £ =0 and w =0 in Eq. (2) lead to
the equations from the derivations of the DMA (Stolzenburg,
1988) and AAC (Tavakoli and Olfert, 2014), respectively.

Using the same assumptions as in the boundary cases —i.e.
no diffusion, plug flow, and no perturbations of the E field
(ideal geometry, no room charges, and no inertial forces) —
the deterministic description of the particle’s path is achieved
by rearranging and integrating Eq. (2).

ry) =

2 .2 Z.U 2 ”'("2 "2) zZ-U
<r<w .ri“+ln(' )><exp{2<r.(u Sy }\: l“ _]“(’ )
= = (3)
5 )

T W

with the voltage U, the rotational velocity w, the inner r; and
outer r4 radii, the actual radius at which the particle enters
rin, the length of the classifying gap L, the position of the
particle in the streamwise direction y, the particle relaxation
time t (Tavakoli and Olfert, 2014)!, and the particle mobility
Z (Stolzenburg, 1988).

_ pd3-Culdm) _ p-d3-Culdm)

4

18-dm-n 18n ’ “)
_n~e~Cu(dm)

= T dn Q)]

where p is the particle density, dy is the Stokes equivalent di-
ameter, dy is the volume-equivalent diameter, » is the number
of charges carried by a particle, e is the elementary charge,
and Qe is the exhaust gas volume flow.

The dimensionless, normalized mobility or particle relax-
ation time is obtained as follows:

Z=7]Z%%=1/1%, (6)

where Z* is the mobility required for a particle entering at the
centre of the aerosol inlet to be sampled at exactly the cen-
tre of the outlet (Stolzenburg, 1988). t* describes the same
behaviour but for the relaxation time (Tavakoli and Olfert,
2014).

7% — Osh + Qex .In r_4 )
4.7-L-U r

I'See the short comment on the definition of the particle relax-
ation time in Appendix A.
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Figure 2. Cross section of the CDMA prototype.
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For typical operating conditions (Qs = Q,), a dimensionless
form of Eq. (3) can be derived, where 7 = % is the av-

erage of the outer and inner radii, 8 = _QQih is the ratio of the
aerosol-to-sheath airflow, and /1 = @ is the ratio of the gap

height to 7.
y 2h y 2h
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3 CDMA prototype

To validate the functional principle, a prototype was designed
and built. As a boundary condition, this prototype should be
able to measure particle sizes ranging from 50 to 1000 nm
for both the mobility-equivalent diameter and the Stokes
equivalent diameter. In addition, the speed should not exceed
6000 rpm, because the ferrofluid sealing has only been tested
in this range (with higher angular speeds, the sealing could
evaporate much more quickly and produce particles itself)
and to prevent unbalanced forces on the bearings.

3.1 Design

Figure 2 shows the cross section of the CDMA prototype and
its dimensions.

At flow rates of Q, =0.31pm and Qg, =3 Ipm, and as-
suming a particle density of 1000 kg m~3, these dimensions
enable the characterization of particles in the size range from
50 to 1000 nm, where the maximum speed is 6000 rpm and
the maximum voltage is limited to 1000 V2.

One difficulty was in achieving a suitable seal against the
environment. Friction seals are not an option, as either the

2A maximum gap distance of 3kVmm~! can be applied with
optimally dry air and smooth flat surfaces (). As there are cor-
ners, particularly at the inlet and outlet, a maximum voltage of
300 Vmm~! is chosen for safety reasons.

Aerosol Res., 3, 65-79, 2025
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sealing of the system is difficult or the seal heats up strongly
due to high friction, generating particles, or abrasion oc-
curs in general. Therefore, a ferrofluid seal was designed and
tested. A ring magnet is used. On the outside of the ring mag-
net there are iron components that create a pole shoe on the
inside of the ring. This pole shoe has a tolerance of approx-
imately +0.1 mm of the shaft passing through it. The fer-
rofluid is injected into the pole shoe. This creates a virtually
frictionless seal that does not generate particles.

The aerosol is fed into the long bore on the left, enter-
ing the classifying gap at point A. The sheath air is fed be-
tween the two ferrofluid sealings (this drilling is not visible
in Fig. 2), entering the CDMA through eight axial holes and
finally also the classifying gap via a bend. At the end of the
classifying gap (point B), the sample flow is diverted out-
wards so that the particles are directed through narrow gaps
towards the ferrofluid sealing and released at the centre of the
seal. The sampled particles can then be counted by a CPC or
similar instrument. The excess gas flow is sucked in towards
the centre and directed through the long bore to the right,
where it is purified for return to the inlet of the CDMA as the
sheath airflow.

A toothed belt is used to transmit the forces of the motor to
the rotating cylinder. A negative high potential is applied to
the centre of the outer cylinder. This area is electrically iso-
lated from the rest of the CDMA by insulators (outside be-
tween points A and B). The other components, like the inner
electrode and all kinds of bearings, sealings, and housings,
are connected to Earth so that there is mass potential, creating
a voltage and thus an electrical field between the electrodes.
This leads the electrical force of positively charged particles
to be in the direction of the centrifugal force.

3.2 Particle losses

Particle losses occur due to the classification principle in the
inlet and outlet areas of the CDMA. This occurs, in particu-
lar, during rotation, as the centrifugal force then acts on the
particles in all the rotating feed and discharge pipes. This
movement pushes the particles further towards the respective
outer wall, where they are separated. Walls with a large ra-
dius running parallel to the axis of rotation are particularly
susceptible because of the higher exerting centrifugal forces.

Separation can be calculated individually for each part. Di-
viding the radial distance s the particles move in each part
by the distance between the walls smax gives the degree of
separation, assuming a laminar flow profile and a uniform
concentration across the flow cross section®.

T =5/Smax (10)

3This only affects the measured number concentration and there-
fore only the maximum height of the transfer function, as neither the

Qmax, measured

width nor the position is affected: Q2max =
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Figure 3. Electrostatic simulation of the outlet using Ansys Elec-
tronics at an applied voltage of 100 V.

In addition, losses occur when the voltage is applied. Since
a polymeric material (yellow regions in Fig. 3) was used to
insulate the high-voltage outer electrode directly in the input
and output regions, an electrical field is even generated in the
input and output gaps due to the insulating properties of the
air. Figure 3 shows a simulation with the Ansys Electronics
software, which was used to simulate the field strengths at an
applied voltage of 100 V. It can be seen that the field strength
is partly as high as in the classifying gap. Hence, the simu-
lation can also be used to calculate a theoretical deposition
analogous to rotation.

4 The transfer function

The transfer function €2 describes the probability of a particle
with certain properties (relaxation time t and mobility Z) be-
ing successfully classified under given operating conditions
(voltage U and angular velocity w).

4.1 Two-dimensional transfer function based on the
particle trajectory calculation

Since in CDMA, as in DMA and AAC, the ratio of aerosol
volume flow to sheath air volume flow cannot be infinitely
small and the inlet and sample gaps are also finite, the classi-
fied aerosol is not completely monomodal, but a distribution
exists.

Assuming a constant particle flux density at the inlet, strat-
ified plug flow, a homogeneous E field in the classifying gap,
and non-inertial and diffusion-free particles, this distribution
can be calculated analytically. The assumption of a plugflow
profile is justified, since, for classifying a particle, the mean
velocity is mainly relevant, since the particle path crosses
the whole flow domain. Stolzenburg (1988) proved this with
the derivation of transfer functions based on a streamline ap-
proach for diffusing particles. The derivation of the 2D trans-
fer function is given in Appendix B.

Therefore, the transfer function 2 can be calculated as fol-
lows:

Qcpma = max [min(fi, f2.1),0], (11)

https://doi.org/10.5194/ar-3-65-2025



4.1 CDMA - Concept and initial validation

T. N. Ruther et al.: The Centrifugal Differential Mobility Analyser 69
(@' /N o] (0) ] —h=005 I
0s /\ =05 0s =05 08
0.6 / \\ 0.6
- / \ - 06
04 //,/ ‘\\ 04
02 // \\ 0.2 o

85 09 o0 1 1 11 1 885 09 o 1 105 11 L5

Figure 4. Transfer functions for 7 = 0 (a) and Z=0 (b)at B =0.1
for different ratios of radii.
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4.2 Theoretical transfer functions for 7 =0and Z =0

Figure 4 presents the transfer functions for 7 = 0 and Z = 0
of the CDMA. For T = 0 (Fig. 4a), the transfer function be-
comes that of a normal DMA. This is indicated by the typical
triangular shape, where the FWHM (full width at half max-
imum) value also corresponds to the value for S. It can also
be seen that there is no dependence on the slit geometry, be-
cause the curves for both 2 = 0.05 and & = 0.5 are identical.

The transfer function for Z =0 (Fig. 4b) exhibits pure
AAC behaviour. In contrast to traditional AAC theory
(Tavakoli and Olfert, 2014), the transfer function does not
have a triangular shape. This is due to the assumption of a
mean centrifugal force acting on the particles throughout the
whole classification gap, which has been used thus far. How-
ever, as described in the previous section, increased parti-
cle deposition occurs because the centrifugal force increases
with an increasing radius. This means that, if particles with

https://doi.org/10.5194/ar-3-65-2025
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Figure 5. Exemplary particle trajectories for Z~= 0,7=1,andh =
0.5 (a) and 2D transfer functions 8 = 0.1 and 7 = 0.05.

T =1 are fed over the inlet, all particle trajectories should
only be shifted parallel. However, as the centrifugal force
increases with radius, particles entering the classifier gap at
a larger radius are directly affected by a higher centrifugal
force. Thus, if the particles are close to r;, they are already
located at a larger radius compared to the centre radius of the
aerosol inlet when they enter the transfer zone, so they expe-
rience a higher centrifugal force. Figure 5a shows individual
particle trajectories (with 7 = 1 and Z = 0) for particles fed
between | and r; (blue dashed line) and sampled between r3
and r4 (the two red dashed lines) after transfer length L.

It can be seen that the particle trajectories are widened to
such an extent that particles are deposited both before and
after the sampling gap — particle trajectories which do not end
between the red lines at L are deposited on the walls before
or after the sampling outlet. This phenomenon is, of course,
due to the way in which the AAC works and therefore occurs
mainly when the particle relaxation time is relevant. This is
also why the ideal transfer function for an AAC is a truncated
triangular function. This increases as the h value increases,
so the shape of the transfer function becomes increasingly
distorted and values for €2 decline.

4.3 Theoretical 2D transfer function

Equation (11) can be used to calculate the transfer probabil-
ity for each combination of 7 and Z.If B =0.1and h =0.05,
the 2D transfer function shown in Fig. 5b is obtained. Here,
the influence of the widening particle trajectories increases
with decreasing Z and increasing values of 7, and the height
of the transfer function decreases. It should be noted that, in
contrast to 7, there are also negative values for Z. This is
due to the presence of both positively and negatively charged
particles. For 7> 0, the direction of the electrical force is
on the particles with the centrifugal force. For Z <0, it acts
in the opposite direction. Using the 2D transfer function, the
classification probabilities can be calculated for each oper-
ating point, providing a matrix for data inversion, which is
required for back-calculation.
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Figure 6. Schematic of the entire experimental setup: test aerosol
production with two tube furnaces (Nabertherm) and an agglomer-
ation tube, together with the consecutive setup consisting of a clas-
sifier (TSI 3080) with a DMA (TSI 3081), CDMA (TSI 3775), and
CPC (TSI 3775) for the measurement of a transfer function.

5 Measurement of the transfer functions for the
DMA and AAC operating modes

To validate the instrument functionality, the transfer func-
tions for =0 and Z=0 (DMA mode, i.e. w =0; AAC
mode, i.e. U = 0) should first be determined experimentally.
To measure a DMA-AAC transfer function, a tandem setup
consisting of two instruments was used, where the first in-
strument continuously provides a mono-mobile aerosol while
the second instrument scans the whole measuring range step
by step.

In this case, a classifier (TSI 3080) with a DMA (TSI
3081) and a Kr-85 neutralizer (TSI 3077a) was used as the
first instrument in the tandem setup, providing the mono-
mobile aerosol. The voltage and desired volume flows are
set there. To investigate the different operation parameters,
Q, was set to 0.3 or 1.51pm and Qg, was varied between
1.51pm and about 20lpm, resulting in different values for
B. The second device was the CDMA, to which the same
volume flows are applied via another classifier (TSI 3080).
The used classifiers include a negative voltage power sup-
ply, so that both devices sample positively charged particles.
To measure the transfer function, the measuring range of the
CDMA is scanned step by step. That is, the voltage or speed
is increased discretely and the resulting concentration n is
measured. As the concentration after the first unit () is also
important for the calculation, the second unit can be bypassed
using two valves. For the aerosol production, two tube fur-
naces and an agglomeration tube are used. Figure 6 shows a
scheme of this complete setup.

5.1 Production of a test aerosol

To obtain meaningful measurements, it is also important to
produce a stable and constant test aerosol. This is achieved
by heating silver to 1150°C in a hot-wall reactor. During
this process, some of the silver evaporates into the gas phase.
When the temperature is lowered at the outlet of the hot-wall
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Figure 7. Mean particle diameter and total concentration measured
by the SMPS over time.

reactor, silver vapor nucleates to form nanoparticles. Larger
agglomerates are formed in the agglomeration tube.

These agglomerates can be heated to approximately
700°C in a second hot-wall reactor in order to thermally
round them into spherical particles. Figure 7 shows the mean
particle diameter of the test aerosol after agglomeration. It
can be seen that the mean particle size and total number
concentration remain very stable over a long period of time,
allowing us to measure transfer functions, which typically
takes about 30 min. Figure 8a shows the roundness of the
particles and thus underscores their suitability for the first
CDMA evaluation.

5.2 Calculating a transfer function from measurement
data assuming a Gaussian shape

If the tubing length from the first valve (V1) to the second in-
strument plus the tubing length from the second instrument
to the second valve (V2) is equal to the length of the tubing,
which is the bypass of the second instrument, the tubing loss
term is eliminated (Li et al., 2006). The efficiency of the con-
densation particle counter (CPC) is also eliminated if exactly
the same CPC is used to measure n| and n, (see Fig. 6 and
Sect. 5).

Since the first instrument is a DMA, the determination of
the transfer function for the DMA mode (i.e. @ = 0) is done
in the following. For the quotient ny/n1, the following for-
mula applies (Li et al., 2006)*:

+o00

S (2)-2(2)az
jfmszl (2)az .

Here, 21 and €2, represent the transfer functions of the first
and second measurement devices.

Deviating from the ideal type assumption of the previously
discussed triangular transfer function, a Gaussian function

na/ny = (16)

4The dimensionless form of ny/ny as given in Eq. (16) can be
derived from the dimensioned equation given by Li et al. (2006).
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is now assumed for the shape of the transfer function. This
approach is sensible for considering the effects of diffusion
or the lack of a plugflow profile in the inlet gap. Moreover,
the convolution of two Gaussian functions is also a Gaus-
sian function, which fits very well with the measurement data
(Fig. 8b).
A Gaussian transfer function can be described by
5 _ =32

o :a.exp{_u},

c2

5~ \2
_M}, an

Qz=d~exp{ 5
e

where a and d are transfer function height fit parameters, ji»
is a transfer function position fit parameter, and e is a trans-
fer function width fit parameter. In the normalized case, the
position fit parameters fi; and fip should be 1, but for real
measurements there are some minor errors or inaccuracies
that can be determined by these parameters. Since the posi-
tion of the function on the abscissa is inconsequential when
integrating from —oo to 400, the abscissa can be displaced
arbitrarily. If the abscissa is now displaced so that the centre
of the first transfer function is zero, the following equation is
obtained:

na/ny =

e z Z-iintii? | 47
J a-exp{—c—2}~d~exp{—%}dz
—00

+00 =)~ (18)
/ a~exp{—f—z}dZ
—00
Solving these integrals,
too 52 5 _ = N2
Z (Z—j2+m)" | 5
a-expy——5 (-d-expi———5——— dZ
c e
—00
b (2 = 1n)?
Vg e dldlden=Taramyp M
+00 22 )
/a~exp -= dZ=/m-a- |c|. (20)

—00

If the transfer function, i.e. @ and ¢, of the first instrument is
known, with the help of

[ (2 — 1)
na/ng = mdllelﬁxp{—w

it is possible to fit a Gaussian function to the measurement
values and calculate the remaining parameters by compari-
son of the coefficients. Figure 8b presents the real measured

@2n
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Figure 8. SEM image of silver particles (a) and a fitted Gaussian
function of the ratio of the measured number concentration at the
exit of the second device of the tandem setup 7 to the number con-
centration at the inlet of the second device n1, for different relative
shifts of the CDMA transfer function to the fixed transfer function
of the pre-classifying DMA (b).

values and the corresponding approximation of a Gaussian
function.

The proposed method is easy to use and does not require a
complex minimum search for all measurement points. In ad-
dition, the error caused by the influence of the start parame-
ters on a minimum value search is eliminated. From Eq. (21),
one can see that the height of the transfer function of the pre-
classifying DMA is eliminated and therefore has no influence
on the measurement.

Since the pre-classifying instrument is a DMA, the deter-
mination of the transfer function of the CDMA with U =0V
must be adopted, so that the following equations can be ap-
plied:

=~ \2
Q :a-exp{—%},
c
=~ 2
Qz=d~exp{—%}. (22)
e

Therefore, the transfer function for the first DMA must be
determined first. This is done in Appendix C.

5.3 Measurement results

In general, three different particle sizes (50, 100, and 200 nm)
of spherical silver particles were analysed. Because the mea-
sured values were very similar for all the particle sizes, only
the results for a particle size of 100 nm are presented here.
The other sizes are shown in Appendix D. The transfer func-
tions were determined over the full range of possible operat-
ing parameters. The aerosol flow rate was kept constant for
each series of measurements, and the sheath airflow rate was
varied so that the parameters could be determined for differ-
ent values of B. Both the Scanning Mobility Particle Sizer
(SMPS) DMA and the CDMA were operated at the same ra-
tio of aerosol to sheath air volume flow. The points on the
red lines show comparative measurements of a DMA-DMA
configuration as a reference. It should also be noted that the
corrections explained in Sect. 3.2 have already been applied
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Figure 9. Measured transfer function parameters: maximum height (a), width (b), and shift (¢) of the CDMA in DMA mode for dp = 100 nm.

here, so that the unwanted separation due to voltage or speed
has already been eliminated.

To determine the transfer function of the pre-classifying
DMA from the SMPS system, two identical DM As were first
measured in a tandem configuration. Assuming that they are
equal regarding their classification properties, it is possible
to determine the relevant parameters for the pre-classifying
DMA for DMA measurements by

1 =1.00319; ¢ =0.5868 - B (23)
and for AAC measurements by
n1 =1.00319; ¢ = 0.6468 - B. (24)

5.3.1 DMA mode

Figure 9a plots the measured height of the transfer function
against the aerosol-to-sheath air volume flow ratio. Compar-
ing the measured values of the CDMA in DMA mode with
the measurement values of a commercial DMA (TSI 3081), it
is noticeable that the height is significantly lower. This is not
surprising because the CDMA requires significantly more
deflections and a longer travel distance during which parti-
cles are deposited on the walls by impaction or diffusion,
respectively. The scatter of the measured values can be ex-
plained by random variations in the operation of the CDMA.
For example, at low aerosol volume flows and high values
of B, only very small sheath airflows occur, which are out-
side the normal operating range of recirculation technology
and do not guarantee a reliable and uniform volume flow. A
very strong drop in the height of the transfer function from
B =0.1to B =0.05is observed. There is also a slight drop in
the height of the DMA transfer function due to the increas-
ing influence of diffusion as the transfer functions become
narrower. However, this phenomenon does not explain the
sharp decrease in the CDMA curves. In particular, for other
particle sizes, exactly the same drop can be observed. This
leads to the conclusion that there is no relevant particle loss
due to diffusion or impaction, as a similar curve can be ob-
served for all the volume flows. This indicates that further
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particle losses are present, but the source could not be iden-
tified yet. To investigate this problem, a new prototype with
significantly shortened inlet and outlet regions of the aerosol
and sample volume flow is required.

Figure 9b shows the standard deviation of the transfer
function, which corresponds to the width of the transfer func-
tion. The green dashed line represents the ideal relationship
between standard deviation and B. This can also be observed
in the measured values, as they too exhibit a linear depen-
dence on B. When the measured values are compared with
the DMA reference values, it is noticeable that the width
of the transfer function is generally slightly larger. This can
be explained by the narrower gap of the CDMA at approxi-
mately the same length (the applied voltage is therefore sig-
nificantly lower and there is a lower Peclet number in the
CDMA, and hence diffusion plays a greater role) and also by
the assembly and tolerances of the prototype (especially in
combination with the short travelling distances of the parti-
cles in the radial direction).

Figure 9c shows the shift of the transfer function on the
x axis. It can be seen that there is no significant difference
with the DMA comparison values. Larger deviations can be
observed only for large B values. This was again due to the
control range of the sheath airflow.

5.3.2 AAC mode

It should be noted that the AAC measurements have already
been corrected for charge distribution. This was performed
by measuring the particle size distribution available directly
at the outlet of the sintering furnace. As the charge distri-
bution is assumed to be known (Wiedensohler, 1988), it is
possible to deduce the proportion of multiply charged par-
ticles that pass through the pre-classification. This fraction
can then be subtracted from n; to obtain the actual number
concentration of singly charged particles at the CDMA inlet.

Figure 10a shows the height of the transfer function for the
AAC mode. Unlike the DM A mode, there is no plateau where
the height remains constant. However, the transfer functions
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Figure 10. Measured transfer function parameters: maximum height (a), width (b), and shift (¢) of the CDMA in AAC mode for dp =

100 nm.

reach very high values. It can also be seen that the decrease
is analogous to the heights shown for the DMA. At low 8
values, however, no measurement is possible, because at 8 <
0.1 almost all particles are separated by the centrifugal force
at the inlet and outlet of the CDMA.

Figure 10b again shows the standard deviation of the trans-
fer function. There are still linear dependence on the B values
and fluctuation around the ideal value. However, the scatter-
ing of the measured values was significantly larger compared
to the DMA mode. This is due to the more difficult flow con-
trol as the flows take a longer distance to fully develop, i.e.
due to the rotation the walls have to take with all the air in
the rotation too. By changing for example the sheath air, CFD
simulations have shown that the development of the flow pro-
file is delayed in the axial direction. This effect becomes
stronger as the sheath airflow rate increases. One potential
improvement is the installation of vanes at the point at which
the sheath radius changes. Moreover, higher angular veloci-
ties lead to a higher pressure difference at the inlet, and hence
some flow disturbances may occur there. This can affect the
classification zone and explains the larger variations in the
results. In addition, the strong separation in the inlet and out-
let areas results in very high correction factors, especially for
small S values.

Figure 10c shows a similar picture to Fig. 10b. Again, the
deviation is significantly greater than that in the DMA mode,
which, as in Fig. 10b, is due to the flow field in CDMA. How-
ever, except for one outlier, in Fig. 10c there seems to be a
linear dependence on the B values for each aerosol volume
flow. In addition, the curves were all parallel, with the curves
shifting in the positive direction as the aerosol volume flow
increased. Again, this can be explained by the difficulty in
the flow adaptation at higher speeds, i.e. higher flow veloc-
ities (or volume flows). The deviation might also be caused
by manufacturing tolerances or imperfectly aligned system
components. As the deviation for the other particle sizes is
also very similar to this result, a calibration for the CDMA
could be performed during further validation.
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6 Conclusions

As described in the previous section, the transfer functions
of the CDMA for ¥ = 0 and Z = 0 agreed well with the the-
ory and reference values of a DMA-DMA configuration. For
B < 0.2, the height of the transfer function decreased much
more than for g > 0.2, but the cause has not yet been clari-
fied conclusively. In order to find the cause, a new prototype
needs to be designed and built that significantly reduces the
depositions in the inlet and outlet areas and minimizes the
electrical fields outside the classification zone. The super-
position of these effects makes it difficult to determine the
cause in the current arrangement. As one operating point is
sufficient for the initial investigations, further investigations
will be conducted for f = 0.2. For this purpose, this operat-
ing point needs to be measured again in detail, and a cali-
bration of the CDMA possibly needs to be carried out. Fur-
thermore, a validation for particle sizes larger than 200 nm
is necessary in order to be able to fully describe the CDMA
for those larger particles. The ideal 2D transfer function can
be calculated using the particle trajectory method. However,
an extension to the streamline model is highly recommended
for validation, because diffusion in the classifier gap can be
considered. Furthermore, a new robust method of measur-
ing transfer functions was presented, which made it possible
to draw conclusions about the transfer function simply by
measuring the number concentrations. If these results agree
with the theoretical values for different particle types, the fi-
nal step is to develop an algorithm that can be used to cal-
culate a 2D distribution with respect to dp, and dy; from the
measured values.

Appendix A: Comment on the definition of the
particle relaxation time
In contrast to Tavakoli and Olfert (2014), the Stokes

equivalent diameter was used instead of the aerodynamic-
equivalent diameter. Furthermore, the argument of the Cun-
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ningham slip correction should be mentioned here. The equa-
tions for calculating the slip correction are derived only
for spherical particles. There are many studies in the liter-
ature dealing with the slip correction for non-spherical parti-
cles. For example, Cheng et al. (1988) and Dahneke (1973)
proposed the introduction of a new equivalent diameter for
non-spherical particles with the same slip correction. How-
ever, these methods are mostly limited to specific particle
shapes and apply only to the free molecular or continuum
region but not to the transition region. However, we con-
sider the aerodynamic-equivalent diameter to be inappropri-
ate for calculating the slip correction as done by Tavakoli
and Olfert (2014), since the aerodynamic diameter depends
on the particle density as well. That is, two particles with
identical shapes but different densities would experience the
same drag force and thus slip correction while having differ-
ent aerodynamic diameters. Therefore, we suggest using the
mobility-equivalent diameter instead. This is in accordance
with a number of studies in the literature, such as Knutson
and Whitby (1975) and Sorensen (2011). Moreover, slip cor-
rection experimental investigations have typically been per-
formed using the Millikan apparatus, where the particles are
moved in an electrical field (Buckley and Loyalka, 1989;
Rader, 1990; Allen and Raabe, 1985).

Appendix B: Derivation of the 2D transfer function
using particle trajectory calculation

In accordance with the specified operating parameters (i.e.
voltage U and speed w), a multitude of combinations of the
equivalent particle sizes dp, and dg or combinations of T and
Z can be derived analytically from the geometry and the
volume flow conditions. The aforementioned combinations
are subject to a probability of classification. A characteris-
tic combination, for instance, exhibits the property that, if a
particle is introduced at the centre of the inlet gap, it will
also be collected at the centre of the classifying gap. In the
case of edge transfer functions, the following relationships
are observed: t =7* or T =1 (for Z* =0) and Z = Z*, or
Z=1 (for * = 0). The results are presented in Sect. 4.2 of
this article.

Two characteristic classification properties are the limit-
ing particle trajectories, hereafter called the maximum and
minimum particle paths. All particles that traverse the clas-
sifying section at a shorter distance than the particle on the
minimum path are no longer classified. This minimum path
is defined by substituting ri, = 2 and r(L) = r3 into Eq. (9).
In contrast, the maximum particle trajectory represents the
boundary from which particles traversing a greater distance
are deposited at the inner electrode (rj, = r and r(L) = ry).
Equation (9) may be employed to ascertain the transfer prob-
ability for each t—Z combination. If two critical radii (r.) are
defined where r| < r¢ < rep < r2 and a constant particle flux
density at the inlet is assumed, the transfer probability can be
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determined by the following equations:

Qcpma = max [min(f1, f2,1),0], (B1)
22 22
ry—r- ry—r-

== ‘z—max(z2 ‘22,0), (B2)
ry—r ry —rj
2 _ 2 22
re —r re—r

fr="5—1 —max (“2—‘2 ,0). (B3)
rz_rl r2_r1

In other words, if we assume that the minimum particle path
is limiting (as is the case for f; with the DMA transfer func-
tion; Wang and Flagan, 1990), a lower critical radius can be
defined so that all particles entering at r < r¢ are no longer
classified but are separated behind the classifying gap or dis-

charged with the sheath air.
Therefore, r. is defined by

3 =Jrc2-exp{f» li—hﬁ } +72. 2. [exp{f» lihﬁ } - 1]. (B4)
As a consequence of the speed-controlled operating mode, it
is possible that not all particles entering at r, will be classi-
fied. Because of the elevated feed radius, a higher drift ve-
locity is observed at the outlet of the transfer section, thereby
enabling the separation of particles at the outer electrode or
excess air (for further details, please refer to Sect. 4.2). In
order to accommodate this phenomenon, a second critical ra-

dius, designated as r¢y, is introduced, situated between r. and
ra; the calculation is performed in accordance with the fol-

lowing formula:
. 2k
. |:exp{r- 5 } - l:|. (BS)

2 . 2k =2
r4= |rg-exp r.l+ﬂ +7-

Once the flow ratio B has been established, it can be sub-
tracted from the initial value in order to prevent the value r¢
from exceeding r». The minimum value for this term is set to
0.

| N

| N

In light of the continuously increasing probability of trans-
fer in the direction of r|, a new parameter ( f2) is introduced.
It is important to note that the maximum particle path repre-
sents a limiting quantity too. The same procedure is applied
as for fi, but now r¢ is used as the critical radius for the
first term, while 7 is used for the second term. This implies
that all particles entering the transfer section with a radius
greater than rcp are separated at the outer electrode before
the classification gap. As a consequence of the reduction in
radius, particles entering the transfer section at rj, > r; are
again subjected to separation. A second critical radius is de-
fined at which the particles are classified. The area ratio can
once more be subtracted from the first term. Since the case
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re < rp cannot occur, a value of zero is also defined here as
the minimum.

The probability of a T—Z combination being classified is
now the smaller of fj or f. This is due to the fact that both
the maximum and minimum particle paths were taken into
account. Furthermore, it should be noted that the transfer
function can assume a maximum value of 1. It is also nec-
essary to ensure that the transfer function does not become
smaller than 0. This implies that the minima of fj, f>, and 1
must not become smaller than 0 (Eq. 11).

Upon substituting Eqs. (B4) and (BS) into Egs. (B2) and
(B3), the following result is obtained:

_rzz—(r32+72~%)-exp{—f-% 72'%
fi= R
270
2 (2 A =~ 2k A
ry—\ry+r ~.)~exp{—r~l+ ]+r B
—max( ‘ 3% ? I,O , (B6)
rz—rl
(347 2) el ) -7 2o
fa= o
27
(r32+72-%)-exp{—f-l"'+iﬂ —.Z_p2
— max R ,0]. (B7)
=

Assuming a constant flux density at the inlet, the radii can be
set in relation to each other. This yields the following rela-
tionships:

U= Osh + Qa _ Osh _ 0Oa
n(r‘% — rlz) n(r} - r22) 71(r22 - rlz)
QCX QS

= = . B8
7'[(}’32 — rlz) n’(r‘% — r32) (B8)

Using these relations for the typical operation conditions
(Qa= Qs and subsequently QOsh = Qex) and B = Qa/QOsh
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In order to insert the ratios from Egs. (9) and (10), it is nec-
essary to expand the denominator and numerator with r} in
Eqgs. (7) and (8). From this follows, for fi and f>,

2 1B+ | 1P Z = 2k &+ Z
_%—(%JrKT'?)'eXP{—T'ﬁ]JrKT'?

x> w+1)?  Z = 2h &+ Z
(ﬂ+l (] 4 'f). l{ 'l+'ﬂ T 7
max

o
USSR A

(1+(K§')_ -%)-exp[—t-m &

f=

1/B+x* &+ Z = 2h
((_IL/LI+T.?).CXP[_I.I_'
max

_ktD)? 2

.o). (B12)

Appendix C: Calculation of the transfer functions of
the pre-classifying DMA

To determine the transfer function of the pre-classifying
DMA, two identical DMAs are measured first. It is assumed
that the transfer functions are identical, which means that

d=aande=c. (C1)
Also assuming that the shift i of the DMA is the same as
11 and fip, the shift of the pre-classifying DMA can be cal-
culated as & = (ft2 — ft1) /2. In the DMA mode (i.e. = 0),
Eq. (21) can be simplified:

1 (2 — fin)?
naim = -d-o| 2R,

The parameters can now be extracted by fitting a Gaussian
function to the measurement data and comparing the coeffi-
cients of the fitted curve and Eq. (C2).

As already explained in Sect. 5.2, a validation of the AAC
mode (i.e. = 0) is only possible if the transfer function of
the DMA can be expressed as a function of the particle relax-
ation time. For the measurement results n/ny, the mobility

(€2)
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Figure C1. Fit of a Gaussian function to the Q-7 domain, based on
the mobility measurements.

must be converted into the particle relaxation time, assuming
a particle shape. A renewed application of a Gaussian func-
tion enables the parameters for €2(7) to be determined in the
same way as for the DMA mode.

An alternative approach is to plot €2(Z), convert the mobil-
ities into particle relaxation times, and approximate a Gaus-
sian function using the values in the €(7) diagram. The re-
sulting approximation is shown in Fig. C1. As illustrated in
the figure, there are inconsistencies between the fitting func-
tion and the generated values, particularly in the marginal
areas, since the measured distribution appears to be slightly
skew. Nevertheless, the shape is relatively similar, allowing
for an approximation of the curve. With the assistance of the
parameters from Sect. 5.3, the width of the curve is deter-
mined to be oy—9 = 0.06468 (o,—0 = 0.05868). However,
for an exact calculation, the aforementioned method should
be employed.

These approaches for the determination of €2(7)) are only
valid for spherical particles.

Appendix D: Measurement values for the
determination of the pre-classifying DMA parameters
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Figure D1. Measured transfer function parameters: maximum
height (a), width (b), and shift (c¢) of the pre-classifying DMA for
dp = 50nm.
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Figure D2. Measured transfer function parameters: maximum
height (a), width (b), and shift (c) of the pre-classifying DMA for
dp = 100nm.
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Figure D3. Measured transfer function parameters: maximum
height (a), width (b), and shift (c) of the pre-classifying DMA for
dp =200 nm.

Appendix E: Measurement values for 50 and 200 nm
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Figure E1. Measured transfer function parameters: maximum
height (a), width (b), and shift (¢) of the CDMA in DMA mode
for dp = 50nm.
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Figure E2. Measured transfer function parameters: maximum
height (a), width (b), and shift (¢) of the CDMA in DMA mode
for dp =200nm.
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Figure E3. Measured transfer function parameters: maximum
height (a), width (b), and shift (c) of the CDMA in AAC mode for
dp = 50nm.
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Figure E4. Measured transfer function parameters: maximum
height (a), width (b), and shift (¢) of the CDMA in AAC mode for
dp =200nm.
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Appendix F: Nomenclature

a,d

dc
c,e

Fpr

SN

Fit parameters for the height of a
Gaussian function

Centrifugal acceleration

Fit parameters for the width of a
Gaussian function

Cunningham slip correction factor
Total number concentration
Mobility-equivalent diameter
Aerodynamically equivalent diam-
eter

Stokes equivalent diameter
Volume-equivalent diameter
Electrical field magnitude
Centrifugal force

Electrical force

Drag force

Length of the CDMA transfer path
Particle mass

Particle number concentration after
the first device in a tandem setup
Particle number concentration after
both devices in a tandem setup
Aerosol volume flow

Sample volume flow

Sheath air volume flow

Excess air volume flow

Particle charge

Inner radius

Maximum radius at which the par-
ticles enter

Minimum radius at which the par-
ticles are still classified

Outer radius

Actual radius at which the particle
enters

Average of the outer and inner radii
Radial distance

Maximum radial distance
Truncation factor

Velocity of the air

Voltage

Particle drift velocity

Mean particle size

Position of the particle in the
streamwise direction

Particle mobility

Nominal particle mobility
Normalized particle mobility

Ratio of the gap width to the mean
radius

8
L

85 Zz2zZ<828

m3s~!
m3s~!
m3s~!
As

8 8

C=]
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p Particle density kgm™? spheres, J. Aerosol Sci., 16, 57-67, https://doi.org/10.1016/0021-
B Ratio of QO to Qsn - 8502(85)90020-5, 1985.

n Dynamic viscosity Pas Baron, P. A., Kulkarni, P., and Willeke, K.: Aerosol measurement:

K Ratio of rj to ryg — Principles, techniques, and applications, Wiley, Hoboken N.J.,

T Particle relaxation time S 3rd Edn., ISBN 9780470387412, 2011.

* Nominal particle relaxation time s Buckley, R. L. and Loyalka, S. K.: Cunningham correction fac-

7 Normalized particle relaxation — tor and accommodation coefficient: Interpretation of Millikan’s
time data, J. Aerosol Sci., 20, 347-349, https://doi.org/10.1016/0021-

-~ . : 8502(89)90009-8, 1989.

M2, 41 Fit parameters for the shift of a - CDMA: MatLab Codes CDMA, Gitlab [data set], https://git.
Gaussian function .

- R . uni-paderborn.de/pvt/cdma (last access: 20 December 2024), ref-

n Shlft. of the tra.nsfer function - erence number 11577, 2025.

$max  Maximum height of the transfer — Cheng, Y-S. Allen, M. D., Gallegos, D. P, Yeh, H.-C.,
function and Peterson, K.: Drag Force and Slip Correction of

o Width of the transfer function - Aggregate Aecrosols, Aerosol Sci. Technol., 8, 199-214,

w Angular speed 1s7! https://doi.org/10.1080/02786828808959183, 1988.

Q Transfer function — Colbeck, I.: Aerosol Science: Technology and Applications, Wiley,

Code and data availability. The data that support the find-
ings of this study are openly available in GitHub at https:/
git.uni-paderborn.de/pvt/cdma, reference number 11577 (CDMA,
2025).

Author contributions. TR: software, validation, formal analysis,
investigation, data curation, writing — original draft, visualization.
DR: conceptualization, methodology, formal analysis, writing — re-
view and editing, funding acquisition. H-JS: resources, writing —
review and editing, supervision, project administration, funding ac-
quisition.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Financial support. This research has been supported by the
Deutsche Forschungsgemeinschaft (grant no. SPP2045).

Review statement. This paper was edited by Attila Nagy and re-
viewed by two anonymous referees.

References

Allen, M. D. and Raabe, O. G.: Slip correction measurements for
aerosol particles of doublet and triangular triplet aggregates of

Aerosol Res., 3, 65-79, 2025

Hoboken, 2. Edn., ISBN 978-1-119-97792-6, 2013.

Dahneke, B. E.: Slip correction factors for nonspherical bodies —
I Introduction and continuum flow, J. Aerosol Sci., 4, 139-145,
https://doi.org/10.1016/0021-8502(73)90065-7, 1973.

Fernandez de la Mora, J., Hering, S. V., Rao, N., and McMurry,
P. H.: Hypersonic impaction of ultrafine particles, J. Aerosol
Sci., 21, 169-187, https://doi.org/10.1016/0021-8502(90)90002-
F, 1989.

Friedlander, S. K.: Smoke, dust, and haze: Fundamentals of aerosol
dynamics, Topics in chemical engineering, Oxford Univ. Press,
New York, 2. Edn., ISBN 978-0195129991, 2000.

Furat, O., LeiBner, T., Bachmann, K., Gutzmer, J., Peuker, U., and
Schmidt, V.: Stochastic Modeling of Multidimensional Particle
Properties Using Parametric Copulas, Microscopy and micro-
analysis: the official journal of Microscopy Society of America,
Microbeam Analysis Society, Microscopical Society of Canada,
25, 720-734, https://doi.org/10.1017/S1431927619000321,
2019.

Furat, O., Masuhr, M., Kruis, F. E., and Schmidt, V.: Stochastic
modeling of classifying aerodynamic lenses for separation of air-
borne particles by material and size, Adv. Powder Technol., 31,
2215-2226, https://doi.org/10.1016/j.apt.2020.03.014, 2020.

Hong, A.: The Physics Factbook: Dielectric Strength of Air,
https://hypertextbook.com/facts/2000/AliceHong.shtml (last ac-
cess: 24 July 2024), 2000.

Jindal, A. B.:. The effect of particle shape on cellular
interaction and drug delivery applications of micro-
and nanoparticles, Int. J. Pharmaceut., 532, 450-465,
https://doi.org/10.1016/j.ijpharm.2017.09.028, 2017.

Kelesidis, G. A., Neubauer, D., Fan, L.-S., Lohmann, U., and Pratsi-
nis, S. E.: Enhanced Light Absorption and Radiative Forcing by
Black Carbon Agglomerates, Environ. Sci. Technol., 12, 8610—
8618, https://doi.org/10.1021/acs.est.2c00428, 2022.

Knutson, E. O. and Whitby, K. T.: Aerosol classification by electric
mobility: apparatus, theory, and applications, J. Aerosol Sci., 6,
443-451, https://doi.org/10.1016/0021-8502(75)90060-9, 1975.

Li, W, Li, L., and Chen, D.-R.: Technical Note: A New Deconvo-
lution Scheme for the Retrieval of True DMA Transfer Function
from Tandem DMA Data, Aerosol Sci. Technol., 40, 1052-1057,
https://doi.org/10.1080/02786820600944331, 2006.

Mitchell, J. P.,, Nagel, M. W., Wiersema, K. J., and Doyle, C. C.:
Aerodynamic particle size analysis of aerosols from pressurized

https://doi.org/10.5194/ar-3-65-2025



4.1 CDMA - Concept and initial validation

T. N. Ruther et al.: The Centrifugal Differential Mobility Analyser 79

metered-dose inhalers: comparison of Andersen 8-stage cascade
impactor, next generation pharmaceutical impactor, and model
3321 Aerodynamic Particle Sizer aerosol spectrometer, AAPS
PharmSciTech, 4, E54, https://doi.org/10.1208/pt040454, 2003.

Olfert, J. S. and Collings, N.. New method for parti-
cle mass classification — the Couette centrifugal par-
ticle mass analyzer, J. Aerosol Sci., 36, 1338-1352,

https://doi.org/10.1016/j.jaerosci.2005.03.006, 2005.

Park, K., Dutcher, D., Emery, M., Pagels, J., Sakurai, H.,
Scheckman, J., Qian, S., Stolzenburg, M. R., Wang, X,
Yang, J., and McMurry, P. H.: Tandem Measurements
of Aerosol Properties — A Review of Mobility Tech-
niques with Extensions, Aerosol Sci. Technol., 42, 801-816,
https://doi.org/10.1080/02786820802339561, 2008.

Rader, D. J.: Momentum slip correction factor for small par-
ticles in nine common gases, J. Aerosol Sci., 21, 161-168,
https://doi.org/10.1016/0021-8502(90)90001-E, 1990.

Reist, P. C.: Aerosol science and technology, McGraw-Hill, New
York, 2. Edn., ISBN 0-07-051882-3, 1993.

Rhein, F, Scholl, F., and Nirschl, H.: Magnetic seeded filtra-
tion for the separation of fine polymer particles from dilute
suspensions: Microplastics, Chem. Eng. Sci., 207, 1278-1287,
https://doi.org/10.1016/j.ces.2019.07.052, 2019.

Sandmann, K. and Fritsching, U.: Acoustic separation
and fractionation of property-distributed particles from
the gas phase, Adv. Powder Technol., 34, 104270,
https://doi.org/10.1016/j.apt.2023.104270, 2023.

Slowik, J. G., Stainken, K., Davidovits, P., Williams, L. R.,
Jayne, J. T., Kolb, C. E., Worsnop, D. R., Rudich, Y., De-
Carlo, P. F, and Jimenez, J. L.: Particle Morphology and
Density Characterization by Combined Mobility and Aero-
dynamic Diameter Measurements. Part 2: Application to
Combustion-Generated Soot Aerosols as a Function of Fuel
Equivalence Ratio, Aerosol Sci. Technol., 38, 1206-1222,
https://doi.org/10.1080/027868290903916, 2004.

https://doi.org/10.5194/ar-3-65-2025

Sorensen, C. M.: The Mobility of Fractal
A Review, Aerosol Sci. Technol., 45,
https://doi.org/10.1080/02786826.2011.560909, 2011.

Stolzenburg, M. R.: An ultrafine aerosol size distribution measur-
ing system, Disseratation, University of Minnesota, Minnesota,
1988.

Tavakoli, F. and Olfert, J. S.: An Instrument for the Classification
of Aerosols by Particle Relaxation Time: Theoretical Models of
the Aerodynamic Aerosol Classifier, Aerosol Sci. Technol., 47,
916-926, https://doi.org/10.1080/02786826.2013.802761, 2013.

Tavakoli, F. and Olfert, J. S.: Determination of particle mass, ef-
fective density, mass—mobility exponent, and dynamic shape
factor using an aerodynamic aerosol classifier and a differen-
tial mobility analyzer in tandem, J. Aerosol Sci., 75, 35-42,
https://doi.org/10.1016/j.jaerosci.2014.04.010, 2014.

Toy, R., Peiris, P. M., Ghaghada, K. B., and Karathanasis, E.: Shap-
ing cancer nanomedicine: the effect of particle shape on the
in vivo journey of nanoparticles, Nanomedicine (London, Eng-
land), 9, 121-134, https://doi.org/10.2217/nnm.13.191, 2014.

Wang, S. C. and Flagan, R. C.: Scanning Electrical Mo-
bility Spectrometer, Aerosol Sci. Technol., 13, 230-240,
https://doi.org/10.1080/02786829008959441, 1990.

Wiedensohler, A.: An approximation of the bipolar charge distribu-
tion for particles in the submicron size range, J. Aerosol Sci., 19,
387-389, https://doi.org/10.1016/0021-8502(88)90278-9, 1988.

Zhang, J., Qiao, J., Sun, K., and Wang, Z.: Balancing particle prop-
erties for practical lithium-ion batteries, Particuology, 61, 18-29,
https://doi.org/10.1016/j.partic.2021.05.006, 2022.

Aggregates:
765-779,

Aerosol Res., 3, 65-79, 2025

39



40 4 PUBLIKATIONEN

4.2 Prediction of the transfer function for a centrifugal differential mo-
bility analyzer by streamline functions

Torben N. Riither, Hans-Joachim Schmid,
Aerosol Science and Technology, 0, (2025) 1-14, https://doi.org/10.1080/02786826.2025.2519092

Nachdruck aus Aerosol Science and Technology (2025) mit Erlaubnis von Taylor & Francis.

Der Autor dieser Dissertation hat das von Stolzenburg [Sto88| entwickelte Streamlinemo-
dell verwendet, um eine zweidimensionale Transferfunktion fiir den CDMA zu berechnen.
Des weiteren wurde Diffusion sowie ein laminares Strémungsprofil am Aerosoleinlass mit
berticksichtigt und in die Berechnung mit eingearbeitet. Prof. Hans-Joachim Schmid hat
den Autor wihrend der gesamten Arbeit betreut und an der Revision des Manuskripts

mitgewirkt.



4.2 CDMA - Transfer function by streamline functions 41

Aerosol Science and Technology

ISSN: 0278-6826 (Print) 1521-7388 (Online) Journal homepage: www.tandfonline.com/journals/uast20

Prediction of the transfer function for a
centrifugal differential mobility analyzer by
streamline functions

Torben N. Rither & Hans-Joachim Schmid

To cite this article: Torben N. Ruther & Hans-Joachim Schmid (15 Jul 2025): Prediction of
the transfer function for a centrifugal differential mobility analyzer by streamline functions,
Aerosol Science and Technology, DOI: 10.1080/02786826.2025.2519092

To link to this article: https://doi.org/10.1080/02786826.2025.2519092

8 © 2025 The Author(s). Published with
license by Taylor & Francis Group, LLC.

LY
h View supplementary material &'

@ Published online: 15 Jul 2025.

g
C)/ Submit your article to this journal &

alil Article views: 32

»
& View related articles &'

@ View Crossmark data (&'
st

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=uast20



42

4 PUBLIKATIONEN

AEROSOL SCIENCE AND TECHNOLOGY
https://doi.org/10.1080/02786826.2025.2519092

Taylor &Francis Group

j ( e Taylor & Francis

a OPEN ACCESS M) Check for updates.

Prediction of the transfer function for a centrifugal differential mobility
analyzer by streamline functions

Torben N. Ruther ®» and Hans-Joachim Schmid

Particle Technology Group, Mechanical Engineering, Paderborn University, Paderborn, Germany

ARTICLE HISTORY
Received 28 October 2024
Accepted 6 May 2025

ABSTRACT

For complexly shaped aerosol particles a single equivalent diameter is often not sufficient
for comprehensive characterization. The newly developed Centrifugal Differential Mobility
Analyzer (CDMA) allows the simultaneous assessment of two equivalent sizes, e.g., mobility
and aerodynamic diameter. However, determining the full two-dimensional particle size dis-
tribution using the CDMA requires precise knowledge of the transfer function. Thus, the der-
ivation of the ideal transfer function via streamline functions, as proposed by Stolzenburg
(2008), is adapted to the two-dimensional framework of the CDMA and compared to the
calculation of the transfer function using particle trajectories. Both methods yield identical
results for an idealized situation, which strongly indicates validity. Subsequently, the stream-
line method is extended to calculate the transfer function by applying different inlet bound-
ary conditions, namely the common assumption of constant particle flux density versus the
assumption of a given velocity profile and constant particle concentration. This appears to
be a more realistic assumption in case of a laminar flow profile at the inlet. Furthermore, dif-
fusion is considered, leading to realistic transfer functions down to ultrafine particle sizes.
The results demonstrate that the inlet boundary condition significantly affects the transfer
function and that diffusion has a considerable impact on the shape of the transfer function,
particularly for smaller particles. Consequently, the assumption of a Gaussian transfer func-
tion can be deemed to be valid even for larger particles.
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GRAPHICAL ABSTRACT

1. Introduction influence. To obtain a deeper understanding of com-

In actual processes, the particle properties cannot be  plexly shaped particle ensembles, multidimensional

described comprehensively by a single particle size,  particle characterization is necessary. Therefore, a new

although typical measurement setups deliver only one
equivalent particle size. Properties such as particle
shape, structure, and surface may also have a significant

device called centrifugal differential mobility analyzer
(CDMA) has been developed which is described in
detail by Riither, Rasche, and Schmid (2025). This
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CDMA is a classifier based on the classification of sub-
micron particles in a cylindrical gap by simultaneously
acting electrical and centrifugal forces, i.e. the gap is
formed by two concentrically arranged cylinders with a
voltage applied to the outer cylinder to create an
electrical force on charged aerosol particles.
Simultaneously, the entire can be rotated to induce a
centrifugal force. As the aerosol is introduced at the
inner cylinder, a radial velocity develops due to the
combined effects of electrical and centrifugal forces.
These forces drive the aerosol particles through a sheath
air flow within the gap toward the outer cylinder. This
leads to a defined trajectory over the classification gap,
depending on the respective particle mass and electrical
mobility. Particles with a trajectory ending at the sam-
ple outlet will be classified and counted subsequently.
Effectively, the new device combines the principles of
an AAC-Aerodynamic Aerosol Classifier (Tavakoli and
Olfert 2013) and a DMA-Dynamic Mobility Analyzer
(Knutson and Whitby 1975) in one single instrument.
Consequently, from a full measurement, the complete
two-dimensional distribution regarding mobility and
aerodynamic equivalent diameter can be derived and
used to calculate other quantities such as the effective
density or the shape factor (Park et al. 2008). However,
precise knowledge of the CDMA transfer function is
required for the back-calculation of the measured data.

Since the calculation of the transfer function is of
significant importance, numerous approaches have
been pursued to derive it. For instance, in the case
of an APM (Aerosol Particle Mass Analyzer), the ideal
transfer function was calculated based on the stream-
line functions proposed by Hagwood et al. (1995) and
on a Lagrangian approach for diffusion-affected trans-
fer functions as introduced by Hagwood, Coakley, and
Ehara (1996), which were experimentally validated
by Olfert et al. (2006). Leveraging this knowledge,
Olfert et al. (2006) applied the theory to a CPMA
(Centrifugal Particle Mass Analyzer) and calculated
both diffusive and non-diffusive transfer functions,
employing methods such as finite difference schemes.
Sipkens, Olfert, and Rogak (2020) used a Crank-
Nicholson algorithm to implement a finite difference
scheme for transfer function calculations. They also
employed Taylor series expansions to derive an ana-
Iytical transfer function, where a first-order expansion
was found to be both robust and sufficiently accurate.
Notably, they demonstrated that applying a single
angular velocity to both electrodes also yields a com-
pletely analytical solution.

For DMAs (Differential Mobility Analyzers), vari-
ous approaches for calculating transfer functions have

also been developed. Knutson and Whitby (1975) pro-
posed a method based on the particle trajectory
model. Stolzenburg (1988) introduced an approach
grounded in streamline calculations, which allowed
the analytical extension of ideal transfer functions to
diffusion-affected transfer functions. These were later
through  Monte Carlo
(Hagwood 1999), which observed nearly identical
transfer functions, as well as experimentally validated
by Hummes et al. (1996).

This methodology was similarly employed by
Tavakoli and Olfert (2013) in the development of the
AAC (Aerosol Particle Classifier). They derived
diffusion-free transfer functions based on particle tra-
jectories and streamline functions and extended the
latter approach to diffusion-affected transfer functions.
However, their derivations assumed a constant centri-
fugal force across the entire measurement gap. They
also used an Eulerian diffusion model to derive
diffusion-affected transfer functions, observing only
minimal deviations from the streamline-based model.

It becomes apparent that streamline-based calcula-
tions play a crucial role in describing these kinds of
devices, especially due to their simplicity, expandabil-
ity, and good agreement with other simulation results.
Consequently, this paper delves into the derivation of
two-dimensional transfer functions for the CDMA
(Centrifugal Differential Mobility Analyzer). In con-
trast to a previous study (Rither, Rasche, and Schmid
2025), which employed an idealized particle trajectory
model, the first step in this work applies the stream-
line model to the case of the CDMA to obtain the 2D
transfer function under the same idealized conditions.
This approach includes demonstrating the equivalence
of streamline-based derivations to those based on par-
ticle trajectories. As a result, the commonly assumed
approximation of a constant centrifugal force, previ-
ously used for the AAC, could be replaced by the
actual force. Since the 2D transfer function reduces to
AAC theory when no voltage is applied, this extension
of the existing framework may have a significant
impact on certain geometric configurations, leading to
markedly different transfer functions even for the
AAC setup (cf. Chapters 2 and 3).

Additionally, the streamline model is employed to
assess the influence of the inlet boundary condition.
Until now, a plug flow with a constant concentration
has been universally assumed at the inlet. As an alter-
native, we derive the transfer function under the more
realistic assumption of a laminar flow profile with a
constant concentration, resulting in a non-uniform
particle flux at the inlet. This modification leads to a

confirmed simulations
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substantial change in the transfer function, deviating
from its conventional triangular shape (cf. Chapter 4).

Finally, the streamline theory for the CDMA is
extended to account for diffusion-affected transfer func-
tions, which still exhibit significant broadening for par-
ticles as large as 200 nm. Overall, these improvements in
the 2D transfer function are crucial for obtaining accur-
ate approximations of the real transfer functions across
various particle sizes. This is essential for the reliable
application of the CDMA as a precise measuring instru-
ment (cf. Chapter 5).

2. Non-diffusing transfer function

Figure 1 provides a sketch of the key streamlines within
a Centrifugal Differential Mobility Analyzer (CDMA),
illustrating the relevant radii and volume flows associated
with the classification process. However, it is important
to notice, that this illustration is not a technical descrip-
tion of the real classifier geometry. Rather, it represents
the location of the respective streamlines in the classifica-
tion gap without depicting their exact paths at the inlet
and outlet. In fact, the trajectories of the streamlines are
determined primarily by the corresponding flow rates
rather than the precise geometry of the inlet and outlet.
In this configuration, the aerosol is introduced into the
system between streamlines ¥; and ¥, defining the
aerosol volume flow Q,. Particles that are located
between streamlines W5 and W, at the end of the classifi-
cation gap are subsequently directed into the sampling
volume flow Q,. Additionally, the sheath air (Qg) and
excess air (Qy) contribute to the overall flow configur-
ation, ensuring precise particle classification.

The streamline functions W, describes the flow
paths of the air and can be calculated using the fol-
lowing equation (Stolzenburg 1988):

U, Wy

N\fe

~ \\“x RN :‘:J\ NN
b & o 5 i ) i o i S

Figure 1. Representative streamlines of a CDMA with corre-
sponding radii and volume flows: aerosol volume flow Qg;
Sheath air Qsp; Exhaust air Qe; Sample air Q;. The Sketch of
the classification gap does not represent the exact geometry
of in- and outlet.
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W(r,z) = sz[ru, dz — ru, dr], (1)

Here, r and z denote the radial and axial coordinate,
u, and u, the radial and axial components of the airflow
velocity, respectively. In this study a plug flow is assumed
in the classification gap, i.e., 4, = 0 and u, = const. This
assumption appears to be valid, as the flow profile would
have no impact on particles that traverse all streamlines,
ie., particles entering the classification gap at ¥; and
exiting at 4. As demonstrated by Stolzenburg (1988),
the influence of the flow profile on other particles is gen-
erally minimal. In particular, the smaller the parameter
p, the less significant the effect of the flow profile will be.
This streamline function therefore provides a continuous
and smooth representation of the airflow within the
CDMA, which is essential for predicting particle
behavior.

In addition to the airflow, the motion of particles
under the influence of external forces, such as elec-
trical and centrifugal forces, is described by the par-
ticle stream function @ :

D(r,z) = an[rw, dz — rw, dr], (2)

In this equation, w, and w, represent the radial and
axial components of the particle velocity. These functions
allow for the precise calculation of particle trajectories
based on the operating parameters and particle
propertiesl.

The radial velocity of particles, w,, can be determined
if the particle mobility (Z), relaxation time (t), and the
CDMA’s operating parameters, such as applied voltage
(U) and angular velocity (), are known. Assuming no
radial fluid velocity (4, = 0), the radial particle velocity
is given by Riither, Rasche, and Schmid (2025):

_ Z-U
T r-In(ry/n)

The radii r, and r; are depicted in Figure 1. This equa-
tion incorporates both the electrical force (first term) and
the centrifugal force (second term) acting on the par-
ticles. In the axial direction, it is assumed that the particle
velocity matches the fluid velocity, i.e., w, = u,. This
simplification is valid due to very small particle relax-
ation times of submicron particles considered in this
work. The transmission probability Q is a measure of the
likelihood that a particle entering the system is classified.
This overall probability is calculated integrating over the
inlet and outlet section, using the following integral
(Stolzenburg and McMurry 2008):

Wy + o, (3)

See Appendix S1.
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¥,

o-|

Wy
|: J ftrans (lPuub \Pin)dq"out 'fin (‘Pin)d\Pim
@, :

v

)

In this equation, fuans(Wour> Vin) d¥ou represents
the transfer probability, describing the likelihood that
particles entering the classification path on streamline
W, exit the system on streamline W, + d'¥,u-

ftmns(‘{}ouh \Pin) - 5D(\Paut - \Pin - (Dout + (I)in): (5)

Here, p is the Dirac delta function, which ensures
that only particles for which the difference in stream-
line functions equals the difference in flux functions
are classified. This condition implies that particles
must travel the given radial distance to satisfy the
classification criterion.

When integrating over the Dirac delta function, the
result is one, indicating successful classification for particles
meeting this criterion. The integral bounds, ¥'; and ‘P, fur-
ther define the streamline range of the sample flow Q. For
particles entering on a specific streamline ‘V';, with a trajec-
tory ending at the the  integral
j.;i ! frrans(Win> Wour)dWour equals unity and zero otherwise.

This calculation ensures an accurate representation of
the classification efficiency and its dependence on the
systems’ parameters and particle properties. This detailed
explanation provides a comprehensive understanding of
the flow dynamics, particle behavior, and mathematical
framework used in the CDMA for particle classification.

After this probability is multiplied by the probability
Jfin(Win)dW¥s, of a particle entering the transfer path at
point W;, + d¥j,, it is possible to integrate over ¥,
with the integration limits ¥, ¥,. Assuming no con-
centration gradients and a perfect plug flow, the prob-
ability of a particle entering the classification gap within
the interval ¥,,'¥, is constant over the height, corre-
sponding to a constant particle flux density at the inlet:

1
Sfin(Win) = ¥, (6)

outlet

If Equation (3) is inserted into the particle stream
function (Equation (2)), A® = ®,,; — D;, can be cal-
culated, considering the whole classifying length L:

L L L
7.
AD = rwrdz:7~sz+r(uz-Jrzzdz,
j In (ry/r1) ) )

7)

It should be noted that the first term, resulting from
the electrical drift, is independent of the particle’s posi-
tion. This is because the electrical drift velocity is

inversely proportional to the radius. As a result, in the
term rw, o the radius r cancels out. Here, an ideal elec-
trical field for an infinitely long cylindrical gap is
assumed. However, the centrifugal term is strongly
dependent on the actual radial position.

If normalized forms of the electrical mobility and
the particle relaxation time are used, results will be
more generally valid. Furthermore, the relevant equa-
tions become more compact. These dimensionless
forms, i.e., normalized mobility Z and particle reac-
tion time 7, read:

Z=2/7" %=1/7, ®)

where Z* is the mobility required for a particle enter-
ing at the center of the aerosol inlet to be sampled
exactly at the center of the outlet in the absence of
centrifugal force. Likewise, T* represents the analogous
behavior for the relaxation time in the absence of the
electrical force.

Z*:Qsh+Qex'1n r_4 , (9)
4-nLU r
x Qsh + Qex
T

—_ ShT e 10
nw?(r; + r4)2L (10)

With the behavior of the particle trajectory (based
on the volume flows, centrifugal force, and electrical
force), which is derived in Riither, Rasche, and

Schmid (2025):
r(z) = $nnz» exp{%»%<12fﬁ}+r_2< - {exp{%-%»lzjlﬁ}—l},
11)

concerning, that / is the ratio of the gap width to the
mean radius, and f§ is the ratio of the aerosol volume
flow Q, to the sheath air Qy,:

A N

h=2 270 (12)
Ty + 11
ﬁ - Qa/Qsha (13)
the following equation can be obtained:
A(D:—‘I’,v,,A—i-&-g-lT—ﬁ-A. (14)

4T T h

Here, A can be expressed as follows:

2t0’L _ 2k
A = exp . —1=exp r~m -1, (15)

A comprehensive derivation of Equation (14) can
be found in Appendix A2.

Using the solution of the integral of a Dirac delta
function op (Stolzenburg 1988):

45
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+Lx>0
op(u)du= 0,x=0
-1,x<0

2

= H'(x), (16)

0
Equation (4) can be solved as follows:
1

Q=
2

Z Qpn 1+p
— . 2.3 P A A
4 wm+% T Vin

[l

Here, H' is a modified version of a Heaviside step
function, whose definite integral can be calculated
using:

oo
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K being the substitution

n_1-h/2
r 1+h/2

(29)

It should be noted that to simplify the calculation,
the typical operation condition Q,

Q, and conse-

Z Qsh 1+:B
l//i"ij”: i |

i 17)

A- l//in A>:| 'fin dl//in'

quently Qg = Q. is assumed. The derivation of the
ratios of the streamline and particle stream functions
are shown in Appendix A3. Moreover, it can be
shown analytically, that Equation (23) is equal to the

X
J H* (u)du = xn x>0 o (18) derivation of Stolzenburg and McMurry (2008) for no
) -x, x<0 rotation (7 = 0). Nevertheless, for Z =0 the deriv-
ation of Equation (23) differs from the results pre-
Inserting Equation (18) into (17) results in:
_ ! Qu Z 145 s Qe 21D
Q—m —‘Pq—‘Pz—"PzA—Q-E T Al+ ¥y - ‘1"1A+4n F Z A .
. N 1
e v a2 1B, wa—wl—\PIAJr%f-lfﬁA}
4 T 4 T h
Using the mean particle stream function sented by Tavakoli and Olfert (2013), as they apply
the simplifying assumption of a mean centrifugal force
- Qs . . . . L
AD =7 (20)  over the entire classification gap. This has a significant
T impact on the shape of the transfer function, which
and the following substitutions will be discussed in detail in Section 4.

Figure 2a shows the two-dimensional transfer func-

¥, -, Y-, . . Sy .
—=-f-1, —=-1, (21)  tion without diffusion for the plug flow velocity pro-
Ao A file. Because both, positively and negatively charged
W, — VY, ¥, — ¥, particles are present, the normalized mobility can also
A p-1 T Ad -1 (22)  be positive or negative. However, the normalized

Equation (19) can be modified to a dimensionless
representation of the ideal transfer function for a
CDMA:

R _
o-_ L || 210k,
2B(1+A) K2 —1 2h

+ K Z 1+
T B L WA —‘—
K 1 T 2h

relaxation time of the particles must be positive.

In general, the transfer function presented here is
very similar to the transfer function from (Riither,
Rasche, and Schmid 2025). To confirm this, the

K2 + Pic? Z 1+
‘+ —1—/3—27/3~A+7 145,
K —1 T 2h
2 2 ~ (23)
Z 1
1-X jﬁk At +~ﬂ~A],
K —1 T 2h
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(a) Non diffusing transfer function

(b) Transfer function with a laminar velocity profile at the inlet

Figure 2. Non-diffusing two-dimensional transfer functions for = 0.1 and h = 0.05.

equivalence of the transfer functions without diffusion
is discussed in the next section based on the stream-
line consideration and particle trajectory calculation.

3. Equivalence of derivations based on
streamline and particle trajectory
assumptions

A derivation of the CDMA transfer function based on
particle trajectory considerations has already been pre-
sented in Riither, Rasche, and Schmid (2025).
Following, the equivalence of the equations derived
from the particle trajectories (PT) (Riither, Rasche,
and Schmid 2025) and from the streamlines (S) (see
Chapter 2) is then discussed. For better readability,
Equation (25) was inserted into Equation (22).

2 2 Z 1
a:—l—w-Ajtf-ﬂ-A, (25)

K- =1 T 2h
where a can take any value from —oo to +o0,
depending on the operating conditions.

This results in a simplified representation of the

transfer function as a function of a, 5, and A.

1

T (Y

By rearranging and inserting the placeholders
defined above into Equations (21) and (22) of Riither,
Rasche, and Schmid (2025), the following equation
can be used to calculate the transfer function based
on particle trajectory considerations.

“[=la+ Al —lal + |a = [ + |a+ B + BA]],

Qpr = max [min (fi, /2, 1), 0], (27)

fi :m[wwﬁfl—mﬂ(ﬁﬁf"o)]’ (28)
1

E gyt o madeoh 09

Comparing the equations Qg and Qpr, they appear
very similar.

Since an analytical transformation from one equa-
tion into the other is very difficult due to the nested
maximum and minimum functions, the different
boundary cases should be considered. In addition, the
fact that both A and f can only assume positive val-
ues is also employed in this context.

Forming these boundary cases, both equations yield
the same results.

0, (a < 0)A(a < —BA)A(a < =B — BA)
B+BA+a, (a<0)a(a<—PA)A(a>—p—BA)

=B (a < 0)A(a > —pA)
pla+a) B—a, (a>0)A(a < p)
0, (a>0)A(a> p)

(30)

(26)

The equivalence of the results obtained from both
methods justifies the use of the stream function
approach for calculating the transfer function under
varying inlet boundary conditions or when accounting
for particle diffusion. In these cases, the stream
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function approach is considerably easier to implement
than the corresponding particle trajectory method.

4, Laminar flow profile at the inlet gap

The derivations of Stolzenburg (1988) (DMA) and
Tavakoli (Tavakoli and Olfert 2013) (AAC) always
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specified boundary conditions (i.e., zero flux density
at the walls and a total integral equal to one) and
applying the desired probability distribution, the fol-
lowing expression can be obtained for fi,.

6

(=P ) _ i
Gagy Yt Yl ) =~ vad)

fin:

assume a constant homogenous particle flux density at (31)
the inlet of the measurement device. However, assum-
ing, that the particle concentration ¢ is constant Inserting this into Equation (17) yields:
throughout the inlet gap, the particle flux density dis-
3 g 7 Qu 148 Z Qw 1+§
Q= H Y=y +2- =2 2l Ay A —H (Y= +2- 2Tl Ay, A
T “w (m otz ol Aoy ) (% D e > o

(=¥ + V(W1 +¥2) — ¥11,) dlpin:| .

tribution 7 = - W at the inlet is completely depend-
ent on the flow profile u(r). Given a laminar flow

JH+(k_ V(1 +A))d'//in =, H+(k_ (1 +A)) +H(‘/‘in(l +A4) _k) 2k+C,

2
lPin

JH*(k— Vin (1 A))Wiudhyy = =3 H (k= 3, (14 A)) + H(Y;, (1 + 4) = k) -

3
l»[/in

JH+(k_ l//in(l +A))w12ndx = T : H+(k_ l//in(l +A)) + H(l//in(l +A) - k) .

profile (Reynolds number at the inlet of the CDMA:
Recpma = 42) and neglecting particle migration due
to the small size and flow length, a parabolic profile
mirroring the velocity profile should be a good repre-
sentation of the true situation.

By integrating a second-order polynomial for a
parabolic normalized flux density profile with the

With the solutions of the integrals (where k is a
constant term and C is the integration constant)*:

(33)
2
Uﬁ—A)z ol (34)
263
m + C, (35)

and applying the procedure of Section 2 we obtain the
following equation:

2[H (k= (1 + A))dy, = — 15 k=, (1 4+ A)| is valid only for a
defined integral.
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3 B,%C 2E{D; B*C 2E{D.
Q=" |- 22 HY(Dy = Co(1+A4)) —H(C(1+A) = Dy) - 4 2L L HH(Dy = Cy (14 A)) + H(Ci (1 +A) = Dy) - —— 2
B 3 3(14A) 3 3(14+A)
B,C E.D, B,C E,.D
+(B1 +By) | = 2H" (D4 = Cy(1+A)) + H(Cy(1 +A) = Dy) ——— ———LH (D4 = Cy (1 +A4)) = H(Ci (1 +4) = D) ———
2 (1+A) 2 (1+A4)
BBy | ——|Dy— Co(14 A)| ——— Dy~ Gy (14 4)|
e FEY Lt 1+A
B,2C 2E2D;  B*C 2E2D
+ |2 2H (D3 = Co(1+A) + H(C,(1+A) = D3) ——— - L2 g (D, — G (1 4+ A)) — H(C (1 +A) = D) ———2
3 3(1+4)° 3 3(1+4)
B,C, EsD;  B\C E;D;
—(B,+B,) > H+(D3—C2(1+A))+H(c2(1+A)—D3)(1+A)z— 5 H*(Dg—Cl(lJ“Lx))—H(cl(HA)—D3)(HA)2
BB,
A TP GO+ A +IDs =G+ A)] ] (36)
whereby3:

By = (k?/p+12) /(1= ; By=(1+x*/p)/(1=«*)Bs = (1/p++*)/(1-«*) ; B,
=1/p+1)/(1 -« (37)

C=-+12p)/0=x*) ; C==B+x?)/0-x) C=-0+p3)/1-x*) ; C

=-(1+p8)/10-x?) (38)
Z 1 Z 1
Dy LB o b 2B, (39)
T 2h T 2h
Z 1 Z 1
By =By (BaeBy) -2 0P 4 BB (BB 2 Py 40
T 2h T 2]’[

and where H(x) is the real step function with its
definition:

3Also, Appendix A3 for additional information.
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0, x<0

H(x) = +1, x>0°

(41)

The derivation of the CDMA transfer function
results in a lengthy and intricate equation, as demon-
strated by the previous example. Figure 2 shows the
two-dimensional transfer functions for a diffusion-less
flow profile with a plug-flow velocity profile (Figure
2a) and with a laminar velocity profile at the inlet
(Figure 2b). Since the two-dimensional representation
does not allow for a simple quantitative comparison,
Figure 3 shows a direct comparison of the transfer
functions for both inlet boundary conditions of the
cases T = 0 and Z = 0 and different values of h.

Looking at the transfer function at 7 = 0 (Figure 3a),
it can be clearly observed that both inlet conditions give
distinct shapes of the transfer function, with the lam-
inar velocity profile leading to a significantly rounder
curve. However, the dimensionless slit width had no
effect on the transfer function.

For the marginal distribution at Z = 0 (Figure 3b), the
assumed plug flow at the inlet results in a ‘truncated’ tri-
angle for the transfer function. This is in contrast to the
triangular-shaped transfer function derived by Tavakoli.
This discrepancy is due to his assumption of a mean

——h=0.05,LP
e |y = 0,05, PR
08 === h =05, LP
--=--h=0.5,PF
0.6 - q
G
0.4
0.2
8485 0.9 0.95 1 1.05 o Py | 1.15
Z
(@7=0
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centrifugal force throughout the classification gap which
was abandoned in our derivation. As the gap becomes
larger relative to the mean radius (i.., i becoming larger),
the difference in the centrifugal forces becomes greater.
Le. particles entering at r; experience a lower initial centri-
fugal force than particles entering at r,. The higher force
is amplified further over the entire particle trajectory.
Thus, the original triangle is further truncated and slightly
deformed. Again, the laminar velocity profile has the effect
of creating a smooth, continuous transfer function with
no kinks, ie., the function remains differentiable across
the entire range. In addition, the transfer function is
higher because the concentration profile releases more
particles at the center of the gap and fewer or no particles
at the edges of the inlet gap. This results in a less pro-
nounced truncation of the transfer function in this case.
When examining the transfer functions of the AAC
and DMA, the question of their shape becomes particu-
larly relevant, as it must be assumed to be known for
accurate measurement. For large particles, a triangular
function is often assumed, while for small particles, a
Gaussian function is typically used (Stolzenburg 1988).
However, if the theoretical transfer functions are analyzed
under the assumption of a laminar flow profile at the inlet,

h=0.05,LP
h=0.05,PF
0.8 h=05,LP
=+=~k=05PF
0.6 - B
(=
0.4
0.2

8.85

b Z=0

Figure 3. Transfer functions for 7 = 0 and Z = 0 at = 0.1 for different ratios of radii (PF: plug flow/LP: laminar velocity profile).

——h=0.05
~- =~ Gaussian fit

@7=0

——h=005
—— - Gaussian fit
0.8 === =105
Gaussian fit
0.6
0.4
0.2

b Z=0

Figure 4. Fit of a Gaussian function to the transfer functions with 7 = 0 and Z = 0 at # = 0.1 for a laminar velocity profile and

different ratios of radii.
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1/2 W - Win(1+A) +2%

Qu (1)
h

o1

Qu (146)
4 h

z
T

1+A)+

Yy

[ e

V20r

they closely resemble a Gaussian profile—even in the
absence of diffusion effects. To address this, a Gaussian
function was fitted to the transfer functions (see Figure 4).
In general, a Gaussian function appears to describe a
transfer function quite well. However, the maximum value
appears to be slightly too high, the FWHM (full width at
half maximum) slightly smaller, and the edges flatten out
more slowly. Nevertheless, this shape is much closer to
reality than the typically assumed triangular transfer func-

o _ Or/V2 1 Wi —W,(1+A) +2
-

d\{,im (43)

A} {\1@ . A}
—erf

V2or

The solution of the integral of the error function
follows:

e(x) = rerf{u}du =x-erf{x} + ﬁ exp {—x*},
(44)

Inserting this behavior into Equation (43) yields:

)+%

T

Qu (1+5)

Qu (1+8)
4n wA

4n L

r,‘

TY, -, 1+A V2or

|

Wy - W(1+A) +2

Qu (11h)
4n

\/EGF

)

R

V2or

tion. Especially in real systems, the diffusion is still super-
imposed and thus supports the Gaussian behavior of the
transfer function (c.f. Section 5).

5. Diffusing transfer function

To obtain further information about the behavior of the
transfer functions, Stolzenburg’s derivation for calculat-
ing a diffusing transfer function is extended to the
CDMA principle. Equation (42) describes the diffusive
transfer function, where or represents the standard devi-
ation of the Gaussian distribution of the diffusion path
perpendicular to the direction of the particle trajectory.

1

LPout -

(45)

Win(1+A4) +Z.

4n

Qi = - exp

$ 23
lPl_lPZ-J‘Pl J%\/Zﬂar 2(

The integration of the inner integral provides:

2
) d¥ou | d¥in, (42)
ar
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Replacing or with a dimensionless diffusion spread
parameter ¢ yields the final form of the diffusive
transfer function.

g 1
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and constant flow rates), the radial drift velocity must
increase while the residence time remains unchanged.
Le. for larger gap widths particles are classified at

Q=

—1-BA+Z
V2p 1+A|

V2o

—>A> (—(1 +h) - BiA +%%A>
+e€

V20

—(1.8) — 204p) - 2048
+6< (1-B) - BoA + 24 A)_E( 1-BA+2 A)

V20

This dimensionless diffusion spread parameter
depends on the flow field, the electrical field, the cen-
trifugal field, and the particle size. Assuming all par-
ticles behave like the particles at the mean particle
trajectory (i.e, h and f§ are small) ¢ can be calculated
from the geometry, the particle diffusion coefficient
Dp, and operating parameters.4

1—x?
4-(14—ﬁ)2-(£)2’
(47)

(1+p)° 4-n-L-D, [14x2
1—x2 Qsh + Qex 2

4

Figure 5 shows an examplary transfer function for
the geometries shown in Table 1, once for the CDMA
and once for the DMA (TSI 3081) commercially avail-
able from TSI The curve for the CDMA (Figure 5a)
is very similar to the figures in Section 4. The only
difference is that the maximum values are about 0.8,
which is due to diffusion losses. This is more apparent
in Figure 5b. Here, the height of the transfer function
decreases significantly with increasing values of 7,
becomes broader and is no longer linear’, although
the transfer function at 7 = 0 is still higher than that
for the CDMA. This behavior can be explained by the
large gap width. To classify particles of given proper-
ties with a larger gap (but constant classifier length

“The complete derivation can be found in Stolzenburg (1988).
The non-linearity is a consequence of the normalization with ©*
(Equation (10)), which was adopted from Tavakoli and Olfert. However,
this definition corresponds only approximately to the actual mean
streamline AW”*. The correct 7'« can be calculated as follows:

T = QO -In nn
" 2n(-nR)e?L +r
4 2 2 1

However, since this requires additional data to compute, we relied in our
approach on the t* definition provided by Tavakoli and Olfert (Tavakoli,
2013). This simplification is acceptable because t* is only used for
normalization. It should be noted that the deviation of the transfer
function from linearity increases for increasing values of h.

) (46)

V20

higher voltages or rotational speeds, respectively.
Consequently, the relevance of particle transport in
the radial direction in relation to diffusional transport
increases, meaning that diffusion has a diminishing
effect as gap width increases. However, for higher val-
ues of h, the effect of the truncated triangular func-
tion increases for larger values of 7 (cf. Section 4).

In order to provide a more quantitative compari-
son, Figure 6 shows the transfer functions for 7 =0
and Z = 0 associated with the two-dimensional distri-
bution for the dimensions of the actual CDMA proto-
type (Riither, Rasche, and Schmid 2025) and for the
commercially available DMA (TSI 3081), respectively.

A comparison of the two devices at T = 0 reveals a
notable discrepancy in the extent of diffusion between
the two devices. This is attributable to the markedly
narrower gap width of the CDMA prototype, which
results in reduced applied voltages and, consequently
decreased Peclet number (Flagan 1999). This indicates
that the CDMA experiences a discernible influence on
diffusion even at a particle size of 200nm, which
intensifies further with decreasing particle size.

For the CDMA prototype at Z =0, there is an
increased influence of diffusion as well, particularly for
small particle sizes, which leads to a significant broadening
of the curve. Moreover, a smoothing effect is observed,
whereby the corners lose their sharpness. Nevertheless,
when a CDMA at Z = 0 with the geometric dimensions
of a TSI 3081 is considered, the truncated triangular func-
tion can still be discerned in pure rotation mode. In add-
ition, considering this geometry, the impact of particle
size i.e., the impact of diffusion is markedly diminished.
This result is attributed to the larger gap width of a stand-
ard DMA again, which would require much higher angu-
lar velocities to classify particles in a manner analogous
to that observed for narrower gaps as realized in the
CDMA prototype. Similar to the electrical classification, a
higher angular velocity corresponds to a higher Peclet
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(a) Diffusing two-dimensional transfer function for DMA (TSI 3081) (b) Diffusing two-dimensional transfer function for the dimensions

dimensions.

of the CDMA prototype.

Figure 5. Diffusing two-dimensional transfer functions for DMA (TSI 3081) and CDMA dimensions (geometry data is provided in

Table 1) at a particle size of x = 200 nm.

Table 1. Geometric properties of the DMA (TSI 3081) and the
CDMA prototype used for the calculations in this section.

ry in rin - Lin Qyp in
Measurement system  mm mm h mm p I/min
DMA (TSI 3081) 19.61 937 0.7067 44369 0. 3
CDMA prototype 743 70.9 0.0486 334 0.1 3

number, i.e., a significantly smaller influence of diffusion
for higher gap widths as used in a standard DMA.
However, realizing the rotation of the CDMA without
inducing vibrations limits the realizable angular velocity.
Therefore, the geometry of a CDMA is a compromise
between the smallest measurable particle size and the dif-
fusional broadening of the transfer function.

Figure 7 illustrates the influence of diffusion on the
transfer functions with respect to particle size in detail. In
Figure 7a, the FWHM (Full Width at Half Maximum) is
depicted, representing a measure of the width of the
transfer function. For the mobility margin function a
value of 0.1 is expected in the limiting case of neglectable
diffusion. It can be seen that both geometries (CDMA
and commercial DMA) approximate to this limiting value
for large particle sizes. However, due to the small gap of
the CDMA prototype diffusion is relevant up to particle
sizes even above 250 nm. For the relaxation time margin
transfer function the limiting value is strongly depending
on the geometry due to the truncated shape. For the
CDMA prototype, the FWHM curve is very similar to
the mobility curve. However, for the commercial DMA a
much larger value of FWHM occurs even without diffu-
sion due to the large  value while the transfer function
shows almost negligible further broadening by diffusion
even for ultrafine particles.

Figure 7b illustrates the peak values Q. of the
respective transfer functions. As can be seen, Quax
approaches unity in case that diffusion is negligible.
Here again, the much stronger diffusion in the CDMA

is reflected in decreasing peak values for decreasing par-
ticle sizes. Only the peak value for the relaxation time
margin transfer function shows an almost constant value
of around 0.3 due to the strongly truncated transfer
function in this case.

Obviously, in the case of diffusion, the influence of
the inlet boundary condition is much less pronounced
since the diffusion and inlet flow profile both have a
similar effect, namely broadening and smearing of the
transfer function.

6. Conclusions

This paper presents the derivation of a two-dimensional
transfer function based on the streamline model
(Stolzenburg and McMurry 2008) for the newly devel-
oped Centrifugal Differential Mobility —Analyzer
(CDMA). It is demonstrated analytically, that both the
particle trajectory model and streamline model provide
identical results over the whole domain in case of the
ideal transfer function, i.e., assuming a constant particle
flux density at the inlet and neglecting diffusion (cf.
Section 3, Equation (30)). However, the streamline func-
tion approach can be extended much easier to non-
idealities. Namely, the more realistic assumption at the
aerosol inlet cross-section of a laminar flow profile and a
constant particle concentration shows significant discrep-
ancies in the transfer function. Moreover, the consider-
ation of diffusion leads to a significant broadening of the
transfer function, particularly for smaller particles. This
broadening results from the smaller gap width in the
CDMA prototype compared to a standard DMA which
in turn results from a limited angular velocity.

Given the satisfactory approximation of the transfer
function by a Gaussian function in the case of a lam-
inar flow profile at the inlet and considering that dif-
fusion further enhances the broadening of the transfer
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Figure 6. Margin transfer functions with Diffusion, for a CDMA prototype (Ruther, Rasche, and Schmid 2025) and a DMA TSI 3081
(geometry data is provided in Table 1) at different particle sizes d, and ambient temperature and pressure.
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Figure 7. Parameter full width at half maximum and maximum height of margin transfer functions with diffusion, for a CDMA
prototype (Riither, Rasche, and Schmid 2025) and a DMA TSI 3081 (geometry data is provided in Table 1) depending on particle

size d, at ambient temperature and pressure.

function, it becomes evident that a Gaussian function
can accurately approximate the transfer function with
good precision, even for larger particles.

The analytical solutions presented here can be
employed to develop a comprehensive solution for
operational modes of the CDMA in which the condi-
tions Q, # Qs and Qg # Q. are met.

The solutions developed in this paper are important
for understanding the CDMA classification behavior and
the influence of the discussed operational parameters.
However, to re-calculate two-dimensional size distribu-
tions from measurements, additional effects, namely
losses, in the inlet and outlet must also be assessed and
determined as precisely as possible.
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ARTICLE INFO ABSTRACT

Dataset link: https://git.uni-paderborn.de/pvt/ In many cases particle characterization is not trivial, so that data inversion routines are
cdma needed in order to determine particle size distributions from measurement data. In particular,
Keywords: determination of two-dimensional particle property distributions, which are very valuable for
POCS analyzing complex shaped particles, results in large ill-posed systems of equations which are
Projection onto convex sets challenging to be solved. In this paper the Projections onto Convex Sets (POCS) method is
Data inversion implemented for solving such problems in particle characterization for the first time. The
2D distribution POCS method is an iterative algorithm which allows the use of all available information
CDMA about the distribution to significantly reduce the number of potential solutions. Here, the

Centrifugal Differential Mobility Analyzer application of this method is shown for the example of a Centrifugal Differential Mobility

Analyzer (CDMA), which measures the number concentration of a nanoscaled aerosol after
classification in a gap between two concentric cylinders with a combination of different voltages
and angular speeds, i.e. controlled electrical and centrifugal forces. The application of the
POCS algorithm to this problem comprising the formulation of appropriate boundary conditions
and projection operators to include all available information, is described in detail. Further
on, the implementation of the algorithm is explained. The algorithm is then used to invert
constructed ideal data and constructed data with superimposed noise. It is demonstrated that
the POCS algorithm in either case is well suited to obtain a stable and efficient inversion of the
measurement data and to obtain highly accurate 2-dimensional particle property distributions
with respect to mobility equivalent diameter and Stokes diameter, respectively. Finally, the
algorithm is applied to real measurement data obtained from a prototype of the new device to
derive real 2D density distributions.

1. Introduction

The applications of nanotechnology get more diverse and complex. The analysis of the structure of nanoparticles is becoming a
crucial aspect of research in various fields, including battery technology (Zhang et al., 2022) and medicine (Jindal, 2017; Toy et al.,
2014). Consequently, the current literature demonstrates considerable interest in the highly specific characterization of disperse
systems based on multidimensional particle properties (Masuhr & Kruis, 2024; Rhein et al., 2019; Sandmann & Fritsching, 2023)
and in methods of particle characterization (DeCarlo et al., 2004; Shapiro et al., 2012; Slowik et al., 2004).
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Nomenclature

Greek Symbols

Arabic Symbols

Ny S

Ratio of Q, to O, (-)

Permitted deviation (=)

Dynamic viscosity (Pa s)

CPC counting efficiency (-)

Experimentally determined loss term (-)
Weighting factors for construction of noise data (-)
Charge distribution (-)

Expected value of the normal distribution (#/cm3)
Transfer function (=)

Angular speed @ =27z -n (1/s)

Particle density (kg/m3)

Virtual assumed density of (1000kg/m?) (kg/m?
Effective density (kg/m?>)

Constructed virtual measurement noise (#/ m?)
Geometrical standard deviation (-)

Logarithmic standard deviation (-)

Particle relaxation time (s)

Nominal particle relaxation time (s)

Normalized particle relaxation time ()

Component of the measurement vector regarding to the angular speed
Component of the measurement vector regarding to the voltage
Component of d,,

Number of mobility diameter classes

Component of d,

Upper interval limit

Mobility

Number of stokes diameter classes

Stokes

Upper interval limit

Volume flow though the CPC (m?/s)
Ratio of the gap width to the mean radius (-)
Normalized particle mobility (-)
Cunningham slip correction factor (-)
Mobility equivalent diameter (m)
Volume equivalent diameter (m)
Arodynamic equivalent diameter (m)
Stokes equivalent diameter (m)

Drag force (N)

Kernel matrix (=)

Length of the CDMA transfer path (m)
Measured number concentration (#/m3)
Particle charge (-)

Total number concentration (#/m?>)
Number density distribution (1/m)
Aerosol volume flow (m?/s)

Number density distribution (#/m3)
Particle charge (A s)
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O Sheath air volume flow (m3/s)
Fin Inner radius (m)
Fout Maximum radius at which the particles enter (m
t time (s)
w Settling velocity (m/s)
z* Nominal particle mobility (m?/(V s))
z, Particle mobility (m?/(V s))

Vector Symbols

Measured frequency (#/cm3)

Measured particle number (#)

Boundary condition (-)

Potential measurement error (—)

Projection operator (-)

Solution vector (1/m)

Vector of normal distributed random numbers (#/cm3)
Residuum (-)

Voltage (V)

Set of operating and geometry parameters (—)
Auxiliary matrix (-)

Kernel matrix (-)

[XI>®" @ ¥ xm=_ 8> aF

The simultaneous measurement of several particle properties is currently a challenging task. One approach to the mul-
tidimensional measurement of nanoparticles is to use available measurement systems, such as the DMA (Dynamic Mobility
Analyzer) (Stolzenburg, 1988) or AAC (Aerodynamic Aerosol Classifier) (Tavakoli & Olfert, 2014), in tandem setups. Using a DMA
and an AAC in a serial connection two different equivalent properties are characterized by each instrument, namely the mobility
equivalent and the Stokes equivalent diameter (Riither et al., 2024). From these, other particle properties such as effective density
or fractal dimension can be derived (Park et al., 2008; Slowik et al., 2004; Tavakoli & Olfert, 2014). It should be noted, however,
that this requires sophisticated inversion routines and extensive knowledge on the part of the user.

The CDMA (Centrifugal Differential Mobility Analyzer) has been developed to measure a two-dimensional distribution with a
single instrument, allowing for a smaller footprint and a standardized measurement setup, which is particularly advantageous for
cost and handling reasons. The CDMA combines the features of a DMA and an AAC in one single instrument. The operation principle
is based on the classification within a cylindrical gap, whereby both a voltage and a rotational speed can be applied to influence the
particle path simultaneously and enables the sampling of particles with corresponding properties at a specific position within the
cylinder gap. This allows a two-dimensional scan of both variables (Riither et al., 2024). The resulting two-dimensional distribution
of the number of classified particles with respect to applied voltage and angular speed show however some ambiguity concerning
the particle properties. Therefore, the data inversion for obtaining the 2D particle density distribution with respect to mobility and
Stokes diameter is much more complex than in the aforementioned sequential approaches.

This means that the transfer function is not only dependent on one property but on two independent properties, thereby becoming
two-dimensional. Consequently, the direct back-calculation routines used for DMA or AAC are no longer applicable [Riither,
forthcoming2]. In general, there are different methods for data inversion of ill-posed mathematical systems, which are regularization
methods (Markowski, 1987; Twomey, 1975), the Tikhonov method (Kenneth Wolfenbarger & Seinfeld, 1990; Wang et al., 2006),
maximum entropy method (Wang, 2008; Yee, 1989), statistical methods (Voutilainen et al., 2001), iterative methods (Stark &
Olsen, 1992; Worlitschek et al., 2005) or evolutionary methods (Lienert et al., 2003). Recent approaches use neuronal networks
and artificial intelligence to solve these problems, too (Adler & Oktem, 2017).

The routines for the tandem arrangements of conventional instruments are also not transferable directly, as they can only perform
direct back-calculation by connecting both devices in series. Park et al. (2003) show a good measurement back transformation for a
DMA-APM (Aerosol Particle Mass Analyzer) combination, which is confirmed by specific measurements (Rawat et al., 2016). Based
on these works (Buckley et al., 2017) introduced a revised Twomey algorithm, which seemingly performs very well.

Sipkens et al. (2020b) present a comparative analysis of various inversion algorithms for a DMA-CPMA (Centrifugal Particle
Mass Analyzer) combination. Their findings indicate that an unregularized minimum squared error approach yields suboptimal
performance. In contrast, the Twomey-Markowski method refined by Buckley (Buckley et al., 2017), which represents the current
state-of-the-art, accurately reconstructs the pre-specified virtual distributions across the entire range of input distributions. Notably,
Tikhonov regularization demonstrates even superior performance compared to the Twomey-Markowski approach. Meanwhile,
MART (Multiplicative Algebraic Reconstruction Technique) algorithms, despite delivering comparably strong results, exhibit higher
computational demands, reduced stability, and a tendency towards divergence.
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Sipkens et al. (2020a) propose that these inversion algorithms can be effectively applied to a variety of tandem measurement
setups. For instance, Broda et al. (2018) demonstrate the use of the Twomey algorithm in a CPMA - SP2 (Single Particle Soot
Photometer) -CPC (Condensation Particle counter) configuration, highlighting its applicability in resolving two dimensional particle
mass distributions. Similarly, Naseri et al. (2021) explore alternative inversion methods for the same combination, reporting that
the MART algorithms exhibit the fastest convergence, while Tikhonov regularization yields the highest accuracy when benchmarked
against the established Twomey—-Markowski approach. Moran et al. (2023) extend these methodologies by employing a minimum
squared error method to infer particle characteristics in a two-dimensional framework using a wire-plate electrostatic precipitator
in conjunction with a tandem DMA-APM system. Their results, validated through simulation, exhibit strong agreement, further
underscoring the robustness of these inversion techniques.

Building upon these advances, Chen, et al. (2018) applies the refined Twomey-Markowski approach developed by Buckley et al.
(2017) to a DMA-APM system for characterizing nanoparticle agglomeration in non-equilibrium plasma synthesis environments.
Their findings reveal excellent agreement with Langevin dynamic simulations, demonstrating that this methodology can be extended
to different synthesis conditions and reactor geometries. This, in turn, provides valuable insights into the morphological evolution
of synthesized nanoparticles and their corresponding growth dynamics. Furthermore, Sipkens et al. (2023) consolidate these
advancements in a comprehensive review paper, wherein they systematically evaluate the capabilities of various measurement
techniques for soot particle analysis. Their work critically discusses different tandem setups and associated data evaluation
algorithms, offering a thorough assessment of their respective advantages and limitations.

Despite the considerable number of inversion methods explored thus far, the Projections onto Convex Sets (POCS) algorithm has
received only little attention in data inversion applications. POCS is an iterative approach designed to solve ill-posed systems of
equations and is generally recognized for its robustness, particularly in the fields of tomography and image reconstruction (Gubin
et al., 1967). To date, the method has been employed in the field of characterization only by Mehler et al. (2002) who derive
surface charge densities for the characterization of adsorption processes across a range of substances, while Schiirer and Peukert
(2005) have leveraged the algorithm for the prediction of adsorption equilibria.

In this study, we present the application of the Projections onto Convex Sets (POCS) algorithm to data inversion, highlighting its
significant advantages in incorporating prior knowledge directly into the inversion process. Being aware of promising work involving
the POCS algorithm (Mehler et al., 2002; Schiirer & Peukert, 2005), we aimed to explore its potential within our specific research
context. One of its key strengths lies in its ability to enforce known constraints, such as predefined marginal distributions — an
aspect previously discussed by Naseri — as well as the fundamental requirement that the cumulative distribution function converges
to one. In contrast to incorporate any prior knowledge, the utilization of inherent constraints significantly enhances the stability
and reliability of the inversion process when applied within the framework of the POCS algorithm. Consequently, this approach
expands the repertoire of available methodologies, providing a robust and flexible alternative to well-established techniques. Given
its adaptability and theoretical soundness, the POCS algorithm holds promise for improving inversion accuracy across a wide range
of applications. However, benchmarking against existing algorithms which would be of great interest as well is out of scope of the
present paper.

2. Concept of the data inversion

The objective of data inversion is to reconstruct the true distribution of properties from the distribution of measured signal values.
In the present case, the measured values comprise the measured particle numbers, Ny, ;,(U;y, ®,,), as a function of the voltage U,
and the rotational speed, w,,. The objective of the inversion is to derive the two-dimensional number density distribution, i.e.

iw*
dN(d,,. d,,)

qo(log(d,,),log(dy,)) = m
which is dependent on the mobility equivalent diameter d,,, i.e. a spherical particle of this diameter experiences the same drag
force in a continuum fluid for a given relative velocity as the actual particle and the Stokes equivalent diameter d,, i.e. the size
of a spherical particle which has the same settling velocity, while having the same density (Colbeck, 2013; Reist, 1993), therefore
depending on drag force and mass.! With dN(d,,,d,,) being the number of particles in a given 2D size interval of width dlog(d,,)
and dlog(d,,), respectively, N, being the total number of assessed particles. However, since particle distributions are broad, it
is advantageous to scale the arguments of number density distribution gy(log(d,,), log(d,,)) lognormally. The measurement signal,
i.e. the number of classified particles AN (U;y, w,,,) for a given combination of voltage U,; and rotational speed w,,, can result from
any different combination of mobility equivalent diameter and Stokes equivalent diameter, that satisfy the correct particle trajectory.
This results in a highly complex relationship between the target (c.f. Eq. (2)) and the measured variable, so that reconstructing the
true property distribution from the measurement signal, or the measured value distribution is a challenging task.

The measured number concentration of particles for a given combination of voltage and speed can be calculated for a given
particle size distribution ¢, (log (d,,) .log (d,;)) by integrating the two-dimensional number density distribution multiplied with a

(€3]

1 If the particle density is not known with sufficient accuracy, the aerodynamic equivalent diameter d,, could be used instead of the Stokes diameter
dy, = d,.\/py/p. Here, p is actual particle density and p, is the particle density of 1g/cm’. However, this leads to an equivalent inversion problem (Riither et al.,
2024).



4.3 The POCS-Algorithm

T.N. Riither et al. Journal of Aerosol Science 188 (2025) 106606

Kernel function K(d,,, d;, n, z) over all possible combinations of mobility and Stokes diameters. Additionally, a potential measurement
error e;;; ;,, must be considered as well. Therefore, the measured frequency b,;, ;, can be calculated as follows:

ANy iUy i

) o0 o0
buggo = 0 = [T Ky ) athontdy) o) - dogdyogtd,) + @

tot
where b is the target vector of the calculation and z are the operating parameters (flow rates, voltage, rotational speed, pressure,
temperature, gas species, etc.) as well as the geometry of the CDMA.

The Kernel function K is derived from the transfer function of the device Q2(n,d,,.d,, z). Furthermore, the charge distribution
y(n,d,,) must be considered also, with the particle charge n. This Kernel function and the respective parameters are discussed in
greater detail in Sections 3.2 and 3.3.

Since neither the solution vector nor the measured values are continuous, Eq. (2) must be represented in discrete form:

o

ANy iUy, o :
bwio = —— = 2, X Kjawio " 41 A10g(dy,) - Alogdie)) + e o ®)
tot j=11=1
Discretization transforms the Kernel function K into a Kernel matrix K (cf. Section 3.3). Hence, this equation can be represented
in matrix notation:

b=A-q+e (©))
where

A=(K| (4log(d,)|4logd)") ) (©)

q;, = q(log(d,, ;),log(d ) (6)

The aim of data inversion is to solve this system of equations in such a way that a unique solution, in this case the number density
distribution g, for a measured frequency number distribution b is found. The main difficulty is that this inverse problem represents
a mathematically ill-posed system of equations. This means that there are several or an infinite number of possible mathematical
approximate solutions to the problem. A promising approach is the POCS method, which can solve ill-posed systems of equations
robustly and efficiently.

3. Projections onto convex sets (POCS)

The POCS method is based upon the utilization of prior knowledge regarding the solution, which can be integrated into
an iterative algorithmic process through the implementation of boundary conditions (C,,C,,...,C,). The incorporation of this
knowledge allows for a significant reduction in the number of potential solutions. Accordingly, the algorithm identifies a solution
that is consistent with all underlying boundary conditions, provided that the boundary conditions can be represented by projections
onto closed and convex sets in a Hilbert space (Hocker et al., 2001). The method is founded upon a procedure in which a solution
vector is iteratively projected onto all boundary conditions C with the assistance of projection operators P (Gubin et al., 1967; Stark
& Yang, 1998).

If all boundary conditions are consistent and have a non-empty intersection C, the iteration scheme converges to a possible
solution on the boundary of the intersection (Gubin et al., 1967).

If the boundary conditions are inconsistent and therefore an empty intersection exists, a solution will still be found with a high
probability (Stark & Yang, 1998). It should be noted that this method can never lead to a unique and exact solution for non-trivial
systems. The higher the number of boundary conditions, the smaller the space of possible solutions and the higher the expected
accuracy. Therefore, to solve a linear system of equations of the form (4) robustly, it is necessary to find as many boundary conditions
as possible that constrain the problem.

3.1. Boundary conditions

3.1.1. Non-negativity of the density distribution
Negative values of the number density distribution are physically impossible and can therefore be excluded. Mathematically,
this boundary condition can be interpreted as follows

CnonNegz{qe R: Qj‘[ZO§ j=1,-..,k/\l=l,...,o} @

The projection operator of non-negativity P,,,nc, is therefore (Stark & Yang, 1998):

40 4020 .
PronNeg * qu:{OjJ qj'[<0§ j=1..,knl=1,..,0 8)
’ il

This means, that all values that are less than zero are rendered zero, while all other values remain unaltered.
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3.1.2. Normalization of the density distribution
A further significant characteristic of particle size density distributions is that due to normalization by N, (cf. Eq. (2)), the
integral of the density distribution over the complete two-dimensional size range, is always equal to one.

/ / q(log(d,,),log(dy,)) - dlog(d,,)dlog(d,,) = 1 )
o Jo

In the discrete representation, this can be formulated as follows:

0

> > 4y, - Alog(d,,) - Alog(dy,) = 1 (10)

j=11=1

This representation may be transformed into the form of a scalar product.

k o
Caley = D a; =1 an
j=11=1
where:
g = (Alog(d,,)|Alog (d,)T) (12)

In defining a boundary condition that accounts for the characteristics of a particle size distribution, it is important to recognize
that even minor inaccuracies, e.g. due to limited numerical resolution, can prevent that this condition may be completely satisfied.
Accordingly, for the normalization boundary condition C,,,, a discrepancy &, from the specified value of one is permitted for
the sum. This category of boundary conditions is designated as ‘soft-linear’ (Stark & Yang, 1998).

Chorm = {q e R: |(qlgh-1l< 5norm} 13

A scaling projection operator for the specified boundary condition can be represented as follows:

q. 9 € Cuom
Pnorm Lq= ((qqm’ <<q|g» < l_5norm as

q
G Salgh <1+6mom

3.1.3. Marginal distributions

The marginal distributions represent the frequency distribution with respect to just one of the considered properties, irrespective
of the other property, i.e. ¢(d,,) or q(d,,), respectively. They can be calculated by integrating or, in the discrete case, summing over
the other property:

qma,gmob(dm)=/0 q(log(d,,), log(dy,)) dlog(dy,) (15)

and discretized:

o
GmargMobj = 2, 411 - Alog(dy,) 16)
=1

Analogously, the marginal distribution of the Stokes equivalent diameter is obtained:

oo
Imargst (dsy) = / q(log(d,,), log(d,)) dlog(d,,) 17)
0
as well as:
k
Imargst,l = Z aj1 - 4 IOg(dm,j) (18)
j=

These marginal distributions are identical to measurements results obtained with a DMA (Knutson & Whitby, 1975) or an
AAC (Tavakoli & Olfert, 2014), respectively. Thus, for the CDMA, the two marginal distributions can be determined for the cases
® =0and U = 0, respectively, by applying the common data inversion theories of the DMA and AAC, accordingly. Therefore, the
resulting distributions gpy;, (corresponding to gpyrgnmion) and gaac (corresponding to gyyes) can be determined prior to inversion of
the two-dimensional data and can be assumed to be known upon inversion with the POCS algorithm. If a deviation 6,,,, is permitted
again, the soft-linear boundary conditions are defined as follows:

CmargMob = {qmurgMob € R: | (qlAIOg(d.yl» — 4dpMA | < 6murg} (19)

CmargSl = {qmarg51 e R: | (‘”AlOg(dm)) ~daac | < 5murg} (20)
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The two corresponding soft-linear projection operators can be defined as follows:

Prargmon,j for any fixed value of j; I=1,...,0:
g1 margMob,j € CmargMob

450 = a1 + W -4 lOg(dxtv/)’ margMob,j < 4dpMA,j — 6marg @D
i1 + %W - Alog(dg 1), GmargMobj < 4DMA,j + Omarg

Poargst, for any fixed value of I3 j=1,....k :
a1, margsSt,1 € CmargSt

g1 =49 W -4 lOg(dm,j)v Gmargst] < 9AAC] ~ ﬁmarg @2
gi1 + %W - 410g(dy ) margstl < dAACT T Omarg

3.1.4. Agreement with measurement data

While Eq. (4) requires that the size distribution perfectly describes the measurement data, in reality a measurement error e;; ;,
can occur at every measurement point U;;;, ;. If the residuum r;; ;,, i.e. the deviation between the measurement values and the
target vector, has an acceptable deviation 6,,.,v,, the boundary condition becomes:

CmcasVa],iU‘iw = {q € R: IriU,iwl < 5mcusVaI} (23)
Here, the residuum r is defined as follows:
r=>b-(Alg) (24)

The corresponding projection operators P, .,v,; for any measurement point U;;;, ®,, yields the following result:

PmeusVaI.i :
q, |riU.iw| < 5meus\/al
q Iit.io=Omeasval < —§ (25)
q= “A«U.m) "2 ZiUiw? iU,iw 'measVal
rit o+ Omeasval
q+ [ l“"z ‘Ao TiUjo > +6meusVal
i

3.1.5. Relation between mobility d,, and Stokes diameter d.,
A particle of any shape always experiences a higher drag force than the volume-equivalent sphere:

FD > FD,voI.eq.xphere (26)
This leads to the inequality:
dy 2 d, 27)

so that for any particle the mobility equivalent diameter is larger than or equal to the volume equivalent diameter. From the force
equilibrium over the particle, which leads to the settling velocity w;, the Stokes equivalent diameter d, is defined as (Baron et al.,
2011; Riither et al., 2024):

2 3 2., 2
po’r-d; pwr-dS[
O e a8 @8
n Cu(d,,) m n Cu(d,,)
Hence:
_ (4
ds, =1/ 7 (29)

m

Inserting this in Eq. (27) yields the following inequality (DeCarlo et al., 2004):
d, >dg (30)

Consequently, the boundary condition becomes:

Copca,={a€R: dy;2dy;; j=1,....kal=1,. 0} 31)
The projection operator is therefore:
i dy i >d,
Pycq, i gy =9 00 Om S kA= 10 (32)
' 0’ dm,/' < dsl,l
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Fig. 1. Two dimensional transfer function for the CDMA prototype properties (c.f. Table 1).

Table 1

Classifying gap properties of the CDMA prototype (Riither et al., 2024).
Aerosol volume flow Sheath air volume flow Inner radius Outer radius Length 2 % Q,/0y,
Q, in Ipm Q,, in Ipm riy in mm Foue N mm L in mm h p
0.3 1.5 70.9 74.3 334 0.0486 0.2

3.2. The ideal kernel matrix

As described in Section 2, the ideal Kernel matrix generally depends on the ideal transfer function Q,,(Uy,®,,.%.n - Z, z) and
the charge distribution y(d,,, n), which is assumed to be known (Wiedensohler, 1988 in case of radioactive sources and Tigges et al.,
2015 in case of X-ray sources). Ideal in this context means a CDMA without any secondary effects, like diffusion, losses in the in-
and outlet, etc.

The ideal two-dimensional transfer function for the CDMA can be calculated in accordance with the methodology outlined
in Riither et al. (2024) through the utilization of the particle trajectory model. Fig. 1 illustrates the two-dimensional transfer function,
wherein 7 represents the normalized particle relaxation time and Z denotes the normalized mobility (see Appendix A). The transfer
function presented here describes the probability of classifying particles within a particle collective. The number of classified particles
is determined by the double integral of the transfer function weighted by the particle size distribution. Consequently, all particles
are classified in proportion to their respective properties. Note that the normalized values for particle mobility Z and relaxation
time 7 are used in this analysis. A change in voltage and speed also affects the normalization parameters, resulting in the same
normalized transfer function for each voltage and rotational speed.

In order to calculate a Kernel element for a specific two-dimensional size interval, the interval limits d,, ,,, and d, ,,,, are employed
to calculate the limiting particle relaxation time 7, and 7, while the interval limits d,, ,, and d,, ,, are used to calculate the limiting
mobilities Z,, and Z,,,, (see Appendix A).

The values dg,; p, dsijow and dy,yp, dyy 10w are the limits of the discretized bins of the sought two dimensior:al distribution.
Combining these limits with the charge distribution® y(d,,,n) as well as the transfer function 2,,(U,y,®;,,7.n - Z, z), the Kernel
matrix for each two-dimensional size class is defined as:

Mmax %
Y1) w
Kivjwji = 2 = [

N=Npin (?up - :Flow)(zup - Elow) Tlow

Fig. 2(a) shows an exemplary ideal Kernel matrix at U = 54.8V and @ = 12.24s~! for the typical dimensions and operating

parameters (c.f. Table 1) for the CDMA prototype, built in our lab, which was thoroughly described in Riither et al. (2024).

Considering the boundary condition described in Section 3.1.5, only data for d,, < d,, is presented here, ensuring that no data

appears above the dashed line. Uncharged particles are only influenced by the Stokes diameter. The resulting matrix assigns multiple

particle sizes to a given setpoint, yielding a highly ill-posed system of equations. This inverse problem is subsequently addressed
using the POCS algorithm.

,up

Z, -~
/~ " QuGEn-2)dZ &7 33)
V4

low

3.3. The complete kernel matrix
As further losses occur in the measuring device, such as diffusion losses or general particle losses in supply lines and sample lines

due to centrifugal or electrical forces, as well as the CPC counting efficiency ncpc(d,,), it is necessary to subject the Kernel matrix
to account for these influences.

2 Here, the charge distribution is assumed to be constant over a size interval.
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Fig. 2. Exemplary Kernel matrices, for dimensions of the CDMA prototype and operation parameters (c.f. Table 1) at U = 54.8V and w = 12.2457".

Instead of an ideal transfer function, for example, the analytical transfer function, which takes diffusion losses into account,
can be used as an alternative (Riither, forthcoming2). Furthermore, particle losses resulting from centrifugal and electrical forces,
i.e. losses due to undesired electrical and centrifugal fields in the in- and outlet region, can be calculated and thus the transfer
function can be corrected accordingly (Riither et al., 2024). Finally, all other losses can be summarized in a loss term 7, which
was determined experimentally (Riither et al., 2024). When these aspects are considered, the Kernel matrix results in:

Nma 4

- d,,n o offwo o ~

Kiviwji = l = 2 = G /~ QGEn-Z,dy,dy, U, 0,2)dZ &7 (34)
fy - fcee(n) W5 Fo = T Zap = Ziow) JFiow JZ

low

Fig. 2(b) shows the corresponding complete Kernel matrix. Once again, values above the dashed line are excluded due to the
constraint dy, < d,,. The influence of the losses results in a general height reduction to approximately 30% of the original kernel
matrix height (compare Figs. 2(a) and 2(b)). Particles with larger Stokes diameters are more dominantly influenced by the centrifugal
force, which results in a higher degree of deposition at the sampling outlet.

These losses occurred in this first CDMA prototype due to unforeseen separations in the inlet and outlet regions. These will be
significantly reduced in a subsequent prototype.

3.4. Initial condition

To enable the algorithmic calculations, an initial guess concerning the particle sizes must be made. Here, the initial guess assumes
that the 2D distribution is a pointwise multiplication of the marginal particle distributions (i.e. the two properties are assumed to
be independent as a first guess):

q

T
9. = <qmm,gMgb|qmargSl ) (35)
Since additionally the condition d,, < d,, has to be considered, the values, not satisfying this condition are set to zero to avoid

unphysical initial values. Finally, a normalization of the integral to 1 i.e. projection according to Eq. (14) leads to the initial guess.
3.5. Inversion scheme

The mathematical model described this far has been implemented as an algorithmic program, using the software MATLAB.
Fig. 3 illustrates the structure of the data-inversion program. Firstly, certain data inputs and calculations must be performed to
obtain the required data for the POCS-algorithm. This includes the calculation of the marginal distributions, Kernel matrices and
so forth. Subsequently, the POCS-algorithm initiates a verification and recalculation of the conditions outlined in Section 3.1. If the
residuum |r?| converges to a constant value, the iteration is terminated manually. Then, the POCS-algorithm terminates and the
back-transformation to the two-dimensional density distribution is completed in accordance with the output of the result.
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Fig. 3. Flow chart of the data-inversion program.

4. Test of the POCS-algorithm

In this section, the functionality and accuracy of the algorithm are thoroughly examined. Initially, ideal data are used to
demonstrate the general functionality of the algorithm, allowing for a clear understanding of its behavior under optimal conditions.
For these ideal data, a simulated kernel is employed, which closely resembles the kernel used for inversion (c.f. Section 4.1).
Following this, idealized measurement data is corrupted with statistical noise, specifically Poisson noise and Gaussian noise, to
simulate real measurement conditions (c.f. Section 4.2). Lastly, the applicability of the algorithm to real measurement data is
assessed, demonstrating its practical relevance and effectiveness in handling more complex, noise-affected real-world data sets (c.f.
Section 4.3).

10
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Fig. 4. Assumed ideal two-dimensional distributions for particle ensembles of differently shaped virtual silver particles.

4.1. Performance with ideal data

For validation purposes, two particle size distributions are used to test the data inversion algorithm. As a first test case, an
ensemble of perfectly spherical particles is considered with a log-normally distributed particle size distribution and a mean diameter
of 4 = 68nm and logarithmic standard deviation ¢, = 0.422 (c.f. Fig. 4(a)). As second test case an ensemble of complex shaped
particles is considered with a 2D-size distribution comprised of two log-normal distributions with regard to the mobility diameter
d, (u,, =500nm, o, ,, = 0.198) and the Stokes diameter d, (u, =200nm, o, ;, = 0.149), respectively (c.f. Fig. 4(b)).

Since silver is the first material under investigation and centrifugal forces play a key role in classification, the density of silver
particles (p = 10490kg/m?) is assumed in all test cases. This assumption leads to the generation of virtual silver particles with
different shapes, specifically spherical particles and large particle agglomerates. For test purposes, the expected measurement signal
resulting from an ‘ideal’ CDMA scan of the respective ensemble is calculated (c.f. Section 4.1.1). Subsequently, the inversion with
the POCS algorithm is applied to the simulated measurement data and the resulting 2D particle size distribution compared to the
original size distribution (c.f. Sections 4.1.2 and 4.1.3).

4.1.1. Forward calculation

In order to test the performance of the POCS-algorithm, ideal data sets are constructed, in which the target particle properties
are prescribed. An imaginary set of approximately a million particles is produced, in such a way that each particle has the three
parameters: mobility equivalent diameter (d,,), Stokes equivalent diameter (d,,) according to the prescribed size distribution (c.f.
Figs. 4(a) and 4(b)) and charge (n) (Wiedensohler, 1988).

For every particle (having a special combination of mobility and Stokes diameter), the particle trajectories are calculated starting
from 50 different, homogeneously distributed positions at the aerosol inlet. Here, for calculating the particle trajectory, diffusion
and inertia are neglected. Doing this for every operating point of the CDMA (i.e. every combination of voltage U and rotational
velocity @) and counting the successfully traversed particles, results in the vector containing the number of classified particles
for each examined operational condition b,. In real measurements, the particle concentration is measured. To get this, a volume
flow ¥ = 0.31pm (that is the volume flow of a CPC 3775 from TSI) and a time difference Ar = 100s are chosen to calculate the
concentration:

by
Tvea 36)

The measurement values are lognormally distributed in both directions. To reduce the computational effort, the measuring of
voltages and rotational speeds are limited to the relevant ranges. These relevant ranges can be easily determined from a full scan of
the marginal distributions and then limiting the operational parameters to the respective interval of interest, i.e. measurement areas
where the marginal distributions are already zero are excluded. For future investigations, it would be advantageous to implement
this functionality in the software, such that higher voltages and rotational speeds are excluded until a specific threshold - such
as 0.1% of the maximum value - is reached in the marginal cases. This consideration is not only important for the time required
for calculations but also for the real measurement time, which, under current conditions, could exceed 20 h for a full scan. In
particular, when a scanning mode is implemented, this consideration becomes less critical due to the faster measurement times.

However, it could still be beneficial for systems with less stable processes, where fast measurement and a good control over the
process conditions are crucial.

id
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Fig. 5. Ideal measurement values for CDMA prototype dimensions for two different particle ensembles.
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Fig. 6. One-dimensional data inversion of the marginal distributions for the data set of spherical particles.

Therefore, Fig. 5(a) has different range then Fig. 5(b). Hence, for the particle ensemble of spherical particles (Fig. 4(a)), the
measurement vector is calculated at 36 different voltages and 31 different rotational velocities (Fig. 5(a)). The particle ensemble of
agglomerated silver particles (Fig. 4(b)) has a measurement vector of 33 different voltages and 23 different rotational velocities (Fig.
5(b)). Fig. 5 presents the typical measurement signals for a monomodal aerosol. A distinct peak appears at U = 0, while multiple
peaks may emerge at w = 0 due to the presence of multiply charged particles, particularly for larger particle sizes. These additional
peaks arise solely as a consequence of multiple charging. Furthermore, non-charged particles are unaffected by the electric field,
leading to a particle classification at a specific rotational speed but irrespective of the applied voltage. In contrast, the classification
of charged aerosol fractions are strongly influenced by the respective combination of voltage and rotation. Therefore, a particle
ensemble will give a characteristic classification pattern for each parameter setpoint.

This data set b,; can be achieved from the multiplication of the given ideal distribution with the Kernel matrix, too.*

by =(Alg;q) 37)

4.1.2. Inversion for an ensemble of spherical particles

Fig. 4(a) depicts the particle distribution, which is the input for the forward calculation. Fig. 6 illustrates the outcomes of
common data inversion routines (i.e. for the DMA or AAC) for a one-dimensional particle size distribution, i.e. the inversion of
measurement results obtained with the CDMA with U = 0 and w = 0, respectively. It can be demonstrated that the inversion routine
for the marginal distribution for pure electric operation and for pure rotation are essentially identical. Only minor discrepancies
are observed, which can be attributed to the discretization involved in generating the ideal particle ensemble. As described in
Section 4.1.1, the process of generating the ensemble involves discretization at each step, leading to small inaccuracies.

3 The deviation between the forward calculation and Eq. (37) was <0.1%.

12
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Fig. 7. Results of inversion for simulated measurement data obtained for an ensemble of spherical particles (c.f. Fig. 4(a)).
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For the calculation of the two-dimensional distribution, 32 x 32 geometrically scaled size classes per decade are considered. To
start the data inversion, the initial condition of pointwise multiplication, described in chapter 3.4, is prescribed. The result of the
POCS algorithm is illustrated in Fig. 7. The position of the resulting two-dimensional distribution (c.f. Fig. 7) agrees very well with
that of the distribution originally prescribed in the forward calculation, so that even the modal value is identical (c.f. Fig. 4(a)). The
height of the distribution is slightly lower, as the classification of a two-dimensional size distribution is more challenging, particularly
for ideal spherical particles, where only the bisecting interval is occupied, i.e. an infinite gradient in normal direction exists for the
original two-dimensional size distribution. Consequently, misclassifying a particle in a lower interval significantly reduces the height,
especially at high resolutions of the particle size distribution. It should be noted, that we did not apply any artificial smoothing which
might lead to a decrease in the peak value as well. This can be seen in the difference of the 2D cumulative distributions shown in
Fig. 7(b). Here a pointwise comparison of the cumulative distributions as obtained from POCS Qg pocs inversion and as specified in
the forward calculation Q) gy wardcalc 1S considered. Which is:

40 = Qppocs ~ Qo ForwardCale (38)

Based on Eq. (10) the cumulative distributions are defined as follows:

©

M-

QO,S.I =

J

q;, - Alog(d,, ;) - Alog(dy,); s=1,...,kAat=1,...,0 (39)
1

1

It can be seen, that only small differences not exceeding +2.5% (typically less than +1%) are occurring.

To ascertain the impact of the initial condition, two further distinct initial conditions are subjected to analysis. For this second
initial condition, no knowledge of the marginal distribution is assumed, hence all elements of the initial particle size distribution
are set to zero. The third initial condition is to utilize the correct solution for the particle size distribution as the initial condition. Of
course, this is only possible for the theoretical test cases and no option for the inversion of real measurement data. Fig. 8 illustrates
the convergence of the various initial conditions. It becomes obvious that for all initial conditions the results are converging but
have not reached their final value already, even after 10* iterations. The initial conditions of point-wise multiplication and the array

13
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Fig. 9. Results of inversion for simulated measurement data obtained for an ensemble of non-spherical particles (c.f. Fig. 4(b)).

of zeros exhibit a comparable progression in convergence, except for the first 100 iteration steps. A comparison of the differences of
the cumulative distribution from the original distribution 4Q, shows a similar error in all cases (for quantitative comparisons the
respective figures are included in the Appendix B). However, if the correct solution is used in the first iteration step the deviation is
slightly smaller. Nevertheless, increasing the number of iteration steps further (100.000 instead of 10.000) leads to a similar result
even if the standard initial condition (product of marginal distributions) is used. This emphasizes that even though the solution
shows already good agreement after 10* iterations, for full convergence even higher numbers of 10° iterations are advisable.

4.1.3. Inversion for an ensemble of non-spherical particles

To test the algorithm for non-spherical particles, a collective of particles with a mean mobility diameter of 500 nm and a mean
Stokes diameter of 200 nm is considered. A comparison between the given particle size distribution (Fig. 4(b)) and the reconstructed
distribution (Fig. 9(a)) reveals that, as in the previous section, the position is identical and the height is 3.1% smaller. Furthermore,
the marginal distributions show a good agreement to the original data (cf. Fig. B.19(b)), too.

Comparing the difference in the cumulative distribution (c.f. Fig. 9(b)) it appears that the maximum difference is twice as high
(i.e. less than 6% at any point) as for the spherical particles, but also in a good agreement to the original data.

4.2. Performance with ideal data superimposed with statistical errors

To assess the efficacy of the algorithm in a realistic setting, ideal data (c.f. Section 4.1) is used as a baseline onto which noise
is superimposed. In this study, a combination of the Poisson and Gaussian noise approaches is employed.

The number of particles in a given volume can be described by a Poisson distribution (Raasch & Umhauer, 1984). For particle
numbers exceeding 30, the Poisson distribution can be approximated by a normal distribution (Papula, 2011). In a Poisson
distribution, the variance of the number of particles o‘é is equal to the expected value y,. As the number concentrations N are
typically quantified in a CPC, the number of particles is given by the concentration multiplied with the volume flow V and
measurement time Az. Hence:

aé=y0=N~V-At (40)
The following therefore applies to the expected values:
Ho
= - 41)
N=Y a (
And therefore for the variances:
2
c
2 0
oy = —— (42)
N W a2

Inserting this relation into Eq. (40) yields:

_ N
NNV u “3

Using the values from Section 4.1.1 (i.e. ¥ = 0.31pm and 47 = 1) gives direct access to the variance for every measured value.

14
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Fig. 10. Ideal noise-laden measurement values for CDMA-prototype dimensions for the two different particle collectives.

In order to get reasonable total measuring times, for each measurement point a measurement duration of just 1s is assumed (c.f.
Figs. 5 and 10). Such a short measurement time can be considered to represent an upper limit to the Poisson noise resulting from
counting statistics.

In addition to the Poisson noise, some Gaussian noise is superimposed. For this a relative Gaussian noise which should describe
relative measurement errors like fluctuations in the aerosol, are assumed with about 5% from the respective measurement value.

O Gauss,rel = N -5% (44)

Moreover, an absolute Gaussian noise is added, to describe errors which are based on fluctuations in the setup, like the false count
rate of the CPC. The absolute Gaussian noise is assumed to be 1% of the maximum measurement value.

OGauss,abs — max(N) - 1% s)

Since all three types of error may be assumed to be independent, the variances can be amalgamated as follows (Papula, 2011):

2 _ 2
Gtot_aN+6

2

2
Gauss,rel +o

Gauss,abs

(46)

Accounting for the physical condition of non-negative concentrations, the measured particle concentration N, affected by noise,
results in the noise-laden concentration N .

N+R, N+R>0
Nnoise_{ 47

0, N+R<0

Because for large concentrations, the Poisson distribution can be described by a Gaussian distribution, R is a vector of normal
distributed random numbers with an expected value x = 0 and variance 62, . Fig. 10 shows the constructed noise-laden measurement
data sets, which are used to test run the algorithm of Section 3 again. The noise added here is clearly visible and is assumed to rather
exceed errors found in typical real-world measurements. However, it should be noted that the noise is smoothed by the interpolation

of the values upon visualization.

4.2.1. Noise-laden measurement data for an ensemble of spherical particles

Fig. 10(a) shows the used ideal measurement data superimposed with statistic noise. When using this measurement signal as input
for the POCS-algorithm, the data inversion leads to the result represented in Fig. 11(a). This result is significantly more unsteady,
which may be caused by the marginal distribution being also significantly more affected by errors (Fig. B.20(a)). Even more iterations
(here again 10* iterations were used) will not lead to further improvements. Nevertheless, the position of the distribution remains
identical to the initial distribution. The height is also 10.8% lower, but this is again due to the minimal broadening of the distribution
in normal direction, resulting in considerable changes in the total height. This can be seen in the difference of the sum distributions
in Fig. 11(b). The differences are significantly higher as in the ideal case, but still always lower than +5% despite the high amount
of superimposed statistical noise.
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Fig. 11. Results of inversion for noise-laden simulated measurement data obtained for an ensemble of spherical particles (c.f. Figs. 4(a) and 10(a)).
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Fig. 12. Results of inversion for noise-laden simulated measurement data obtained for an ensemble of non-spherical particles (c.f. Figs. 4(b) and 10(b)).

4.2.2. Noise-laden measurement data for an ensemble of non-spherical particles

The solution obtained through the POCS-algorithm from the contaminated measurement data (c.f. Fig. 10(b)) as input is
illustrated in Fig. 12(a). Both marginal distributions are adequately mapped (c.f. Fig. B.20(b)). Furthermore, the marginal
distributions are also depicted with remarkable clarity. The absolute error in the cumulative distribution in case of noise acting
on the measurement signal is only slightly larger compared to the case without noise (c.f. Figs. 9(b) and 12(b)). However, it is to be
expected that the result would be significantly inferior with a smaller number of measuring points. Overall, it can be demonstrated
that the algorithm inverts the measurement data with remarkable stability and precision, even when strong disturbances act on the
measurement signal.

4.3. Application to real measurement data
The applicability of the algorithm to real measurement data is evaluated using measurement data from various experiments. As
it is only possible to check the accuracy to a limited extent, sine the real distribution is not known anymore, the plausibility of the

resulting distributions is checked and analyzed using comparative measurements.
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Fig. 13. Schematic of the measurement setups for measuring spherical/agglomerated silver and DEHS (Di-Ethyl-Hexyl-Sebacat) particles.
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Fig. 14. Results of the data inversion for the measurement of spherical silver particles.

4.3.1. Measurement setups

Fig. 13 presents a schematic representation of the experimental setup used for measuring the particle size distributions of silver
and DEHS (Di-Ethyl-Hexyl-Sebacate) aerosols. The silver aerosol is generated by placing solid silver in a nucleation tube furnace,
which is heated to 1150 °C. A controlled airflow, regulated by a mass flow controller (MFC), transports air saturated with silver vapor
from the tube furnace to a cooling region, where the supersaturation leads to the nucleation of silver nanoparticles. The aerosol
subsequently passes through an agglomeration tube (V' = 101), promoting the formation of silver agglomerates. To obtain spherical
silver particles, a second tube furnace is maintained at 750 °C, facilitating the sintering process and yielding rounded particles.

For the generation of a DEHS aerosol, a flow focusing aerosol generator (TSI FMAG 1520) is employed. This device produces
droplets with a highly monodisperse size distribution.

Prior to measurement, the aerosol is passed through a krypton-85 source to establish a well-defined charge distribution on
the particles. The particles are subsequently classified in a centrifugal differential mobility analyzer (CDMA) according to their
aerodynamic and mobility diameters. The sheath air flow rate is set to Q,;, = 1.51/min, while the aerosol flow rate is maintained at
Q, =0.31/min.

Finally, the classified aerosol is analyzed by counting particles for each combination of applied voltage and rotational speed.
The resulting data are processed using an inversion algorithm, as described in Sections 3.3 and 3.5 to determine the particle size
distribution.

4.3.2. Measurement of spherical silver particles

Almost spherical silver particles were used as a first test-aerosol. A comparison between the one-dimensional data inversion
routines on the CDMA measurement of marginal distributions and standard DMA measurement (SMPS Data) reveals a notable
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Table 2
Characteristic values for the one-dimensional data inversion routines for measurements of spherical silver particles.
Inversion routine Mode in nm d, in nm o, ax [%] in l()(’m%
CDMA, w =0 67.32 61.62 1.519 5.60
CDMA, U =0 67.32 64.59 1.533 2.64
SMPS 68.50 68.24 1.507 4.61
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(a) One-dimensional data inversion.
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Fig. 15. Results of the data inversion for the measurement of agglomerated silver particles.

discrepancy. Table 2 shows characteristic values of the different size distributions. It can be seen that the modal values are in a quite
good agreement, while the geometric mean diameter d, differs slightly, which is due to the slight asymmetry of the distribution
for the CDMA measurements (c.f. 14(a)). Nevertheless, the geometric standard deviation again only has minor deviations. Only
the heights of the marginal distributions obtained from the CDMA differ significantly, to the SMPS results. This is likely a result
from over- and underestimation of the loss coefficients upon determination of the Kernel function, particularly for losses due to
rotation (Riither et al., 2024). Due to the generally high particle losses and the substantial correction factors required, it is not
possible to determine an exact cause of this discrepancy. However, future investigations using a new prototype with an improved
design should allow for a more accurate analysis. Nevertheless, the POCS-algorithm provides a two-dimensional size distribution
that indicates very spherical particles and possesses the expected modal value (Fig. 14(b)).

4.3.3. Measurement of agglomerated silver particles

The subsequent stage of the process involved the removal of the sintering process (Riither et al., 2024), thus allowing for
the measurement of agglomerated silver particles. This revealed unequivocally disparate equivalent diameters, as depicted in the
marginal distributions (cf. Fig. 15(a)). However, since we have no access to a proper reference measurement method it is unclear
whether the actual particle size distribution corresponds exactly to the calculated one (c.f. Fig. 15(b)).

4.3.4. Round DEHS-particles

The final stage of the present study was the generation of a monodisperse aerosol from DEHS (Di-Ethyl-Hexyl-Sebacat). A
flow-focusing monodisperse aerosol generator (TSI FMAG 1520) was employed. The FMAG can generate particles within a very
narrow size interval. DEHS was chosen because of its property to form near-perfect spherical particles with monodisperse particle
sizes. In the experiment, the FMAG generates DEHS droplets with the settings to produce mean diameters between 800-1000
nm. The one-dimensional back-calculation routines depicted in Fig. 16(a) demonstrate that the particles produced exceed the
measurement range of the instrument. Regarding the mobility diameter, the presence of particles larger than 1000 nm appears
to be a reasonable assumption, given the observation of a multiple charge peak. The application of the POCS-algorithm to the
aforementioned measurement data yielded the results depicted in Fig. 16(b). As with the previous data set, the particles are at the
upper limit of the measurement range. However, the initial gradient of the curve is higher, indicating a highly monodisperse aerosol.
Furthermore, the distribution lies precisely on the bisector between Stokes equivalent diameter and mobility diameter, suggesting
that the particles are highly spherical. This was confirmed even at significantly higher resolutions of up to 128 x 128 size classes per
decade.

Since the measurements presented here lie at the edge of the instrument’s detection range, they are subject to increased
uncertainty. This particularly affects the multiple charge correction, but also influences the overall recalculation. Nevertheless, the
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Fig. 16. Results of the data inversion for the measurement DEHS-particles produced with an FMAG.

inversion demonstrates that the algorithm yields consistent results, even when applied to a material other than silver and under
boundary conditions of the measurement range—i.e., maintaining spherical parity within the correct size range.

4.4. Stability of the POCS algorithm when solving for other disperse properties

In the preceding data inversion algorithm, the back calculation to the two-dimensional distribution was always considered with
regard to the Stokes and the mobility diameter. However, since the relationship between mobility and volume equivalent diameter is
often necessary, particularly for deriving information on particle shape, it should also be possible to determine the two-dimensional
distribution ¢(d,,, d,,) with respect to volume equivalent diameter ¢, and mobility diameter d,,,.

On the one hand, this can be calculated using the two-dimensional distribution ¢(d,,, d,;) obtained from inversion as discussed
above and using the relation (c.f. Eq. (A.3)):

d,=+/d%-d, (48)

Since the Stokes diameter d,, and mobility diameter d,, are known at any point, the volume equivalent diameter d, can be calculated
for each combination of the two-dimensional density distribution. If the classes for the volume equivalent diameter are chosen like
the classes for d,, and d,;, the number of particles which belongs to the respective class must be re-assigned. This leads to data
losses, especially if large size intervals are used.

Therefore, it could be beneficial, to alternatively perform the data inversion to the desired properties d,, and d,, in order to directly
obtain the two-dimensional distribution ¢(d,,d,,). In this case however, the projection operator for the marginal distribution from
the AAC-Mode P, is not valid anymore and cannot be used.

Fig. 17(a) shows the difference in the sum distributions 4Q, for using the ‘standard’ algorithm and a conversion afterwards
compared to the direct inversion to the d,,/d -distribution for the ideal data given from Fig. 4(a). It can be seen that there are
differences of about 10%. This is because misclassifying into a neighbored class leads directly to a difference. Since for the round
ideal particles, the distribution is very narrow the likelihood for misclassified particles is very high.

Fig. 17(b) further shows the difference of the sum distributions for real measurements of spherical silver nanoparticles. Here, the
difference is much smaller. This is, because the distribution calculated of the real measurement data is a bit broader. This shows,
that especially for very narrow distributions, it is sensible to address the equivalent diameters of interest directly upon inversion.

5. Conclusions and outlook

In summary, the here presented POCS algorithm has the potential to perform data inversion for CDOMA measurements and to
be applied to further applications in data inversion. Both, ideal data with and without noise as well as the application to real
measurements showed very good results, especially concerning the position of the mode and the spread of the distribution. The
algorithm demonstrates a high degree of robustness, even in the presence of substantial noise. However, as this assessment was
limited to a single Gaussian noise scenario, a systematic investigation into the correlation between noise level and reconstruction
quality would be a valuable subject for future studies.
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Fig. 17. Difference of the sum distribution, from solving to d,,/d,, and conversion to the d,/d, distribution compared to directly solving to d,,/d, distribution.

However, there is still some room for improvement. For example the influence of the tolerated error margins in case of soft-
linear boundary conditions could be investigated in detail. So far the have to be adjusted manually as they depend on the number
of measurement points and the resolution of the distribution. However an automatic or parameterized determination of these error
margins would be superior, like it is done for other inversion methods (Sipkens et al., 2020b).

Also, a valid termination criterion for the iteration must be defined in order to ensure a fully converged solution at any time.
In addition, data inversion of bimodal distributions is currently problematic, as the algorithm falsely creates additional spurious
modes. This can be improved by additionally using a Faraday Cup Electrometer, which will provide further data helping to increase
the available information and therefore increasing accuracy when complex 2D distributions are analyzed. In future research, the
algorithm presented in this study should be systematically compared with existing data inversion methods, following the approach of
previous work by Sipkens et al. (2020a), in which various inversion routines were evaluated. Such a comparison should be conducted
under standardized conditions using identical datasets to enable a meaningful and objective assessment of performance. By analyzing
key performance metrics such as accuracy, convergence behavior, and computational efficiency, a clearer understanding of the
strengths and limitations of the POCS algorithm in relation to established methods can be achieved. Building upon these findings,
the most suitable algorithm for the data inversion of a CDMA system can then be identified, ensuring optimal reconstruction accuracy
and methodological robustness. This step would provide valuable guidance for future applications and contribute to the refinement
of inversion techniques in this field.
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Appendix A. Calculation of the normalized mobility and particle relaxation time and the interval limits

In order to normalize 7 and Z, the mean paths, 7* and Z*, are employed. These variables are solely contingent upon the
underlying geometry and volume flows (c.f. Table 1).

Q;, r
Z¥= N (2 Al
2-7LU n<r (A1)

in
2.
= # (A.2)
7@ (rip + Fow)? L

The calculation of the interval limits can be achieved by entering the specified interval limits of the designated particle size class
into either Eq. (A.4) or Eq. (A.3), as applicable.

_p-d)-Cud,) p-d’-Culd,)

= A.
’ 18nd,, 189 A.3)
0p - Cu(d,,)
zZ=——" A.
37 -nd, a4
Subsequently, the resulting interval limit is divided by the mean values (A.5), thereby yielding 7, 7, ZOW or Zup.
Z=z)z* ; T=¢/* (A.5)

For further information see Riither et al. (2024).

Appendix B. Additional results of the POCS-algorithm using ideal data

See Figs. B.18-B.20.

Data availability

https://git.uni-paderborn.de/pvt/cdma.
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Abstract: To obtain a more comprehensive understanding of the specific properties of
complex-shaped technical aerosols—such as partially sintered aggregates formed in com-
bustion processes or structured particles resulting from complex synthesis processes—it
is essential to measure more than a single equivalent size. This study examines a novel
method for determining a two-dimensional distribution of two distinct particle properties
within the size range from 50 nm to 1000 nm: the Centrifugal Differential Mobility Analyzer
(CDMA). The CDMA enables the simultaneous measurement of both mobility and Stokes
equivalent diameters, providing a detailed two-dimensional particle property distribution.
This, in turn, allows for the extraction of shape-related information, which is essential
for characterizing particles in terms of their chemical composition, reactivity, and other
physicochemical properties. This paper presents a detailed evaluation of a first COMA pro-
totype. First, CFD simulations of the flow field within the classifier are presented in order
to assess and understand non-idealities arising from the exact geometry. Subsequently, the
transfer function is evaluated by particle trajectory calculations based on the simulated
flow field. It can be demonstrated that the simulated transfer functions agree quite well
with transfer functions derived from streamlines of an ideal flow field, indicating that the
non-idealities in the classifying region are almost negligible in their effect on the classifi-
cation result. An experimental determination of the transfer function shows additional
effects not covered by the previous simulations, like broadening by diffusion and losses
due to diffusion and precipitation within the in- and outlet of the classifier. Finally, the
determined transfer functions are used to determine the full two-dimensional distribution
with regard to the mobility and Stokes equivalent diameter of real aerosols, like spherical
particles and aggregates at different sintering stages, respectively.

Keywords: centrifugal differential mobility analysis; 2D-measurement; particle characterization;
moving reference frame CFD-simulation; transfer function

1. Introduction

Technical aerosols often exhibit complex behavior influenced by particle size, structure
and shape. Characterizing such ensembles, particularly in the case of nanoscale aerosols,
presents significant challenges, as their small dimensions severely limit the investigation
through conventional light scattering techniques [1,2]. For aggregates with highly intricate
and irregular morphologies, defining a single representative particle size becomes even
more difficult [2,3]. Consequently, in most cases, an equivalent property is introduced as a
practical means of characterization.

Powders 2025, 4,11
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An equivalent diameter is defined as the diameter of a spherical particle that exhibits
the same specific property (such as electrical mobility, inertial behavior, or settling veloc-
ity) as the particle under consideration. However, relying solely on a single equivalent
diameter is inherently insufficient for a comprehensive characterization of complex particle
properties, as it does not capture variations in shape, structure, or composition. To achieve
a more detailed and accurate characterization, it is essential to assess multiple properties
or equivalent diameters. One approach to obtaining such information is through elec-
tron microscopy, which provides structural insights, at least in the form of a projection
area. This allows for a more refined analysis of particle morphology and enables a better
understanding of their physical and chemical behavior.

Furthermore, so-called tandem configurations enable the measurement of two-
dimensional distributions of different equivalent particle sizes, providing a more detailed
characterization of aerosol properties. These setups consist of a sequential arrangement
of two instruments: the first serves as a classifier, selectively isolating a specific fraction
of particles based on one equivalent size, while the second either measures an additional
property of the classified aerosol or performs a secondary classification based on a different
equivalent size. By combining these two measurement stages, tandem configurations offer
deeper insights into particle characteristics, allowing for a more comprehensive analy-
sis of their morphology, composition, and dynamic behavior. Park et al. [4] employed a
DMA-APM (Dynamic Mobility Analyzer-Aerosol Particle Mass Analyzer) configuration
to simultaneously measure two different equivalent diameters. This approach was later
utilized by Rawat et al. [5] to calculate a two-dimensional distribution. Since then, data
inversion models for 2D distributions have been widely adopted and applied to various
tandem measurement configurations [6,7]. Broda et al. [8], for instance, implemented a
Twomey algorithm to derive a 2D distribution function for the mass concentration of carbon
black using a CPMA-SP2-CPC (Centrifugal Particle Mass Analyzer-Single Particle Soot
Photometer-Condensation Particle Counter) setup. Moreover, Sipkens et al. [9] published
a comprehensive review discussing various measurement techniques for carbon black and
their applications in tandem configurations.

However, these tandem methods are inherently complex. Specifically, they necessitate
at least two separate devices, which increases the overall cost of the setup. Furthermore,
such configurations demand a high level of specialized knowledge and technical profi-
ciency to conduct and evaluate such measurements. The complexity arises from the unique
nature of these setups, which require users to possess a deep understanding of the underly-
ing principles and operational intricacies. Additionally, for each specific setup, the data
inversion process must either be developed from scratch or adapted by the user, adding
another layer of technical demand. This combination of cost, complexity and user exper-
tise highlights the challenges associated with utilizing tandem measurement methods in
aerosol characterization. Furthermore, when using two classifiers in tandem, the resulting
particle concentration at the exit is typically very low. This is due to the convolution of both
transfer functions, which leads to a significant reduction in the number of particles that pass
through both classifiers. As a consequence, the statistics of the resulting size distributions
may be poor, often requiring either significantly longer measurement times or resulting in
unreliable data. To address these limitations and enable the simultaneous measurement
of multiple particle properties, the CDMA (Centrifugal Differential Mobility Analyzer)
was developed. The CDMA integrates the principle of classification of an Aerodynamic
Aerosol Classifier (AAC) [10] with that of a Differential Mobility Analyzer (DMA) [11]
in one single instrument. This allows for the measurement of a true two-dimensional
distribution of both the equivalent mobility diameter and the equivalent Stokes diameter.
Furthermore, additional parameters, such as effective density and fractal dimension, can
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be derived from this approach, providing valuable insights into particle shape and struc-
ture [4,12,13]. These additional characteristics further enhance the comprehensiveness of
the analysis, enabling a more detailed analysis of aerosol particles in terms of their physical
and morphological attributes.

The principle of the CDMA, the design of a first prototype and an idealized transfer
function, alongside a method for measuring the transfer function that facilitates the de-
termination of its parameters have been published recently in a first paper [14]. Building
upon this, a second paper thoroughly examined the theoretical transfer functions of the
CDMA. Various alternative approaches were compared, while the influence of diffusion
and applied boundary conditions on the system’s behavior was also investigated [15]. A
third paper focused on the application of the Projection Onto Convex Sets (POCS) algo-
rithm for data inversion. The algorithm which had not been used before in the context of
particle characterization was tested with both experimental and idealized datasets, and its
performance was critically assessed [16].

The present work now substantially extends the findings from these previous publica-
tions. In particular, results from a flow-field simulation inside the classifier are presented
and non-idealities in the flow field are discussed in detail. Subsequently, a method to simu-
late the transfer function based on particle trajectory simulations using the simulated flow
fields is presented. Furthermore, the resulting transfer functions are compared to results
from a much simpler streamline approach based on an idealized flow field. This reveals the
influence of the flow non-idealities on the classification result. Furthermore, a methodology
to measure the overall transfer function of the CDMA prototype is applied and the resulting
transfer functions dependent on particle size and the flow ratio are extensively studied.
Finally, the CDMA is used to characterize real aerosols of silver nanoparticles. In particular,
aggregates of different structures resulting from different sintering stages are characterized
by their full 2D structures to comprehensively characterize complex particles.

2. Theoretical Fundamentals

As extensively described in Riither et al. [14], the CDMA shares key similarities with
both the DMA and the AAC. Therefore, the CDMA is composed of two concentric cylinders
that form a cylindrical gap, through which a sheath airflow is directed (see cross-section
of the CDMA in Figure 1). These cylinders are electrically isolated from one another,
enabling a voltage to be applied between them, in line with the operational principle
of the DMA. Additionally, both cylinders can be rotated at the same angular velocity,
following the operational principle of the AAC. This design integrates the core features of
both instruments, enabling the simultaneous measurement of multiple particle properties.
When an aerosol volume flow is applied to the inner cylinder (c.f. Figure 1, detail A),
the particles are moved through the sheath air towards the outer cylinder by electrical
and/or centrifugal forces. At the end of the classification chamber, (c.f. Figure 1, detail
B), the particles are sampled, so that particles matching the predetermined properties are
extracted as sample volume flow for subsequent particle counting.

Assuming Stokes’ drag force and neglecting inertia, the force equilibrium results in:

1
-E -ac = 3mnd C—— 1
Qp-E+mp-ac Tt amWpr Cuu(dm) 1)
Qp represents the particle charge, E = ,7%]]1(1]_1” 77 denotes the electric field strength in a

radial direction, mp is the particle mass, a2, = w?

- r represents the centrifugal acceleration,
1 denotes the dynamic viscosity, d;, is the mobility diameter, wp, denotes the radial particle

drift velocity, and Cu is the Cunningham slip correction factor [17]. The deterministic de-
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scription of the particle path neglecting diffusion is achieved by rearranging and integrating
Equation (1).

<

S

w22 4z ). rewrex ZOBTD L zu
(T w rin-i-]n(m)) exp{Z T WX ooy il

Ti i)

r(x) = €

T w?
U represents the voltage applied to the outer cylinder, w denotes the rotational velocity of
both cylinders, , and r; are the outer and inner radii, r;, is the radius at which the particle
enters into the classification gap, x is the position of the particle in the axial direction, Qgy, is
the sheath air volume flow, Q, is the aerosol volume flow, 7 is the particle relaxation time
and Z is the particle mobility. With

_ p-d5 - Cu(dn) _ p-d% - Cu(dm)
T 18-dw-y 181

@)

and Cu(dy)
n-e-Cu(dy

z=1"""m) 4
3m-n-dp @)
with p as the particle density, d, as the volume equivalent diameter, ds; as the Stokes
equivalent diameter, 7 as the number of charges carried by a particle, and e as the elementary
charge. Please note that 7 and U might be positive or negative depending on the polarity
and charge, respectively. Also note that, according to Riither et al. [14], the argument of the

Cunningham slip correction factor is d,.

L =3337

a5 3
G

—> Qex

2r, = 149
2r; = 142

2170

4
-

691.9

Figure 1. Cross-section of the CDMA prototype [14].

Therefore, the trajectory of a particle with given properties d;;, and ds; can be calculated
from the volume flow ratio and the applied rotational velocity and voltage.

Z* is the mobility required for a particle entering at the center of the aerosol inlet to be
sampled exactly at the center of the outlet for a given set of operational parameters [18]. T*
describes the same behavior but for the relaxation time [10].

* Qsh + Qex . 7;0
2= i ln(r,'> ©
™ = Qsh + Qex (6)

T w?(r+10)2L
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with Q.y being the excess volume flow and L the length of the classifying gap. Relating the
particle properties Z and 7 to the characteristic values at the actual operation point Z* and
7* lead to the normalized mobility or the normalized particle relaxation time, respectively.

Z=2z/7" ; T=1/T" 7)

3. Design

Figure 1 shows the cross-section of a first prototype of the CDMA. The aerosol is fed
from the left side, enters through the center bore, and flows through a small gap to the
inlet of the classification region A. The sheath air is fed between two ferrofluidic seals
on the left side. Then, it passes through eight axial holes into the CDMA. After a flow
deflection, the sheath air also enters into the classification gap at A. Together the flows pass
through the classification zone. At point B, the excess volume flow continues the inner
cylinder, flows to the center and exits through a center bore on the right side. The sample
air is extracted in the radial direction at point B. Then, the sample flows through small
channels until it leaves the CDMA through a small hole between the ferrofluidic seals on
the right side. Voltage can be applied through a carbon-sliding contact on the outer cylinder,
the rotational speed is applied by a belt drive mounted on the left side. For more details
about the design of the CDMA prototype, see also [14].

4. Numerical Flow Simulations

CFD simulations were performed in order to verify the flow profile in the classification
gap and to identify potential non-ideal flow patterns. A simulation was performed using the
OpenFOAM Version 8 framework under the assumptions of incompressible and isothermal
flow, employing the k — w SST turbulence model [19]. Although the results indicated
laminar flow within the classifying gap, this turbulence model was selected to ensure an
accurate representation of potential turbulence in the inlet and outlet regions. Moreover,
due to the presence of narrow gaps, the k — w SST model was preferred over the k — €
model, as it exhibits superior performance in wall-bounded flows, particularly within the
viscous sublayer. Although the k — w model tends to overestimate shear stress in fluid
flows, the k — w SST model mitigates this by incorporating the k — € model in regions
away from the walls. By analyzing the turbulent kinetic energy, critical regions can be
identified and subsequently examined for the presence of micro-vortices in potential future
studies using Large Eddy Simulation (LES) or Direct Numerical Simulation (DNS). Surface
roughness is not considered in this work due to the surface being highly polished and the
predominant laminar flow characteristics.

In the simulation, pure particle-free air under standard conditions is used as the work-
ing fluid. The sheath air is introduced through eight symmetrically arranged inlet tubes
(indicated by the green dot in Figure 2) and is subsequently distributed uniformly along
the entire circumference. Within the computational model, these inlets are represented as
laminar flow profiles entering the simulation domain. To optimize computational efficiency,
the flow domain is reduced to a representative angular section of 45° in the circumferential
direction, as illustrated in Figure 2. This reduction is justified by the symmetry of the sys-
tem, allowing for an accurate representation of the overall flow behavior while minimizing
computational cost.

At the symmetry interfaces, periodic boundary conditions are applied, so that fluxes
across the interfaces are admitted. The boundary condition at the walls is a zero-slip
boundary condition (Dirichlet boundary condition for the velocity). The aerosol inlet,
sheath air inlet, and excess air outlet are also set to a defined volumetric flow rate. A plug
flow profile is assumed at the aerosol inlet and the excess air outlet, while a fully developed
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laminar tube flow is applied at the inlet of the sheath air. The sample outlet is defined by
the Neumann condition; thus, the mass balance is always maintained.

periodic

outlet
interfaces sample

1
inlet outlet
aerosol excessair

inlet
sheath air

Figure 2. A 45 ° section of the flow domain used for the calculations, including the boundary conditions.

The rotation is implemented by a single rotating frame approach, using the ‘SRF-
SimpleFoam’ solver to calculate the velocity fields. The computational grid consists of
70 elements in the radial direction, 50 elements in the circumferential direction, and 550 ele-
ments along the flow direction, with a logarithmically increasing resolution towards the
boundary layers. A mesh independence study confirmed the adequacy of this resolution,
as doubling the mesh density resulted in deviations of less than 0.4% in the pressure drop
across the prototype. Additionally, critical regions, such as the aerosol inlet and sample
outlet, as well as edge areas, were refined to enhance the accuracy of the flow representation
in these zones. This ensures a more precise depiction of localized flow phenomena and
potential gradients.

The following simulation results are based on a flow ratio B = Q,/Qy = 0.2
(Qa = Qs = 0.31/min, Qg = Qex = 1.51/min). The flow ratio § directly influences the
width of the transfer function, with smaller 3-values resulting in a narrower transfer func-
tion. Consequently, a lower f leads to an improved resolution, as it enhances the system’s
ability to distinguish between closely spaced particle sizes. This relationship is crucial in
optimizing measurement precision and ensuring accurate characterization of the aerosol
properties. The chosen parameter set was identified by Riither et al. [14] in preliminary
tests as the standard operating conditions for the current prototype and was also employed
in the experimental measurements.

4.1. Flow Behavior Without Rotation

To investigate the radial symmetry of the flow, Figure 3 shows the flow pattern at
different positions. Here, x is the absolute position in axial direction, where the inlet of the
sheath air is at x = 0m. For reasons of clarity, the velocities in the axial direction in the
highlighted planes are color coded. At the axial coordinate x = 0.14 m, the deflection of the
sheath air is completed. The plane at x = 0.151m is located directly before the aerosol joins
the sheath air. It can be observed that the flow profile is symmetrical across the gap width,
with no significant deviations in the circumferential direction.
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To

Axial flow velocity in cm/s
0.0 10 15 20 3.0
—— e e—]

x =0.16m

Figure 3. Cross-sections of the axial flow velocity at different axial coordinates in the proximity of the
aerosol inlet. White lines within the displayed planes represent the sources for the plots in Figure 4.
The red line at x = 0.151 m indicates the position of the aerosol inlet, which, in this context, represents
the region where the aerosol enters the measurement slit.

Figure 4 provides a more detailed representation of the axial velocity. On the left,
the axial velocity is plotted against the radial coordinate for ¢ = 0°. It can be observed
that a uniform velocity profile is quickly established. At x = 0.155m, which is only
4 mm downstream from the point where the aerosol volume flow merges with the sheath
air flow, no deviations from the subsequent flow profiles are evident. The right side of
Figure 4 further investigates this by showing the velocity profiles along the center of the
gap, enabling a more precise analysis of the circumferential direction (indicated by the
white lines in Figure 3). In this region, the values across the circumferential direction
show only slight variations, which can be attributed to the eight inlet flows. Moreover,
it is observed that this small difference (less than +0.5%) diminishes further as the axial
coordinate x increases. This observation suggests that there are no significant variations in
the flow profile along the circumferential direction. Therefore, it can be assumed that the
flow profile in the middle plane (¢ = 0°) is representative of the overall flow profile within
the CDMA. As a result, only the flow profile in this middle plane is presented and utilized
in the subsequent analyses and calculations.

axial flow velocity in cm/s

axial flow velocity in cm/s

T~ x=0.155m 20 x=0155m P
g - --- x=016m . -~ x=016m S
\ =1 L
& -~ |---x=017m = - x=017m L
R N ) 10 57 —
~ AN 5
) N [=
T \ B
\
s 7 ) B 5 0 ! i
el / o} )
g / 9] '
o / = N
S S g O
= - S —10 NS B
G —~ s N
g /,// <] Ny
; - -20 N -
i
1 2 3 4 2.89 29 291

Figure 4. Plots of the axial velocities for 0 RPM. (Left): at ¢ = 0 with respect to radial coordinate r.

(Right): at the middle of the classification gap (7 = 72.6 mm, see also dotted line left).
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Figure 5 shows the streamlines at 0 RPM for this middle plane at ¢ = 0°. As the stream-
lines in this region are exceptionally smooth, showing no indication of vortex formation
or interaction with the surrounding airflow, it can be reasonably assumed that neither
cross-mixing nor backflow occurs. However, a significant expansion of the aerosol flow
is observed, which can be attributed to two primary factors: First, the CDMA has been
designed so that, for f = 0.1, the inlet cross section and the sheath air cross section corre-
spond to the respective flow rates. At f = 0.2, the higher aerosol flow Q, needs to occupy
more space. Second, the non-slip boundary condition at the wall leads to a reduction in the
flow velocity near the walls, and therefore, the streamlines must expand towards the center
of the gap.

ol

Z relative velocity in m/s

0.0 004 0.06 0.1

o —_— i
Figure 5. Streamlines in the plane at ¢ = 0° of the flow domain, for Q, = 0.31/min and

Qg = 1.51/min. The bottom set of streamlines starts from the aerosol inlet while the upper one
ends at the sample outlet.

4.2. Flow Behavior with Rotation

Figure 6 shows the angular distribution of the axial velocity at different positions in
axial direction analogous to Figure 4, but now for different rotational velocities. It can be
observed that the flow profile shifts inward, particularly at higher speeds, and exhibits a
higher maximum velocity. However, this effect diminishes as the x-coordinate increases.
The velocity profile in the circumferential direction at the center of the classification gap
(c.f. Figure 6, right) is also less uniform compared to the non-rotating case, with deviations
of up to £5%. Despite these deviations, the profile tends to converge towards the ideal
profile as the flow progresses. While these deviations are noteworthy, it is important to
consider that they primarily occur at very high speeds and that the deviations decrease
with increasing x-coordinates. Therefore, when analyzing the flow with rotation, here only
the middle plane (¢ = 0°) will be considered moving forward.

In Figure 7, axial velocity fields of the cases for 0, 475, and 2000 RPM are compared. It
can be observed that for increasing rotational speed, the velocity profile increasingly shifts
toward the inner wall of the transfer domain and shows higher peak velocities. Downstream
in the axial direction, the effective cross-section widens up to the geometrically available
cross-section. This results in a more symmetric profile for the axial velocity.

Upon examining the inlet region, it becomes evident that a significantly higher flow
velocity is observed here compared to other regions. However, even in this region, the flow
characteristics do not indicate the formation of vortices. It is important to note that this
conclusion is based on the current simulation model, which lacks the capability to accurately
capture such detailed flow phenomena. To investigate vortex formation and accurately
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resolve the flow field, more advanced simulation techniques such as Large Eddy Simulation
(LES) or Direct Numerical Simulation (DNS) would be required. These methods would
enable a more precise representation of the flow dynamics, particularly in the critical areas
where vortices may form.

To =
A x=0155m /475RPM — — — x=0.155m / 2000 RPM 20 ‘/ T x=0.155m / 475 RPM
E \\\\\\\\\ x=0.16m /475RPM — — — x=0.16m /2000 RPM ° ’ x=0.16 m / 475 RPM
£ RN x=017m /475RPM — — — x=0.17m /2000 RPM k= 15+ x=0.17m / 475 RPM
S~ < ~ — — x=0155m / 2000 RPM
S Q 10 - N - — — x=016m /2000 RPM
L \
~ < \ ~ — — x=017m /2000 RPM
N
% _g 51 N
N
S 7l | = ot N n
5 7 g ‘
g ° _5| N i
o] . T :
= ) § —10| . \ |
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e s —15} . i
= 8 \ [y
)
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7 == - | | =1 | L |
4 25 26 27 28 29 3 3.1 32

axial flow velocity in cm/s axial flow velocity in cm/s

Figure 6. Plots of the axial velocities for 475 RPM and 2000 RPM. (Left): at ¢ = 0° with respect to
radial coordinate r. (Right): at the middle of the classification gap (7 = 72.6 mm, see also dotted
line left).

In general, the presence of turbulence would lead to cross-mixing between adjacent
streamlines, resulting in a broadening of the flow profile. This broadening would cause a
significant deterioration in the resolution of the transfer function, as it would blur the dis-
tinctions between different particle size classes. Thus, turbulence is considered prohibitive
in this context, as it would compromise the accuracy and performance of the system.

0RPM

475 RPM

r
velocity magnitude in cm/s

1 2 3 5

— | | d

2000 RPM X

Figure 7. Axial velocity magnitude in the middle plane (¢ = 0°) for different rotational speeds.

Figure 8 illustrates the relative tangential velocity, i.e., the deviation of the tangential
velocity from solid body rotation. It is evident that the air is unable to immediately match
the rotational speed, particularly when there is a flow in the radial direction. This effect
can be attributed to the low viscosity of the fluid and the relatively large gap width, which
hinder the immediate transmission of rotational speed. As the flow velocity increases,
the difference between the rotational and axial velocities also becomes more pronounced,
but this disparity is eventually compensated over time.
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This phenomenon also highlights that the velocity profile initially stabilizes near the
wall before propagating inward. However, since particles are introduced near the wall,
where the flow stabilizes relatively quickly (c.f. Figures 7 and 8), the influence of these
variations on the particle trajectories is somewhat minimized.

Therefore, the impact of the actual flow field on the transfer function will be explored
in more detail in the subsequent chapter, where the relationship between the flow dynamics
and particle behavior is examined comprehensively.

475 RPM

relative tangential velocity in cm/s
0.008 0.02 0.05 0.1 0.2 0.5 1 2 5 10 20 80
“AHA ooy e B R R A [ N S N

Figure 8. Relative tangential velocity in the middle plane (¢ = 0°) for different rotational speeds.

5. Transfer Function of the CDMA
5.1. Transfer Function Based on CFD Simulations

To investigate the influence of the flow profile on the classification, the transfer function
was derived directly from CFD data. The determination of a transfer function for specific
CDMA operating parameters (at fixed voltage and velocity) is a stepwise process. For each
considered particle size, multiple trajectories are calculated while changing the radial
particle starting point in the inlet cross section. For singly charged, spherical particles,
the transfer probability for one particle size is then given by the number of successfully
traversed particles Nsampleq divided by the total number of simulated particles Niot:

N, sampled

0(dy) = Niot

®
The particle size can then be converted into the mobility Z, particle relaxation time 7 or
their normalized values (Z, T), respectively.

A particle trajectory is calculated using CFD data of the flow simulations. For calculat-
ing trajectories, the travelled distance in the radial and axial direction is determined for
every calculated time step. The developed algorithm obtains the velocity data of the current
particle location. Besides flow velocity data, additional forces are considered to act on the
particle in the radial direction. The resulting radial velocity component is calculated using
the fluid velocity component in the radial direction, particle size and CDMA operating
parameters (c.f. Equation (2)) while neglecting the diffusion and inertia of the particle.

Figure 9 shows trajectories of successfully sampled particles (green) and deposited
ones. It is obvious that the resolution of the simulation depends on the number of trajecto-
ries, the duration of the virtual time steps and the number of particle sizes investigated.
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However, these quantities increase only with high computational costs; thus, a compromise
must be made.
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axial direction [m]

Figure 9. Representative particle trajectories at the sample outlet. Trajectories labeled in green are
successfully sampled. The trajectories labeled in red are not classified.

5.2. Ideal Transfer Function Based on Streamline Approach

To compare the simulated results with theoretical values, we use an ideal transfer
function. The ideal two-dimensional transfer function was derived from streamline func-
tions assuming ideal flow profiles and neglecting diffusion. Details for derivation are given

in [15].
0o b B 2R g A Z 1R,
T 2B(1+ A) K2 —1 T 925 P K2 —1 T o
. _ )
2 Z 1 2 2 Z 1
+|71+ﬁfﬁ2+x A+ S tﬁ-A\f|—1—K2+7ﬁK-A+:- LY
k2 —1 T o ks —1 T 2h

B is the ratio of aerosol volume flow Q, to sheath air volume flow Qg, T1 is the ratio of the
gap width to the mean radius, « is the ratio of the inner radius 7; to the outer radius r, and
A is a substitution to facilitate reading.

-~ Yo —71;
h=2. 10
To+1; 19
:ﬁ:ﬂ (11)

fo  1+h/2

_ 2

A= 3 —1 12
exp{r 1+/3} 12)

This results in a two-dimensional transfer function, as displayed in Figure 10.
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02 04 06 08 1 1.2

T

Figure 10. Ideal two-dimensional transfer function with f = 0.1 and 7 = 0.05. Operating conditions
are taken into account by normalization of Z and T by Z* and 7*, respectively. The dashed red lines
represent transfer functions for T = 0 and Z = 0, respectively. The solid red line represents the
transfer function of singly charged spherical particles at fixed operating parameters (w, U).

5.3. Comparison of Transfer Functions

In the following, we intend to compare the idealized transfer function based on the
streamline approach (cf. Section 5.2) with the particle trajectory simulations based on CFD
simulations (cf. Section 5.1). However, a quantitative comparison of 2D functions is difficult
to visualize. Moreover, the computational effort for determining the 2D transfer function
from the particle trajectory simulations would be immense. Therefore, we will compare the
transfer functions for ¥ = 0 and Z = 0 (red, dashed lines, cf. Figure 10) in Figure 11 and
the transfer function for spherical particles (red solid line, c.f. Figure 10) in Figure 12.

1 1 1
0.8 1 08| 1 08| SN 1
0.6 1 0.6 8 0.6 - 8
c c c
0.4 1 04 8 04 8
0.2 Simulation | 0.2 Simulation B 0.2 Simulation B
- - - Streamline - - - Streamline - - - Streamline N
0 0 0 / \
0.8 1 1.2
Z 7 7
(a) n = ORPM, U = 20.99V (b) n = 475RPM, U = 0V, (¢) n = 2000RPM, U = 0V,
o = 10490 kg/m?3 o = 580kg/m3

Figure 11. Comparison of transfer functions of spherical particles at Z = 0 and T = 0 determined
by streamline and particle trajectory simulation approaches, respectively. With g = 0.2 and a modal
particle size of 100 nm.

The operational parameters for determining the transfer functions for 7 = 0 and
7 = 0 as illustrated in Figure 11 were selected so that T = 1 or Z = 1 results for a particle
size of 100 nm. In order to test for different centrifugal conditions, two different densities
were chosen in Figure 11b and Figure 11c, respectively. It is evident that the resolution
of the simulation results is limited because of the restricted number of calculated particle
trajectories per particle size. An investigation of the pure electrical mode (see Figure 11a)
reveals a high degree of agreement between the transfer functions. The minor discrepancies
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can be attributed to the flow field and the limited resolution. Figure 11b,c illustrate the
transfer functions at different speeds in purely rotational mode. The transfer functions
exhibit a high degree of agreement for the case of 475 RPM (see Figure 11b). The simulated
transfer function is slightly lower, indicating a slightly reduced probability of classification
around T = 0. As the speed increases (cf. Figure 11c), the relative position of the transfer
function remains consistent, while the height of the transfer function is reduced significantly.
This can be attributed to the increasing distortion of the flow field especially at the edges of
the aerosol inlet and sample outlet. It is likely that small flow deviations at the edges of the
inlet and outlet lead to increasing losses so that especially the tip of the transfer function,
where over the whole gap all particles should be sampled, will be decreased significantly

in height.
1 1 —w
Simulation Simulation i p
081 - - - Streamline B - - - Streamline 081 N
0.6 - . 0.6 - 2
c c )
04 . 04 ]
021 B 02r /) Simulation | \|\ |
‘ ! |- - - Streamline
0 : 0
200 400 600 800 200 300 100 150 200
dp innm dp in nm dp in nm
(a) n = 100RPM, U = 20.06 V (b) n =200RPM, U = 17.27V (c) n =300RPM, U = 12.63V

Figure 12. Comparison of transfer functions at different operation modes determined by streamline
and particle trajectory simulation approaches, respectively. With B = 0.2 and a particle density of
10,490 kg/m?3.

To extend the investigation of the transfer functions, the combination of applying both
voltage and rotational velocity is examined, too. To simplify the two-dimensional transfer
function to a one-dimensional transfer function, perfectly spherical particles carrying one
elementary charge are considered (c.f. red solid line in Figure 10 as an example). In this
case, small particles with high electrical mobility and low mass and larger particles with
lower mobility and high mass are classified simultaneously, resulting in two peaks of the
transfer function, as shown in Figure 12.

Varying the operating parameters results in a shift of the two peaks until they merge
and eventually diminish. The simulated transfer functions are again very close to the ideal
transfer functions but show a slightly smaller height at higher centrifugal forces.

This indicates that the transfer functions derived from the simulation are accurately
represented by the theoretical streamline calculation. Furthermore, the results demonstrate
that the flow profile within the CDMA has no significant impact on the transfer behavior as
long as it stays laminar. At higher speeds, a small distortion of the transfer function occurs
when the circumferential speed is not yet fully developed at the inlet of the classification
gap. The absence of a shift in the transfer function serves to substantiate the assertions
outlined in Section 4.2, which posits that the flow profile exerts no essential influence in
this particular context.

It should be pointed out that the boundary condition at the aerosol inlet has a much
more severe influence on the transfer function: A previous study [15] showed that the
assumption of a constant particle concentration and a laminar flow profile at the aerosol
inlet may lead to significantly different transfer functions if compared to the assumption of
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a constant particle flux density at the aerosol inlet as typically assumed and as applied in
this study.

6. Measurement of Transfer Functions

In order to validate the theory and the experimental CDMA prototype, the real transfer
function has been investigated experimentally.

6.1. Theory

As shown in Ruther et al. [14], a tandem setup comprising a DMA and a CDMA is
employed to determine the transfer functions Q) (c.f. Figure 13). Following the assumption
of a broad distribution of the test aerosol, the ratio of the number concentrations (17 and n;
before and after the CDMA classification) can be described as follows [20]:

Tou(2)-0u(2)az

| ©(Z)az

ny/ny = (13)

The transfer functions in general are well described by Gaussian functions [15]. Therefore,
the transfer function (); of the pre-classifying DMA and the transfer function (), of the
CDMA at zero rotation can be described using the parameters of the Gaussian function
O maxs Q2,maxs ﬁl,Z' M, 0y 7,02 as follows:

(Z T ) 7y
ol—ol,max~exp{—zl'z T e e

01,2 2

Inserting Equation (14) in Equation (13) leads to [14]:

1 (}72 - ;712)2
1n2/11 = M, max - Q2,max * \ [ W 'EXP{ *W (15)

This means that measuring the ratio n,/n; for a fixed voltage applied to the upstream
DMA (i.e., Hiz fixed) while varying the voltage of the CDMA (i.e., varying the i), makes
it possible to determine the transfer function by simply fitting a Gaussian function to the
measured 1,/ (jiz), if the transfer function of the pre-classifying DMA is known [14].

The exact approach to determine these parameters with high accuracy is described in
Appendix B, so that c; and }i, 5 are determined as follows:

0,5 = 05732 B (16)

ji, 7 = 1.0154 (17)

This procedure for determining the transfer function of a DMA-DMA setup can be applied
to a DMA-AAC setup (or in this case a DMA-CDMA setup with the CDMA operated at
U = 0V) as well. In the case of spherical particles, the mobility of the first DMA can be
converted into the particle relaxation time.

Defining the transfer functions as follows:

:L:*~ )2 %_'v 2
0, = ermax‘exp{_(fu)} - Qzlmax.exp{_w (18)

iz 2
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Because of the charge distribution, other particle sizes can pass the pre-classifying DMA
as well. Therefore, the particle number is quite different for the considered particle size
interval. This must be corrected, as shown in Riither et al. [14]. The following parameters
can then be determined by applying Equation (A1).

017 = 0.6369 - B (19)

jipz = —0.99477 (20)

These values can be used to calculate the transfer functions for the CDMA corresponding
to Equation (15), i.e., replacing o, > and p, 5 by 07 7 and p4 7, respectively.

Filter

= o [

Figure 13. Schematic of the entire experimental setup: test aerosol production with two tube furnaces
(Nabertherm) and an agglomeration tube, as well as the consecutive setup for the measurement of a
transfer function consisting of a classifier (TSI 3080) with a DMA (TSI 3081), CDMA and CPC (TSI
3775) [14].

6.2. Production of the Test Aerosol and Measurement Setup

A method for producing an aerosol of a relatively immutable, broad particle size
distribution for a large time period was developed using a setup comprising two hot-wall
reactors with an agglomeration tube (V = 101) positioned between them (see Figure 13).
An air flow rate of (21/min) controlled by a mass flow controller (MFC) is introduced into
the setup. Silver is melted and evaporated at a temperature of 1150 °C within the upstream
hot-wall reactor. Upon cooling towards the exit of the first furnace, the vapor becomes
supersaturated, resulting in the immediate formation of silver particles. Subsequently,
larger agglomerates are formed in the agglomeration tube, which are ultimately sintered
into spherical particles in the second hot-wall reactor at 750 °C.

Subsequently, the spherical particles are pre-classified in a DMA, which is set to a
specific mobility value. The valves V1 and V2 allow to bypass the CDMA completely,
allowing to directly determine the number concentration 1 by the CPC. Alternatively,
by closing the bypass route, the aerosol will be classified by the CDMA. In this case,
the CDMA was programmed to run sweeps for the voltage or the rotational velocity,
respectively. Consequently, the CPC will determine the number concentration n; as a
function of the operating parameter n, = f(U, w).

6.3. Experimental Determination of the CDMA Transfer Function for T = 0 and Z = 0 at
Different B-Values

Transfer functions of the CDMA prototype have been determined as described in the
previous section. However, these transfer functions are not only affected by the determinis-
tic particle trajectories in the classification gap. In the case of the CDMA prototype geometry
where the gap width is quite small, diffusion strongly influences the transfer function. This



4.4 CMDA - Validation and first 2D measurements

Powders 2025, 4,11

16 of 30

leads to a broader transfer function with reduced height. However, the change in the trans-
fer functions can be theoretically predicted pretty well [15]. Additionally, Riither et al. [14]
demonstrated that in the CDMA prototype, increased losses occur in the sample outlet due
to still-existing electric and centrifugal fields. Nevertheless, as shown in Riither et al. [14],
such losses can be predicted by particle trajectory simulation based on the respective electri-
cal and centrifugal fields. Such predicted losses can be used to correct the measured transfer
functions accordingly. In the following, all presented parameters of the transfer functions
have been adapted after performing corresponding corrections to the measured transfer
functions [14]. Therefore, the presented results should describe the transfer function of the
deterministic classification process in the CDMA gap.

Figure 14 illustrates the parameters of this CDMA transfer function over a range of
operational parameters in ‘'DMA mode’, i.e., for T = 0. When considering the height of the
transfer function Qmayx in Figure 14a, it is noticeable that there are obviously additional
losses not covered by the above-mentioned simulations. Moreover, these additional losses
in the aerosol inlet and outlet are particularly present in the case of reduced aerosol volume
rates due to increased residence times. It is noteworthy that values exceeding 1 were
observed in a few cases, which can be attributed to potential measurement errors or
inaccuracies in the determination of the transfer function of the pre-classifying DMA.

-0- Q;=03lpm / x=50nm - x- Q; = 0.3lpm / x = 70nm
O Qg =15lpm / x =50nm - x

Q; =03lpm / x = 100nm
Q; = 15Ipm / x = 100nm

Q; =0.3lpm / x = 200nm

Q; =15lpm / x = 70nm Q; = 15Ipm / x = 200nm

X 5]

1 0.1 N
[ T o ¥ B 0.2 T b :
N 1. S BT RS S S
L ©-9 N 011} ,/'//é N X C-5-9 -X\‘\\X

>
* * 557 —01| .
ol .
0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3
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(a) Maximum Height (b) Width (c) Shift

Figure 14. Measured transfer function parameters of the COMA in ‘DMA mode’ (i.e. for T = 0) with
95% confidence interval derived out of three independent measurements, corrected for simulated
diffusion in the measurement gap, electrical and centrifugal losses.

However, the width of the transfer function is nearly identical to the calculated ideal
width (cf. Figure 14b). This indicates, that the broadening according to diffusion is well
captured by the simulation so that the width of the corrected transfer function agrees very
well with the expectations. Only the measurement series for 0.31/min exhibits a slight
elevation for 200 nm particles, which most likely can be attributed to measurement errors.
This is due to poor statistics because only a very small number of particles were counted at
200 nm, as this was at the edge of the particle size distribution of the test aerosol.

The shift of the transfer function (Figure 14c) is small and comparable to the re-
sults obtained for standard DMA instruments, which are presented in Figures A2—-A7 in
Appendix B.

The transfer functions for Z = 0, i.e., operating the CDMA in AAC mode, are illus-
trated in Figure 15. It is important to note that for § < 0.1, there is no measurable transfer

97



98

Powders 2025, 4,11

4 PUBLIKATIONEN

17 of 30

function. This is due to massive particle losses occurring at the outlet due to the prevailing

centrifugal forces. Thus, each measurement series comprises only two data points [14].

-~ Qz =03lpm / x = 50nm Qs =03lpm / x = 70nm Q; =03lpm / x =100nm -0 Q, = 0.3lpm / x = 200nm
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1
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Figure 15. Measured transfer function parameters of the CDMA operated in ‘AAC mode’ (i.e., for
7= 0) with 95% confidence interval derived out of three independent measurements, corrected for
simulated diffusion in the measurement gap, electrical and centrifugal losses.

Figure 15a illustrates the maximum height of the transfer functions. Despite the
corrections, the transfer function remains dependent on the particle size and the prevailing
flow conditions. This finding is particularly relevant in the context of rotational operation,
because even small imperfections, such as deviations in production, a non-concentric
alignment of both cylinders, and similar factors have a greater impact on the flow field,
generating this dependency. The measurement was conducted over the entire CDMA
(including transport to and from the measurement gap), thus precluding the possibility of
correcting all undetermined losses. However, no direct correlation could be established
between the corrected measurement values and further diffusion in the inlet and outlet.
A number of other loss mechanisms occur here that cannot simply be separated. Thus, no
equivalent loss length for diffusion, as would be present when flowing through a pipe,
could be determined.

Figure 15b illustrates the width of the transfer function. The measured values dis-
played do not exhibit a correlation with the beta values as the range of variation is too big.
This can be attributed to the inaccuracies and the considerable losses of the CDMA system.
In comparison to T = 0, a non-negligible shift in the transfer function (c.f. Figure 15¢) is also
present. This indicates a dependency on particle size, volume flows or rotational speed.

6.4. Experimental Determination of the Transfer Function for T = 0and Z = 0at p = 0.2

In this section, we will focus on the targeted operating conditions of the CDMA
(Qqs = 0.31/min at B = 0.2). As part of this investigation, the transfer functions for particles
of varying sizes are measured once more under these conditions. The resulting data are
presented in Figure 16.

After the correction of simulated modification by diffusion in the measurement gap
and simulated losses due to electrical and centrifugal forces in the outlet, it can be observed
that the heights of the transfer functions (see Figure 16a) are only weakly depending on
particle size in the examined size range from 50 nm to 200 nm. Even for operation in ‘DMA
mode” or "AAC mode’ the heights of the transfer functions are in a similar range. It is
notable that the widths of the transfer functions exhibit a slight upward deviation for larger
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particles, which again can be attributed to the poor statistics due to a relatively low particle

number of particles exceeding 150 nm.
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Figure 16. Measured transfer function parameters of the CDMA for = 0.2 with Q; = 0.3lpm at
different particle sizes dj, with 95% confidence interval derived from three independent measurements,
corrected for simulated diffusion in the measurement gap, electrical and centrifugal losses.

If all applied corrections as outlined above would cover all non-idealities, the resulting
height of the transfer functions shown in Figure 16a should be close to 1 for all particle sizes.
However, if we determine an average value from all measured height values, we obtain a
height reduction factor, 7yeighired = 0-61. In fact, this 7/peightrea accounts for all additional
losses, e.g., diffusional losses in the inlet and outlet tubing, losses due to centrifugal forces
in the inlet section, etc.

Thus, the real transfer function can be well estimated by correcting the theoretical
transfer function (c.f. Section 5) with simulated modifications by diffusion as well as
simulated losses in the outlet due to electrical and centrifugal forces as outlined above and
subsequent scaling with 7/peightRed- Since the width of the transfer function does not exhibit
significant variations, particularly not in a systematic manner, the width of the transfer
function is adopted according to the mean width, as shown in Figure 16b. Additionally,
a shift correction factor, egpy = —0.051, is introduced to align the theoretical transfer
function with the experimentally measured one.

By assuming that these corrections are applicable not only to the transfer functions at
7Z = 0and T = 0 but also to the entire two-dimensional transfer function, a generalized
description of the real transfer function for any given operating condition is obtained.

7. Measurement Results and Analysis of Two-Dimensional Size
Distributions for Different Sintering Stages of Silver Nanoparticles

The previous section provided a brief overview of the measurement process for deter-
mining the transfer function of the CDMA. Unlike the ideal transfer function, the measured
transfer function inherently accounts for all real-world imperfections and deviations. To ac-
curately model the system, the ideal transfer function is adjusted based on these measured
values (as explained in Section 6.4). This 2D transfer function is then used to calculate the
kernel matrix K; ;; ;, which must be known in order to calculate the expected measured
sample number concentrations for given operating conditions AN (U;, wj) for a given 2D
particle size density distribution q(d,, x, ds;;) with respect to mobility diameter d,,;, and
Stokes diameter dg;:
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AN(U;, w;)
# =YY Kijxi e - Alog(dy, ) - Alog(dsy ) (1)
o r 1

Details on how this kernel matrix can be derived for a given 2D transfer function are given
in [16].

In order to determine a 2D size distribution from measured number concentrations at
the CDMA sample outlet requires an inversion of a so-called ill-posed problem. As out-
lined in the introduction, there are many different approaches to solving such inversion
problems. As described in detail by Riither et al. [16], the POCS (Projection onto Convex
Sets) algorithm which is well established e.g., in the field of image reconstruction, was
applied to a particle characterization problem for the first time. It is an iterative algorithm
that allows to consider an arbitrary number of conditions, e.g., Equation (21), marginal
distributions, which can be determined independently by operation of the CDMA in 'DMA
mode” and ‘AAC mode’, respectively, and the normalization of density distribution or
non-negativity of density distribution. This algorithm proved to be excellently suited to
efficiently and accurately solve this inversion problem.

7.1. Production of the Aerosol and Measurement Setup for Two-Dimensional Distributions

The first measurements of a two-dimensional particle size distribution are carried out
using the test aerosol setup shown in Section 6.2 but with no pre-classifying DMA. This
setup is shown in Figure 17. In this study, agglomerates at different sintering stages shall
be produced by controlling the temperature of the second furnace intended for controlled
sintering. Here, temperatures of 20 °C, 60 °C, 100 °C, 175 °C, 250 °C, and 400 °C are used.

Filter

CDMA —1—.

Figure 17. Schematic of the experimental setup for investigation of the two-dimensional distribution
at different sintering stages: test aerosol production with a tube-furnace (Nabertherm) at 1150 C,
an agglomeration tube and a sintering tube-furnace (Nabertherm) at 20 °C, 60 °C, 100 °C, 175°C,
250 °C and 400 °C. Followed by the CDMA with a classifier (TSI 3080) providing the voltage and
sheath air, and a CPC (TSI 3775).

7.2. Derivation of Further Properties

From the two-dimensional distribution of the mobility and Stokes diameter, it is
possible to derive other quantities characterizing the particle shape like the aerodynamic
dae and volume d, equivalent diameters, the effective density p,s or the shape factor x [21].

dge = dst - V P/PO (22)
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dy = (dgt : dm)l/3 (23)

ngf/P = (dv/dm)3 (24)

X =dm/dy (25)

Since a sphere experiences a smaller drag force than any other particle of the same volume,
the following relations are valid:

0> Peff 7 x>1 Ay > dy > dg; (26)

7.3. Measurement Results

Figure 18 shows the two-dimensional distributions of the aforementioned quantities
at different sintering temperatures. The measurement comprises 29 voltages, which are
logarithmically distributed between 0 and 250 V, and 14 speeds, which are logarithmically
distributed between 0 RPM and 1500 RPM. This results in a total measurement time of about
12 h. We are aware that such a measurement time is not acceptable for many applications.
However, we expect to reduce this measurement time by a factor 10-20 by continuously
scanning the voltage instead of increasing it stepwise. Furthermore, after the marginal
distributions are measured right at the beginning by running scans in ‘DMA mode’ and
‘AAC mode’, respectively, an intelligent, automatic determination of the relevant range for
U and w will further reduce the required measuring time.

At high sintering temperatures (for example, 400 °C, as shown in Figure 18), the ag-
glomerates are supposed to be completely sintered forming almost perfect spherical par-
ticles. This can be clearly seen from all representations of the measured 2D distributions:
the relative effective density p.rr/p and shape factor x for all particles are close to 1 and,
therefore, the p, fF /p — dpy-distribution and the x — d,,-distribution are becoming more or
less 1D-distributions of d,;, with the other value being constant. The ds; /d,-distribution
shows a bi-sectional distribution since for spherical particles, d,, = ds;.

For lower sintering temperatures, more irregularly shaped agglomerates are produced,
and therefore, the relative effective density becomes lower than 1, and the shape factor
becomes larger than 1. Consequently, true 2D distributions can be determined giving
detailed information about the size and structure of the agglomerates (c.f. Figures A8-A10
in the Appendix C for more sintering stages in between). Since the Stokes diameter is
always less or equal to the mobility diameter, the corresponding 2D distribution is more
skewed towards d,; for less sintered agglomerates. It can be clearly seen that for a sintering
temperature of 175 °C, there are still a few almost spherical particles while only agglomerate
particles with quite diverse mobility shape factor larger than 1 are present if the second
furnace is set to 20 °C, i.e., no sintering occurs at all.

It is clearly demonstrated that the new measurement technique provides a powerful
means to determine valuable information about the size and structural properties of the
agglomerates. This can be used to obtain a deeper understanding of aerosol synthesis
if applied to corresponding processes. In particular, relevant particle properties can be
determined by directly enabling, for example, the optimization of the synthesis conditions
for generating particles more efficiently.
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Figure 18. Measurement results for silver particles at different sintering temperatures.

8. Conclusions

The proposed methodology for determining two-dimensional property distributions has
significant potential for both research and industrial processes. With these additional insights,
the behavior of complex particle systems can be more comprehensively understood.

The Centrifugal Differential Mobility Analyzer can measure two-dimensional distribu-
tions, e.g., regarding the mobility and Stokes diameter, thus enabling the investigation of
the distribution of different other characteristic property values. The new approach has
the advantage that the measurement can be performed with one single instrument and
be evaluated with an established inversion algorithm. Moreover, avoiding the tandem
set-up provides much better statistical significance due to higher particle concentrations
at the sample outlet. The functionality of the prototype was validated and then metic-
ulously characterized to identify potentials for further improvements. Even though a
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number of weaknesses in the first prototype were identified, it is feasible to determine the
actual transfer functions with good accuracy, thereby enabling data inversion on this basis.
The data inversion is highly robust and yields plausible results [16], which can be converted
into further property distributions. In comparison with one-dimensional measurement
techniques, the CDMA offers a substantial increase in the amount of information obtained.

As the next step, the design of the CDMA prototype will be comprehensively revised to
significantly reduce losses in the inlet and outlet regions, thereby improving measurement
accuracy [14]. This optimization can be further enhanced by employing more advanced
CFD simulations, particularly including the complete inlet and outlet regions and attached
tubings, to resolve all flow non-idealities accurately. Simulating particle trajectories based
on these flow simulations should then allow to predict all losses more accurately. Addi-
tionally, diffusion can be minimized by increasing the gap width [15], while the flow field
within the CDMA can be optimized for higher rotational speeds. Furthermore, the imple-
mentation of a scanning mode for the voltage, as applied in SMPS systems, will enable a
substantial reduction in the measurement time, thereby rendering the entire measurement
process less susceptible to errors, i.e., fluctuations of the aerosol generation process. At that
stage, it will become considerably more straightforward to examine other particulate sys-
tems and assess the performance of the CDMA across a range of materials and particle
sizes. Subsequent investigations should also cover the further validation of results, such
as the actual particle sizes and effective density, using electron microscopy images or a
comparison with tandem setups, e.g., a DMA-AAC setup. Furthermore, combining the
CPC with a Faraday-Cup-electrometer would result in more information and thus in an
improvement in the data inversion quality. Additionally, the introduction of sensitivity
analyses concerning operating parameters and diffusion effects could contribute to a more
comprehensive understanding of the CDMA.

Moreover, the CDMA set-up is not only useful for determining size and shape. If the
particle shape of a test aerosol can be considered as known, it is feasible to determine the
charge distribution or the Cunningham slip correction, thereby establishing a novel method-
ology for determining these properties, particularly for non-spherical particles. Since the
presented study focuses on the determination of particle shape by including centrifugal
forces, it is essential to know the particle material density with a high degree of precision.
However, in the case of unknown particle systems, only the aerodynamic diameter can be
determined, giving no direct information on the actual particle shape. However, if particle
shape is known (e.g., compact, almost spherical), the 2D size-density-distribution could be
determined instead. Moreover, integration with additional measurement systems could
enable access to a three-dimensional distribution of properties. For instance, it may be
feasible to examine the scattered light behavior of particles to integrate mass spectrometry
or low-pressure impaction of the sample aerosol.
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Abbreviations
The following abbreviations are used in this manuscript:
CDMA  Centrifugal Differential Mobility Analyzer
DMA Differential Mobility Analyzer
AAC Aerodynamic Aerosol Classifier
CPC Condensation Particle Counter
Ipm Standard liters per minute
RPM Revolutions per minute
MEC Mass-flow Controller
Nomenclature
K ratio of r; to 7, -
B ratio of Q, to Qg —
X shape factor _
n dynamic viscosity Pas
O transfer function of classifier -
O transfer function -
w angular speed w =27 - n 1/s
14 particle density kg/m3
00 assumed reference density of 1000 kg/m? kg/m?
peff  effective density kg/m3
o standard deviation of Gaussian shaped transfer function -
o width of the transfer function —
T particle relaxation time s
T nominal particle relaxation time s
K Kernel matrix —
i, i1 fit parameters for the shift of a Gaussian function —
T normalized particle relaxation time -
h ratio of the gap width to the mean radius -
Z normalized particle mobility -
ac centrifugal acceleration m/s?
Cu Cunningham slip correction factor -
dm mobility equivalent diameter m
dy volume equivalent diameter m
dae aerodynamic equivalent diameter m
dp diameter of a spherical particle m
dgt stokes equivalent diameter m
E electric field V/m
L length of the CDMA classification gap m
mp  particle mass kg
n number of particle charges -
Niot  total number of simulated streamlines #
Niraversed Number of successfully traversed streamlines #
q particle density distribution —
Qu aerosol volume flow m3/s
Qp particle charge As
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Qs sample volume flow m3/s
Qex excess air volume flow m3/s
Qsn sheath air volume flow m3/s
T inner radius m
o outer radius m
Tae outer radius of the aerosol air streamlines m
Ts inner radius of the sampling air streamlines m
u voltage \Y%
wp,  particle drift velocity m/s
x length coordinate in axial direction m
z* nominal particle mobility m?/(Vs)
Zy particle mobility m?2/(Vs)

Appendix A. Further Illustration of the CFD Simulation

cross-sectional

. area of sheath air
cross-sectional

area of aerosol

middle plane

Figure Al. Schematic drawing of the flow sections and the middle plane.

Appendix B. Transfer Function Parameter Determination

As it is very important to know the transfer function of the pre-classifying DMA
precisely when measuring the transfer function of the CDMA via a tandem setup (see
Equation (13)), this section describes how this DMA transfer function can be determined
precisely in advance.

For this purpose, three identical DMAs (Long DMA TSI 3081) were measured in each
possible tandem setup arrangement. The aerosol used was a silver aerosol, which was
produced as in Section 3. Please keep in mind that Equation (13) is only applicable for
broad particle size distributions at the inlet of the first DMA, i.e., the particle density distri-
bution can be considered constant over a classification window of the DMA. Otherwise,
the distribution must be included in the calculation. We now assume that all DMAs are
identical and consequently have the same transfer function, which can be well described
by a Gaussian function [15], i.e., ¢ = e and ji; = Jiz. Since Ji, is the varied parameter for the
data points to fit on, in this special case, ji; is fixed and must be set to one, and the resulting
shift then is twice as high. Thus, Equation (15) for two identical DMA’s results in:

1 /2 —1)2
ny/ny = \/;Ad-exp{—%} (A1)

To obtain comparative values that were as valid as possible, the aerosol volume flow rate
was varied to 0.3 and 1.51/min, and the sheath air volume flow rate was varied to different
values. This was done to ensure the most accurate and valid results possible. This method
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enabled the analysis of different beta values. The series of measurements were conducted
at particle sizes of 50, 70, 100, and 200 nm. For every measuring point, the mean value
was calculated from three individual measurements, resulting in a measured parameter
set for every setting (see Figure A2). To determine the characteristic parameters of every
DMA, the mean value of i was first determined for every DMA-DMA combination. The ¢
has a linear dependency to f so that a linear regression is applied to obtain a regression
constant for every combination, so that ¢ = k - 8. Table A1 lists the values for k? and 7 for
the assumption that the tandem setup consists of two identical DMAs. It can be seen that
the values for the combinations differ from each other, but there is some regularity, i.e., all
combinations show a significantly broader transfer function since k? is considerably larger.

Table A1. Values for k? and ji; assuming two identical DMA'’s in a tandem setup.

DMA Combination 1-2 1-3 2-1 2-3 3-1 3-2
K2 0.6778 1.0173 0.6964 1.0443 0.8622 0.8950
2 1.0282 1.0568 1.0261 1.0504 0.9900 0.9891

In order to remove the assumption of identical transfer functions for all DMAs
and to obtain individual parameters for every DMA, a system of equations is required.
For the widths of the transfer function, we follow by comparing the coefficients of
Equations (A1) and (15):

2. eizdenﬁcal = CZ + 32 (A2)
Therefore:
2B Ktentical = (kbaia1 + kbuaz) - B (A3)

Thus, it is possible to set up a system of equations, where 2 - kizdenti <a1 18 the solution vector
for each combination, while kzDM a1 and k%)M Ao are the unknown variables.
The same can be done for jip:

(M2,identical — 1)/2 = fiDMA2 — FiIDMA1 (A4)

Here, (j13,identical — 1) /2 is the solution vector. Since the DMA’s were interchanged in every
direction, the system of equations was overdetermined, so the solution can be determined
by least squares regression.

The height a of the transfer function for the pre-classifying DMA is not important,
because it cancels out from Equation (15). This yields the parameters resulting for the
DMAs, as shown in Table A2.

Table A2. Parameters of the analysed DMA's.

DMA 1 2 3
k 0.5732 0.5988 0.7818
n 1.0154 1.0117 1.0080

Here, it is shown that DMA1 and DMAZ2 are very similar, but DMA3 has a much higher
value for k, which yields a broader transfer function. This is also proved in Figures A2-A7,
where it can be seen that for the figures where DMAS3 is the second DMA, B is much
higher, while for the other diagrams, the width f is around the theoretically ideal line (black
dashed line).

Moreover, the maximum height of the transfer functions is decreasing with decreasing
values for B. This is because for more narrow transfer functions, the influence of diffusion
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is increasing. There is also a clear tendency from small to large particles at the maxi-

mum height, which is caused by diffusion. For some measurement points, the maximum
height exceeds one. Here, DMAS3 is the pre-classifying DMA. This indicates that there are
discrepancies in the determination of the parameters or measurement errors.

The shift does not seem to have major dependencies on the f-values but seems to be

influenced by the particle size or the volume flows itself. This is caused by deviations in

the applied voltage of the system.
DMALT1 appears to have the best properties; thus, it was selected as the pre-classifying
DMA for the CDMA transfer function measurements.
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Figure A2. Measured transfer function parameters of the the DMA combination 1-2, with 95%
confidence interval derived out of three samples.
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Figure A3. Measured transfer function parameters of the the DMA combination 1-3, with 95%
confidence interval derived out of three samples.
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Figure A4. Measured transfer function parameters of the the DMA combination 2-1, with 95%
confidence interval derived out of three samples.
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Figure A5. Measured transfer function parameters of the the DMA combination 2-3, with 95%
confidence interval derived out of three samples.
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Figure A6. Measured transfer function parameters of the the DMA combination 3-1, with 95%

confidence interval derived out of three samples.
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Figure A7. Measured transfer function parameters of the the DMA combination 3-2, with 95%
confidence interval derived out of three samples.

Appendix C. Two-Dimensional Property Distribution for Agglomerated
Silver Particles Treated at Different Sintering Temperatures
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Figure A8. Measurement results for silver particles at a sintering temperature of 250 °C.
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Figure A9. Measurement results for silver particles at a sintering temperature of 100 °C.
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Figure A10. Measurement results for silver particles at a sintering temperature of 60 °C.
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5 Zusammenfassung

Der Centrifugal Differential Mobility Analyzer (CDMA) stellt eine innovative Methode
zur simultanen Bestimmung zweidimensionaler Partikelgréfienverteilungen dar. Das von
Rasche entwickelte Konzept wurde genutzt, um einen Prototypen zu entwerfen, zu kon-
struieren, zu fertigen und aufzubauen. Dabei sind neben der prézisen Konstruktion der
Einzelteile und der Programmierung des Zusammenspiels aller Systemkomponenten ins-
besondere auch methodische Aspekte der Evaluierung des Messaufbaus von zentraler Be-
deutung. So konnte beispielsweise eine reibungsfreie Dichtung zwischen der rotierenden
Welle und dem Lager durch eine eigens konstruierte Ferrofluid-Dichtung realisiert wer-
den. Dariiber hinaus wurde ein neuartiger Ansatz entwickelt, bei dem die Transferfunktion
des CDMA iiber ein Tandem-DMA-CDMA-Setup vergleichsweise einfach bestimmt werden
kann. Diese Methodik wurde anschliefsend auf reale Messungen angewendet, wobei erste
Transferfunktionen erfolgreich ermittelt wurden. Dies untermauerte sowohl die Validitét
der Methode als auch die Funktionstiichtigkeit des Messaufbaus.

Die Messungen zeigten jedoch insbesondere bei schmalen Transferfunktionen eine erhebli-
che Partikelabscheidung. Weitere Untersuchungen, darunter Simulationen des elektrischen
Feldes, verdeutlichten, dass sowohl das elektrische Feld als auch die Zentrifugalkrafte maf-
geblich zu einer erhéhten Partikelabscheidung im Einlass- und Auslassbereich des CDMA
beitragen. Ein weiteres experimentelles Problem bestand darin, ein konstantes Aerosol
mit gleichbleibenden Eigenschaften bereitzustellen. Dies wurde durch den Einsatz von
Heifswandreaktoren gelost, in denen Silber verdampft, die rekondensierten Silberpartikel
zur Agglomeration gebracht und anschliefsend zu nahezu kugelférmigen Partikeln gesintert
wurden.

Die Theorie zur Berechnung der Transferfunktion anhand von Partikeltrajektorien wurde
ebenfalls erweitert, sodass die Annahme einer konstanten Zentrifugalkraft tiber den gesam-
ten Klassierspalt nicht langer erforderlich ist. Dies ist insbesondere im A AC-Betriebsfall
bei einem grofen Verhéltnis der Spaltbreite zum mittleren Spaltradius h von Bedeutung.
Dariiber hinaus konnte gezeigt werden, dass die Ergebnisse des Partikeltrajektoriemodells
dquivalent {iber das Streamline-Modell hergeleitet werden konnen. Letzteres bietet den
Vorteil, dass Einfliisse wie Diffusion oder ein laminare Strémungsprofil analytisch leichter
berticksichtigt werden kénnen.

Letzteres bietet den Vorteil, dass Einfliisse wie Diffusion oder ein laminare Stromungsprofil
analytisch leichter beriicksichtigt werden konnen. In Analogie zu Stolzenburg [Sto88| konn-
te gezeigt werden, dass Diffusion iinsbesondere bei kleinen Partikeln zu einer signifikanten
Verbreiterung der Transferfunktion fiihrt, wihrend ein laminares Stromungsprofil in der
Hiillluft nur einen geringen Einfluss auf das Klassierergebnis besitzt. Besonders hervorzuhe-
ben ist jedoch, dass der Einfluss eines laminarer Strémungsprofils im Aerosolvolumenstrom
nicht vernachléssigt werden sollte. Aufgrund der Wandbedingungen (Geschwindigkeit an
der Wand ist gleich Null) entsteht bei Annahme einer homogenen Partikelkonzentration ein
Partikelstromdichteprofil iiber dem Spaltradius, das der Form eines laminaren Strémungs-

profils entspricht. Dies fiithrt dazu, dass die Transferfunktion selbst fiir grofse Partikel besser
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durch eine Gauf-Verteilung als durch eine Dreiecksfunktion beschrieben werden kann.
Zur vollstdndigen Charakterisierung des CDMA wurden zudem CFD-Simulationen der
Fluidstromungen durchgefiihrt. Auf Grundlage der ermittelten Strémungsprofile konnten
Transferfunktionen berechnet werden. Dabei zeigte sich, dass insbesondere hohe Drehzah-
len das Stromungsprofil im Klassierspalt beeinflussen kénnen. Dennoch bleibt der Einfluss
auf die Transferfunktion aufgrund der Vielzahl anderer Unsicherheiten vernachlassighar.
Es empfiehlt sich jedoch, bei hohen Drehzahlen einen Stromungsgleichrichter vor dem Klas-
sierspalt zu implementieren, um eine moglichst gleichméfige Stromung zu gewahrleisten.
Fiir die Dateninversion wurde der POCS-Algorithmus gewéhlt, ein neuartiger Ansatz, der
sich insbesondere fiir schlecht gestellte mathematische Probleme eignet. Der von Rasche
|Ras25] adaptierte Algorithmus wurde zunéchst anhand kiinstlich erzeugter Daten getes-
tet, sowohl mit als auch ohne Messrauschen, und anschlieffend auf tatsidchliche Messdaten
angewendet. Dabei zeigte sich eine hohe Effizienz und Robustheit des Algorithmus, selbst
bei stark verrauschten Daten. Fiir verschiedene Sinterstufen eines Silberaerosols konnten
2D-Verteilungen bestimmt werden, wobei die Dateninversion plausibele Ergebnisse lieferte.
Einschrankungen traten jedoch bei bimodalen Ursprungsverteilungen auf, da der Algorith-
mus zusatzliche Moden generierte, die im urspriinglichen Signal nicht vorhanden waren.

Diese Problematik stellt einen Schwerpunkt fiir die Weiterentwicklung der Methode dar.

6 Fazit

Zusammenfassend lasst sich festhalten, dass der Centrifugal Differential Mobility Analyzer
(CDMA) in Kombination mit dem POCS-Algorithmus vielversprechende Ergebnisse liefert
und eine zuverlédssige Messung sowie Umwandlung von zweidimensionalen Verteilungen in
weitere Eigenschaftsverteilungen ermdoglicht. Dies bestétigt, dass das grundlegende Funk-
tionsprinzip des CDMA erfolgreich umgesetzt wurde. Dennoch haben die durchgefiihrten
Untersuchungen auch Verbesserungspotenziale aufgezeigt, die fiir zukiinftige Arbeiten ent-
scheidend sind, um die Leistungsfahigkeit des Systems weiter zu steigern.

Ein zentraler Ansatzpunkt ist die Optimierung des Prototyp-Designs. Durch eine Redukti-
on der theoretischen Verluste konnten nicht nur die Messergebnisse prézisiert, sondern auch
engere Transferfunktionen realisiert werden. Diese Verbesserungen wéren ein entscheiden-
der Schritt, um die Effizienz und Genauigkeit des CDMA weiter zu erhdhen. Dariiber hinaus
sollte das System um ein Faraday-Cup-Elektrometer erginzt werden. Diese Erweiterung
wiirde insbesondere die Dateninversion fiir komplexere Partikelkollektive erleichtern, da
die aktuelle Implementierung primér fiir monomodale Partikeln geeignet ist. Eine prézise-
re Dateninversion, gestiitzt durch zusétzliche Messinformationen, konnte die Aussagekraft
der Ergebnisse erheblich verbessern.

Ein weiterer vielversprechender Ansatz fiir die zukiinftige Entwicklung ist die Erweiterung
des Messverfahrens um eine zusétzliche Dimension. Die Erfassung des Streulichtintensitéts-
durchmessers oder des aerodynamischen Durchmessers im Vakuum nach der Klassierung
im CDMA wiirde neue Perspektiven erdffnen und die Analysemdglichkeiten des Systems

erheblich erweitern.
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Insgesamt hat sich der CDMA als ein innovatives und vielversprechendes Werkzeug erwie-
sen, dessen Potenzial durch gezielte Weiterentwicklungen noch erheblich gesteigert werden
kann. Mit den vorgeschlagenen Verbesserungen und Erweiterungen kénnte das System in
der Zukunft nicht nur breitere Anwendungsbereiche erschlieffen, sondern auch als wegwei-

sendes Instrument in der Partikelanalyse etabliert werden.
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