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Abstract

Freeze-drying (FD) is a well-established process for preserving heat-sensitive
materials. FD is widely used in the food and pharmaceutical industries because
it provides high-quality products. However, conventional freeze-drying (CFD) is
characterized by lengthy drying times and high energy consumption, which lead
to elevated production costs. These limitations have prompted the exploration
of process intensification techniques to increase efficiency without compromising
product quality.

Microwave-assisted freeze-drying (MFD) emerges as a promising alternative to
CFD. In MFD, microwave energy is used to supply the sublimation enthalpy
directly within the product through interactions between the microwaves and the
material to be dried. This direct energy input can potentially reduce drying
durations and energy usage. However, MFD is a process that faces several major
challenges. The electromagnetic field is inherently inhomogeneous, leading to the
formation of hot spots that have the potential to cause damage to the product. The
low operating pressures that are characteristic of MFD promote arcing within the
process chamber. This has the potential to result in both energy waste and damage
to both the product and the equipment. Furthermore, as drying progresses in
MFD, the dielectric properties of the material being dried decrease. This relation
renders the coupling of microwave power to the product progressively inefficient,
particularly in the later stages of MFD.

Solid-state microwave generators (SSGs) provide a potential solution to these
challenges through the precise and fast modulation of the microwave parameters
frequency, power, and phase shift. The precise microwave control may be used to
optimize the process.
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This thesis investigates the optimization of the MFD process based on the use
of SSGs. The research focuses on process development, understanding, and
optimization. Process optimization aims to increase energy efficiency and drying
homogeneity and to shorten drying duration. At the same time, MFD must yield
product quality comparable to that of CFD. The work is structured into four main
chapters, each addressing different aspects of MFD.

Chapter 2 details the design and construction of a laboratory-scale drying system
capable of performing MFD and CFD within the same process chamber. The
modular setup includes an SSG that allows for precise control over microwave
parameters, enabling the exploration of frequency-based control concepts. The
system is equipped with sensors to monitor critical process parameters, such as
product temperature, chamber pressure, and microwave power.

Successful MFD and CFD commissioning experiments validated the design and
functionality of the system. In MFD, the integration of an SSG enabled the
application of microwaves at well-defined frequencies. The extensive process
monitoring provided valuable data on sample weight and energy utilization dur-
ing MFD, laying a solid foundation for subsequent process optimization. One
limitation of the system is the frequency-dependent forward power of the SSG,
which must be considered when evaluating the results. The constraint can be ad-
dressed by analyzing the energy efficiency of converting electromagnetic energy
into heat as a normalized parameter.

Resonant frequencies (RFs) are associated with local maxima in the frequency-
dependent energy efficiency and distinct patterns of the microwave field. The
results from the MFD commissioning experiment revealed a shift of RFs to
higher frequencies during drying, indicating changes in the electromagnetic field
distribution due to the changing product state. These findings underscore the
importance of adjusting microwave frequencies throughout MFD to maintain high
energy efficiency. Characterizations of the microwave reflections at progressive
drying states confirmed the shift of RFs to higher frequencies.

InChapter 3, electromagnetic simulationswere performed to investigate frequency-
based control concepts for MFD. The simulations were decoupled from solving
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thermodynamic equations by representing discrete drying states. This approach
allowed for analyzing how different frequencies affect energy efficiency and power
distribution among and within the samples.

Four control concepts with the application of different frequencies were evaluated:

1. Single Minimum Frequency (1MF): Frequency with the lowest energy
efficiency,

2. Single Resonant Frequency (1RF): Resonant frequency with the highest
energy efficiency,

3. Six Equidistant Frequencies (6EF): Six frequencies evenly spaced be-
tween 2400 MHz and 2500 MHz, and

4. Six Resonant Frequencies (6RF or 6RFmax): Six resonant frequencies
with the highest local maxima of energy efficiency.

The simulation results indicate that the application of RFs (1RF and 6RF) in-
creases the energy efficiency throughout drying. The use of multiple frequencies
(6EF and 6RF) achieves a more homogeneous power distribution among the
samples, indicating an increasing drying homogeneity. The validation of the
simulations with measurements of the frequency-dependent energy efficiency re-
sulted in quantitative differences. However, qualitative similarities were observed
regarding the number and energy efficiency of RFs, making the simulations a
valuable tool for process development. MFD experiments of the initial drying
stage with constant frequencies confirmed increased energy efficiency when ap-
plying RFs and increased drying homogeneity at similar dissipated power when
using multiple frequencies.

Chapter 4 introduces a time-saving approach for parameter studies of MFD using
partial drying. By terminating the drying process after removing 20% of the
initial water content, the time required for an MFD experiment was reduced by
approximately 92% compared to complete drying. This approach enables efficient
investigation of process parameters, focusing on their influence on drying kinetics
and homogeneity.
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Parameter studies with partial MFD revealed the following effects:

• Microwave frequency: Targeted application of energy-efficient RFs short-
ened the process duration and increased energy efficiency, as expected from
the literature.

• Microwave power: Increasing the specific dissipated microwave power
reduced process duration in accordance with expectations from existing
literature.

• Chamber pressure: Contrary to some reports in literature, reducing the
chamber pressure in partial MFD led to shorter process durations due to
increased sublimation beforemicrowave application and higher drying rates.

The use of multiple frequencies increased drying homogeneity among samples,
while neither chamber pressure nor microwave power notably affected it. The
study confirms that partial MFD is an effective tool for investigating the influence
of microwave power and frequency on drying kinetics and homogeneity. On the
other hand, partial MFD may not fully capture the effects of chamber pressure
sincemass transfer limitations through the thin dried layer are not representative of
complete drying. Partial MFD remains a potent tool for fast process investigation
when the limitations of its application are considered.

Chapter 5 focuses on optimizing MFD by implementing real-time frequency mo-
dulation based on the product state. An algorithm was developed to continuously
identify and apply multiple RFs throughout drying. This procedure enabled
adaptive control that maintained high energy efficiency.

Comparative experiments betweenCFD andMFDusing the previously introduced
control concepts 6EF and 6RFmax as well as 6RFmin, in which the six RFs with the
lowest energy efficiency were applied, and 1CF, in which 2460 MHz was applied,
yielded the following results:

• The application of multiple real-time adjusted RFs in MFD with 6RFmax

resulted in the highest average energy efficiency and drying rate.
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• MFD using 6RFmax reduced the process duration by 24.2% compared to
CFD and by 38.4% compared to MFD with 6EF.

• Each frequency adjustment during MFD directly affected energy efficiency,
sample temperature, and drying rate.

Product quality assessment showed that allMFD control concepts achieved similar
levels of residual moisture content and ascorbic acid retention compared to CFD.
However, the formation of large pores observed in someMFDsamples underscores
the need for further optimization tominimize product damage. Nonetheless, MFD
using RFs demonstrated its potential as a rapid and energy-efficient alternative to
commonly used CFD.

The research successfully demonstrates that targetedmodulation ofmicrowave fre-
quency, particularly through the application of multiple RFs adjusted in real-time,
can intensifyMFD by increasing energy efficiency, reducing process duration, and
increasing drying homogeneity. The intensified MFD process shows promise as
an efficient method for drying heat-sensitive materials while maintaining product
quality comparable to that of CFD.

Future work could focus on refining frequency control algorithms. Artificial
intelligence could be used to optimize control strategies based on extensive exper-
imental data sets. Integrating additional input variables, such as real-time sample
temperature and weight measurements, could further increase the adaptability of
the process and help to prevent product damage.

Expanding the system capabilities by installing multiple SSGs would enable stud-
ies on phase shifts and simultaneous application of multiple frequencies, offering
more extensive control over the electromagnetic field. In addition, investigating
the applicability of optimized MFD processes for industrially relevant products
and addressing scale-up challenges are essential steps toward industrial imple-
mentation.

In conclusion, this work provides valuable insights into the optimization of MFD
through targeted frequency modulation. These results pave the way for future
advances in MFD technology, offering potential benefits such as energy savings
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and reduced process durations while achieving product quality that meets the high
standards of products from CFD.
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Kurzfassung

Die Gefriertrocknung (engl. freeze-drying, FD) ist ein etabliertes Verfahren zur
Konservierung wärmeempfindlicher Produkte und wird aufgrund der hohen Pro-
duktqualität häufig in der Lebensmittel- und Pharmaindustrie eingesetzt. Die
konventionelle Gefriertrocknung (engl. conventional freeze-drying, CFD) ist
jedoch mit langen Trocknungszeiten und einem hohen Energieverbrauch verbun-
den, was zu erhöhten Produktionskosten führt. Diese Einschränkungen der FD
machen die Forschung zur Prozessintensivierung relevant. Das Ziel besteht darin,
die Prozesseffizienz zu steigern, ohne die Produktqualität zu beeinträchtigen.

Die mikrowellenunterstützte Gefriertrocknung (engl. microwave-assisted freeze-
drying, MFD) stellt eine vielversprechende Alternative zur CFD dar. In der MFD
wird Mikrowellenenergie eingesetzt, um die Sublimationsenthalpie durch Wech-
selwirkungen zwischen den Mikrowellen und dem Trockengut direkt im Produkt
einzubringen. Diese direkte Energiezufuhr hat das Potenzial die Trocknungsdauer
und den Energieverbrauch zu reduzieren. Allerdings ist die MFD mit mehreren
Herausforderungen verbunden. Das elektromagnetische Feld ist von Natur aus
inhomogen, was zur Bildung von thermischen Hot Spots führt, die das Produkt
beschädigen können. Die für die MFD charakteristischen niedrigen Betriebs-
drücke begünstigen die Entstehung von Lichtbögen in der Prozesskammer. Dies
kann sowohl zu einem überflüssigen Energieverbrauch als auch zu Schäden am
Produkt und an der Anlage führen. Zudem nehmen mit fortschreitender Trock-
nung die dielektrischen Eigenschaften des getrockneten Materials ab. Dies führt
dazu, dass die Einkopplung der Mikrowellenleistung in das Produkt zunehmend
ineffizient wird, insbesondere in den späteren Phasen der MFD.
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Halbleiterbasierte Mikrowellengeneratoren (engl. solid-state microwave genera-
tors, SSGs) bieten eine potenzielle Lösung für dieseHerausforderungen, indem sie
eine präzise und schnelle Modulation der Mikrowellenparameter Frequenz, Leis-
tung und Phasenverschiebung ermöglichen. Die genaue Mikrowellensteuerung
kann zur Prozessoptimierung genutzt werden.

Diese Arbeit untersucht die Optimierung derMFD auf der Grundlage der Verwen-
dung von SSGs. Die Forschungsarbeit fokussiert sich auf die Themen Prozessen-
twicklung, Prozessverständnis und Prozessoptimierung. Die Prozessoptimierung
zielt darauf ab, die Energieeffizienz und die Trocknungshomogenität zu erhöhen
und die Trocknungsdauer zu verkürzen. Gleichzeitig muss mittels der MFD
eine Produktqualität erzielen, die mit der Qualität aus der CFD vergleichbar ist.
Die Arbeit gliedert sich in vier Hauptkapitel, die sich jeweils mit verschiedenen
Aspekten der MFD befassen.

Kapitel 2 beschreibt das Design und den Aufbau einer Trocknungsanlage im
Labormaßstab, in der sowohl MFD als auch CFD innerhalb derselben Pro-
zesskammer durchgeführt werden können. Die modulare Anlage ist mit einem
SSG ausgestattet, der eine präzise Steuerung der Mikrowellenparameter und die
Untersuchung frequenzbasierter Regelkonzepte ermöglicht. Die Anlage ist mit
einer Reihe von Sensoren ausgestattet, die eine Überwachung kritischer Pro-
zessparameter, wie Produkttemperatur, Kammerdruck und Mikrowellenleistung,
ermöglichen.

In erfolgreichen MFD- und CFD-Experimenten zur Inbetriebnahme wurde die
Funktionalität der Anlage validiert. Die Integration eines SSG ermöglichte in
der MFD die Anwendung von Mikrowellen mit definierten Frequenzen. Die
umfassende Sensorik lieferte Daten zum Probengewicht und Energienutzung in
der MFD. Dies stellt eine Grundlage für die anschließende Prozessoptimierung
dar. Eine Einschränkung des Systems ist die frequenzabhängige Vorwärtsleistung
des SSG, die bei derAuswertung der Ergebnisse berücksichtigt werdenmuss. Dies
kann durch die Analyse der Energieeffizienz als normierten Parameter umgesetzt
werden.
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Resonanzfrequenzen (engl. resonant frequencies, RFs) sind mit lokalen Ma-
xima der frequenzabhängigen Energieeffizienz und charakteristischen Mustern
des Mikrowellenfeldes verbunden. Die Ergebnisse aus der Inbetriebnahme der
MFD zeigen eine Verschiebung der RFs zu höheren Frequenzen während der
MFD, was auf Änderungen in der elektromagnetischen Feldverteilung aufgrund
des zeitlich variablen Produktzustands hinweist. Diese Erkenntnisse unterstre-
ichen die Bedeutung der Anpassung der Mikrowellenfrequenzen während der
MFD zur Erzielung einer durchgängig hohen Energieeffizienz. Die Verschiebung
der RFs zu höheren Frequenzen wurde durch Charakterisierungen der Mikrowel-
lenreflexionen bei fortschreitenden Trocknungszuständen bestätigt.

In Kapitel 3 wurden frequenzbasierte Regelkonzepte für die MFD mittels elek-
tromagnetischer Simulationen untersucht. Die Simulationen wurden durch die
getrennte Simulation diskreter Trocknungszustände von der Lösung thermodyna-
mischer Gleichungen entkoppelt. Dieser Ansatz ermöglichte eine Analyse des
Einflusses der Frequenzen auf die Energieeffizienz und Leistungsverteilung zwi-
schen und innerhalb den Proben.

Vier Regelkonzepte mit der Anwendung verschiedener Frequenzen wurden unter-
sucht:

1. Single Minimum Frequency (1MF): Frequenz mit der geringsten Ener-
gieeffizienz,

2. Single Resonant Frequency (1RF): Resonante Frequenz mit der höchsten
Energieeffizienz,

3. Six Equidistant Frequencies (6EF): Sechs gleichmäßig verteilte Frequen-
zen in konstanten Intervallen zwischen 2400 MHz und 2500 MHz und

4. Six Resonant Frequencies (6RF oder 6RFmax): Sechs resonante Fre-
quenzen mit den höchsten lokalen Maxima der Energieeffizienz.

Die Simulationsergebnisse zeigen einer Erhöhung der Energieeffizienz während
des gesamtenTrocknungsprozesses durch dieAnwendung derRFs (1RFund 6RF).
Durch den Einsatz mehrerer Frequenzen (6EF und 6RF) wurde eine homogenere
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Leistungsverteilung unter den Proben erzielt, was auf eine erhöhte Trocknungs-
homogenität hinweist. Die Validierung der Simulationen mittels der frequenz-
abhängigen Energieeffizienz ergab quantitative Diskrepanzen. Es wurden jedoch
qualitative Ähnlichkeiten hinsichtlich der Anzahl und Energieeffizienz der RFs
festgestellt. Dies macht die Simulationen zu einem nützlichen Werkzeug für die
Prozessentwicklung. Experimentelle Ergebnisse aus der Anfangsphase der MFD
bei konstanten Frequenzen bestätigten eine höhere Energieeffizienz bei der App-
likation von RFs und eine höhere Homogenität der Trocknung unter Verwendung
mehrerer Frequenzen bei ähnlicher Verlustleistung.

In Kapitel 4 wird die Partialtrocknung als ein zeitsparender Ansatz für die Durch-
führung von Parameterstudien zur MFD vorgestellt. Durch das Beenden des
Trocknungsprozesses nach der Entfernung von 20 % des anfänglichen Wasserge-
halts wird die erforderliche Zeit für ein MFD-Experiment im Vergleich zur voll-
ständigen Trocknung um etwa 92 % reduziert. Dieser Ansatz ermöglicht eine
effiziente Untersuchung einflussreicher Prozessparametern. Der Fokus der Unter-
suchungen liegt auf dem Einfluss der Parameter auf die Trocknungskinetik und
-homogenität.

Die Parameterstudien zeigten die folgenden Effekte unter Einsatz der partiellen
MFD:

• Mikrowellenfrequenz: Die gezielte Anwendung energieeffizienter RFs
verkürzte die Prozessdauer und erhöhte die Energieeffizienz, wie aus der
Literatur erwartet wurde.

• Mikrowellenleistung: Die Erhöhung der spezifisch dissipiertenMikrowel-
lenleistung verkürzte die Prozessdauer entsprechend den Erwartungen aus
der bestehenden Literatur.

• Kammerdruck: In Widerspruch zur Literatur führte die Verringerung des
Kammerdrucks in der partiellen MFD zu kürzeren Prozessdauern aufgrund
erhöhter Sublimation vor der Mikrowellenapplikation und höherer Trock-
nungsraten.
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Der Einsatz mehrerer Frequenzen erhöhte die Trocknungshomogenität unter den
Proben, währendwederKammerdruck nochMikrowellenleistung die Trocknungs-
homogenität beeinflussten. Die partielle MFD ist ein effektives Mittel zur Unter-
suchung des Einflusses vonMikrowellenleistung und -frequenz auf Trocknungski-
netik und -homogenität. Andererseits kann die partielle MFD die Auswirkungen
des Kammerdrucks nicht vollständig erfassen, da die Limitierungen des Mas-
sentransfers durch die dünne Schicht getrockneten Produkts nicht repräsentativ
für die vollständige Trocknung sind. Die partielle MFD ist dennoch ein wirk-
sames Werkzeug für schnelle Prozessuntersuchungen, sofern die Grenzen ihrer
Anwendbarkeit berücksichtigt werden.

Kapitel 5 konzentriert sich auf die Optimierung der MFD durch Implementierung
einer Frequenzmodulation in Echtzeit basierend auf dem Produktzustand. Es
wurde ein Algorithmus zur Prozesssteuerung entwickelt, um während des Trock-
nungsprozesses kontinuierlich mehrere RFs automatisiert zu identifizieren und
anzuwenden. DiesesVerfahren ermöglichte eine adaptive Steuerung zur Erzielung
einer hohen Energieeffizienz.

VergleichendeExperimente zwischenCFDundMFDunterVerwendung der zuvor
vorgestellten Steuerungskonzepte 6EF und 6RFmax sowie 6RFmin, bei dem die
sechs RFs mit der geringsten Energieeffizienz angewendet wurden, und 1CF, bei
dem 2460 MHz angewendet wurde, ergaben folgende Ergebnisse:

• Die Anwendung mehrerer, in Echzeit angepasster RFs in der MFD mit
6RFmax führte zur höchsten durchschnittlichen Energieeffizienz und Trock-
nungsrate.

• Die MFD unter Verwendung von 6RFmax reduzierte die Prozessdauer um
24,2 % im Vergleich zur CFD und um 38,4 % im Vergleich zur MFD mit
6EF.

• Jede Frequenzanpassung während der MFD zeigte einen direkten Einfluss
auf die Energieeffizienz, Probentemperatur und Trocknungsrate.

Die Auswertung der Produktqualität zeigte ähnliche Restfeuchtegehalte und Re-
tention von Ascorbinsäure für MFD mit allen Regelkonzepten im Vergleich zur
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CFD. Allerdings unterstreicht die Bildung großer Poren, die in einigen Proben
aus der MFD detektiert wurde, die Notwendigkeit einer weiteren Optimierung zur
Vermeidung von Produktschäden. Nichtsdestotrotz demonstrierte die MFD unter
Verwendung von RFs ihr Potenzial als schnelle und energieeffiziente Alternative
zur CFD.

In dieser Dissertation wird die erfolgreiche Intensivierung der MFD durch die
gezielte Modulation der Mikrowellenfrequenz demonstriert. Insbesondere die
Anwendung mehrerer in Echtzeit angepasster RFs resultierte in einer erhöhten
Energieeffizienz, einer verkürzten Prozessdauer und einer erhöhten Trocknungs-
homogenität. Die intensivierte MFD ist eine effektive Methode zur schnellen
Trocknung wärmeeempfindlicher Materialien, während gleichzeitig eine Produk-
tqualität erzielt wird, die mit Produkten aus der CFD vergleichbar ist.

Zukünftige Arbeiten könnten eine Verfeinerung der Algorithmen zur Frequenz-
steuerung untersuchen. So könnte künstliche Intelligenz eingesetztwerden, umdie
Steuerungsstrategien basierend auf umfangreichen experimentellen Datensätzen
zu optimieren. Die Integration zusätzlicher Eingangsvariablen, wie Echtzeitmes-
sungen von Probentemperatur und -gewicht, könnte die Anpassungsfähigkeit des
Prozesses erhöhen und zu einer Vermeidung von Produktschäden genutzt werden.

Die Erweiterung der konstruierten Anlage durch die Installation mehrerer SSGs
würde Studien zu Phasenverschiebungen und der gleichzeitigen Anwendung
mehrerer Frequenzen ermöglichen. Die entsprechende Steuerung könnte zu
einer Erweiterung der Kontrolle über das elektromagnetische Feld eingesetzt wer-
den. Darüber hinaus sind die Untersuchung der Anwendbarkeit der optimierten
MFD für industriell relevante Produkte und der Maßstabübertragung wesentliche
Schritte für eine industrielle Implementation des Verfahrens.

Zusammenfassend liefert diese Arbeit wertvolle Einblicke in die Optimierung
der MFD durch gezielte Frequenzmodulation. Diese Ergebnisse ebnen den Weg
für zukünftige Fortschritte in der Anwendung der MFD und bieten potenzielle
Vorteile wie Energieeinsparungen und verkürzte Prozessdauern, während gleich-
zeitig eine Produktqualität erreicht wird, die den hohen Standards der Produkte
aus der CFD entspricht.
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1 Introduction

1.1 Motivation

Freeze-drying (FD), also known as lyophilization, is widely used in process engi-
neering. The particular product-preserving characteristic of FD can be attributed
to the absence of liquid water and low temperatures [1] as well as the exclusion of
oxygen [2]. Thus, FD is used mainly to dry heat-sensitive products. FD has been
investigated not only for high-value foods, such as strawberries [3] or blueberries
[4], but also for other products, such as active pharmaceutical ingredients [5] or
microorganisms [6]. Comprehensive reviews show the advantages of FD in the
drying of food [2, 7]. A major drawback of FD is its long drying time compared
to other drying processes, such as hot-air drying [1, 8] or microwave-assisted vac-
uum drying [9]. In addition, FD is a costly process compared to the widely used
hot-air drying [1]. Therefore, there is great interest in intensifying the FD process
to achieve an economically competitive and fast process that yields high-quality
products.

Using complementary technologies is one option to intensify the FD process.
These technologies include the use of microwaves in microwave-assisted freeze-
drying (MFD) [8, 10–14], ultrasound [15], and infrared radiation [16]. MFD,
in particular, has recently been the subject of increased scientific research. The
availability of solid-statemicrowave generators (SSGs) enables precise adjustment
of frequency, power, and phase shift between multiple SSGs based on electrical
control, which is not possible with conventionally used magnetrons [17]. Further-
more, SSGs can measure the reflected power and forward power of microwaves.
This combination opens up new possibilities for process control and monitoring.
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1 Introduction

For microwave-assisted heating, control strategies have already been developed
to intensify the process in terms of energy efficiency [18–22] and temperature
uniformity [18–24]. Electromagnetic simulations of microwave-assisted heating
support these results [23].

The occurrence of a phase changemakesmicrowave-assisted drying, such asMFD,
a thermodynamically more complex process than microwave-assisted heating.
The changing material composition during drying leads to constantly changing
electromagnetic field interactions with the material to be dried, as demonstrated
for microwave-assisted drying [25–27]. These changes in material composition
affect the microwave field patterns and the conversion of electromagnetic energy
into heat. Therefore, microwaves must be continually adapted to the composition
of the material to achieve an optimized process regarding energy efficiency and
heating homogeneity. The ability of SSGs to precisely adjust the microwaves
during drying enables customized process control. With this technology, drying
can be tailored to each product and process run.

This thesis investigates the targeted adjustment of the microwave field during
MFD to increase process understanding and identify opportunities for process op-
timization. Developing the MFD process is a necessary prerequisite for these
investigations. Process development includes constructing a laboratory-scale
MFD system and developing control concepts based on electromagnetic simu-
lations. Subsequently, special emphasis is placed on investigating the effects
of microwave frequency modulation, given the particularly pronounced effects
observed in microwave-assisted heating [19, 21]. The research focuses on the
influence of microwaves on process parameters in MFD, such as process dura-
tion and energy efficiency, and the resulting product properties, such as residual
moisture and ascorbic acid retention.
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1.2 Freeze-drying

1.2 Freeze-drying

FD is based on the removal of water from the material to be dried by sublimation,
with the ice crystals in the material passing directly into the gaseous state without
an intermediate liquid state [28]. The FD process typically consists of three
phases [2]:

• Freezing,

• primary drying, and

• secondary drying.

Figure 1.1 shows a simplified overview of FD in the phase diagram of pure
water. The aggregate states and phase changes of water during FD are shown as a
function of pressure and temperature. Point A represents the starting point of the
FD process. Liquid water is present at ambient pressure and temperature. First,
water in the material is frozen by lowering the temperature below the freezing
point (A → B). Then, a vacuum is applied to obtain process conditions below
the triple point of water (B → C). The conditions at the triple point of water are
a temperature of 0.01 °C (273.16 K) and a pressure of 6.12 mbar [29]. This is
followed by primary drying (C → D). The heat supplied provides the sublimation
enthalpy.

For freezing, the material must be supercooled in order to cause initial nucleation.
The application of high cooling rates with high supercooling leads to a larger
number of smaller ice crystals than with lower cooling rates [28]. Differences in
ice crystals resulting from the process parameters during freezing influence mass
transfer during subsequent drying in FD, as described in the literature [28, 30–33].
Therefore, freezing conditions must be considered as process parameters or kept
constant when FD is examined.

During primary drying, the frozen water in the material to be dried is sublimated
[32]. Maintaining the sublimation at process conditions below the triple point
requires an energy supply. The energy provided is used to sublimate the frozen
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Figure 1.1: Schematic representation of freezing and primary drying in FD (A to D) in the phase
diagram of water. Depiction according to [2].

water and heat the material. The enthalpy required for the sublimation of water
is composed of the melting enthalpy and the vaporization enthalpy. The result-
ing sublimation enthalpy of water is approximately 2805 kJ/kg in the relevant
temperature range [28]. In conventional freeze-drying (CFD), energy is usually
supplied to the drying material with a shelf that serves as a heat exchanger. The
heat transfer mechanisms associated with CFD are conduction, thermal radiation,
and convection [28, 31]. Conduction is the energy transfer between neighboring
molecules, in which heat is transferred in the opposite direction of a thermal
gradient. Thermal radiation is energy transfer by electromagnetic waves, which
does not require any material as a transfer medium. Convection describes the
transportation of energy through moving fluids. [34]

The structure of a material undergoing FD is schematically depicted in Figure 1.2
with qualitative water content and temperature curves. King [31] describes the
phenomena of mass transfer during FD. Drying occurs on a sublimation front that
separates the frozen area in the drying material from the dry area. During drying,
the sublimation front continuously retreats into the interior of the material. Water
vapor is removed through the pores in the dry area, which formerly contained ice
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1.2 Freeze-drying

Figure 1.2: Schematic representation of local temperature and water content in a particle during CFD.
Depiction according to [36].

crystals. A pressure gradient drives mass transport through the porous layer. The
driving pressure gradient for the process is between the water vapor pressure at the
sublimation front inside the material and the water vapor pressure at a moisture
sink. The water vapor pressure at the sublimation front depends on the respective
local temperature. To maintain the driving pressure gradient, a lower temperature
is required at the moisture sink than at the sublimation front. Assegehegn et al.
[35] describe the mass transfer during FD only with respect to the material to be
dried. They describe the mass flow ṁv through the dried layer as a function of
the water vapor pressures on the sublimation front psub and on the surface of the
material psurf as

ṁv =
psub − psurf

R
, (1.1)

where R is the mass transfer resistance of the dried material.

As the sublimation front recedes into the interior of the material, heat and mass
transfer resistances increase. The increase in resistance is caused by the formation
of a dried porous layer, which generally leads to a slowdown in drying.

The control options in CFD are restricted to chamber pressure, shelf temperature,
and process time as the main controllable variables [37, 38]. By increasing
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chamber pressure, higher sublimation rates can be achieved due to the increase
in thermal conductivity [37]. A higher drying rate can also be achieved with a
higher shelf temperature, increasing the thermal gradient to the sublimation front.
However, shelf temperature cannot be increased indefinitely, as critical process
parameters must be considered. These include product temperature in dried and
frozen areas, speed of progression of the sublimation front, as well as temperature
and geometry of the sublimation front [32]. The shelf temperature and the heat
transfer through the product influence the product temperature. If the energy
input is too high, the water vapor produced cannot be transferred solely through
the pores of the dried material. The resulting build-up of pressure can lead to
the pore walls breaking open and destroying the matrix of the material [28]. In
addition, ice crystals can melt at locally increased pressure above the triple point
conditions, as shown in Figure 1.1.

In the FD of dissolved polymers, as they occur in drying pharmaceutical formu-
lations, care must be taken to ensure that the glass transition temperature of the
material is not exceeded [37]. Exceeding the glass transition temperature leads
to a viscous rubbery state in which the material loses its macroscopic and mi-
croscopic structure. The collapse temperature describes the temperature at which
the structure of a material collapses and is closely related to the glass transition
temperature [32]. As a rule, the collapse temperature is a few kelvin above the
glass transition temperature [39]. The glass transition temperature has also been
applied to food drying, as explained in a review by Ratti [1]. It is not clear why the
concept of a polymeric glass transition temperature applies to complex biological
systems such as food. However, it is clear that the quality of these products can be
compromised at excessive temperatures. For example, the preservation of valu-
able ingredients can decrease with increasing temperature, as has been shown for
ascorbic acid and anthocyanins in the CFD of black currant juice [40].

In secondary drying, bound water is removed from the product by desorption
until an equilibrium between the product and the process environment is reached.
This drying stage is characterized by a lower drying rate than primary drying
and a residual moisture plateau at a desorption equilibrium. [28] The occurrence
of secondary drying cannot be completely separated from primary drying, as
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the processes overlap in time. Secondary drying can occur in areas that have
already been dried at the same time as the primary drying of the frozen area. [32]
Secondary drying is not dominated by energy supply, but is limited by diffusional
processes [37]. During secondary drying, only a small percentage of water is
removed from the product, usually less than 10 wt% dry basis [28].

1.3 Microwave-assisted processing

This section covers the foundations of microwave technology and its use in pro-
cess engineering. First, the basic principles of microwaves and how they interact
with processed materials are explained. The following section discusses the theo-
retical background of microwave applicators, which are essential for the practical
application of microwaves. Solid-state microwave technology that enables precise
control of microwave application is covered in the subsequent section. The role
of electromagnetic modeling is discussed as a tool for investigating microwave-
assisted processes.

1.3.1 Microwaves

Microwaves are electromagnetic waves in the frequency range between 0.3 GHz
and 300 GHz [41]. Figure 1.3 illustrates the position of microwaves in the
electromagnetic spectrum compared to various types of electromagnetic waves.

Standard microwave devices for material processing operate at frequencies around
915 MHz and 2450 MHz [43]. These frequencies lie within the industrial, medi-
cal, and scientific (ISM) radio bands. The ISM bands cover frequency ranges that
can be used without governmental permission. Due to the low regulatory require-
ments, the use of frequencies in the ISM band around 2450 MHz, ranging from
2400 MHz to 2500 MHz, is particularly suited for microwave-assisted processes.
Another advantage of using the established ISM band around 2450 MHz is the
availability of components for these frequencies [44]. The widespread use of
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Figure 1.3: Illustration of the electromagnetic spectrum. Depiction according to [42].

frequencies from this ISM band in microwave-assisted processes in the literature
[11, 14, 45] ensures a high level of comparability when using the same ISM band.

1.3.2 Microwave-material interactions

Microwave heating is based on the interaction of electromagnetic fields with a
dielectric, an insulating material, leading to the dissipation of electromagnetic
energy into heat [46]. Thus, microwave heating does not require a thermal
gradient [47]. Concerning drying, the generation of heat within the product with
microwaves can overcome the heat transfer limitations that limit the drying rate
in conventional drying processes [48].

The loss mechanisms in dielectrics can be subdivided into losses because of
interactions with the electric or magnetic field components. The interactions
with magnetic field components can generally be neglected when processing
biological materials, as they only need to be considered for magnetic materials.
The electrical loss mechanisms include conductivity and dipolar losses, with
dipolar losses becoming more dominant at higher frequencies. Dipolar losses can
be subdivided into interactions due to dipolar polarization, electronic polarization,
atomic polarization, and Maxwell-Wagner polarization. [46] Selected interaction
mechanisms of dielectrics with the electric component of an electromagnetic field
are schematically depicted in Figure 1.4.
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Dipolar polarization and ionic conduction are two relevant interactionmechanisms
in the microwave frequency range [46]. Dipolar polarization causes a charge
shift due to the rotation of electric dipoles, while ionic conduction transfers
charges over long distances compared to rotation [41]. According to Metaxas
and Meredith [46], dipolar polarization is ‘perhaps the most important type’ of
all loss mechanisms in industrial applications at frequencies above 1000 MHz.
A prominent polar molecule present in many materials in microwave-assisted
processes is water. When an electric field is applied, water and other polar
molecules align in the direction of the electric field vectors. The oscillation of
the microwave field causes the polar molecules to rotate. Losses due to dipolar
rotation occur when the dipoles cannot restore their original orientation due to
rapid field reversals [46, 49]. The energy of the electric field is converted into
heat, which is the kinetic energy of molecules.

Figure 1.4: Schematic representation of the mechanisms of charge redistribution, for example, due to
Maxwell-Wagner polarization, and dipole redistribution, also called dipolar polarization,
when microwaves interact with a dielectric. Depiction according to [46].

The dielectric properties (DPs) describe how electromagnetic fields interact with
dielectrics, making them crucial for assessing microwave-assisted processes. One
of the first extensive investigations of the experimentally determined DPs of
organic and inorganic materials goes back to the work of von Hippel [50]. DPs
specify how dielectrics store electromagnetic energy and convert it into heat. The
DPs that characterize the interactions with the electric field are summarized in
the relative permittivity εr. The relative permittivity is a complex number. It can
be subdivided into a real part, which is referred to as the dielectric constant ε′r,
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and an imaginary part, which is referred to as the dielectric loss factor ε′′r , leading
to its expression according to Metaxas and Meredith [46] as

εr = ε′r − iε′′r . (1.2)

Here, i denotes the imaginary unit. The relative dielectric constant ε′r is a measure
of the capacity of the material to store electric energy, while the relative dielectric
loss factor ε′′r describes the conversion of electric energy into heat. Another way
to denote the DPs is the loss tangent tan δ, which, according to Chandrasekaran
et al. [51], is defined as

tan δ =
ε
′′

r

ε′
r

. (1.3)

The DPs influence the penetration depth dp and the absorbed power per unit
volume PA [46]. The definition of dp is the distance from the surface into the
material at which the power drops to 1/e of the value on the surface and can be
calculated, according to Bengtsson and Risman [52], as

dp =
λ0

2
√
2π

√
ε′
r

√√
1 + (tan δ)2 − 1

. (1.4)

The parameter e is Euler’s number and λ0 represents the wavelength in air. The
average absorbed power per unit volume PA is defined as published by Metaxas
and Meredith [46] with

PA = 2πfε0ε
′′

r |Erms|2. (1.5)

Here, f is the frequency of the electromagnetic field, ε0 = 8.85418×10−12 Fm−1

is the vacuum permittivity, and Erms the root mean square of the electric field.
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According to these equations, the DPs affect the magnitude and pattern of the dis-
sipated power inside the processed material, underlining their critical importance
for microwave heating processes.

DPs themselves are influenced by the frequency of applied microwaves [53]. In
addition, material properties, such as composition, moisture content, and temper-
ature, influence the DPs [46, 53]. The material composition can influence the
DPs in a variety of ways. For example, the addition of salts to aqueous solutions
results in them being present in a dissociated state. Thus, the addition of salt
increases the ion content and, consequently, the interaction with the microwave
fields through ionic conduction [47, 53].

During microwave-assisted drying, the changes in the temperature and material
composition resulting from the removal of water lead to changes in the DPs. Li et
al. [25] observed a decrease in the dielectric constant and the loss factor during
microwave-assisted vacuum drying of Chinese yam through onlinemeasurements.
The investigations by Nakagawa and Kono [26] also indicate a decrease in DPs
during CFD. Therefore, a similar trend of time-dependent material-microwave
interaction is expected for MFD.

1.3.3 Microwave applicators

Figure 1.5 shows a schematic block diagram of a microwave heating system with
optional components. According to Metaxas and Meredith [46], such a heating
system can be subdivided into the following components:

• A microwave power unit,

• an applicator with auxiliary systems, and

• a control system.

The microwave power unit generates microwaves with a specific power and fre-
quency from electrical energy. Magnetrons are conventionally used to generate
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Figure 1.5: Schematic block diagram of a microwave heating system with optional devices as part of
the auxiliary system. Depiction according to [46].

microwaves, but SSGs offer a superior alternative in several respects, as described
in Section 1.3.4. Waveguides or coaxial cables can be used as microwave trans-
mission lines from the microwave generator to the applicator. A circulator usually
shields the microwave generator from reflected power.

The material to be processed is placed inside the applicator, also known as the
cavity in the context of microwave engineering. The applicator can optionally
be connected to auxiliary systems to support processing. Supplementary heating
systems enable hybrid processes by supplying additional energy to the process,
e.g., through infrared radiation. Vacuum systems create process conditions be-
low atmospheric pressure to reduce the partial vapor pressure. Vapor removal
systems remove excess vapor from the atmosphere, e.g., through an air stream
or a condenser. The latter two systems are particularly valuable when steam is
continuously generated, as in drying processes.

The control system enables control of the microwave field and additional process
parameters, e.g., the chamber pressure. Automated systems can continuously
adjust the microwave field, especially when using SSGs.

Conductive walls enclose the electromagnetic field in the cavity. In these walls,
wall currents reduce the electric field tangential to the surface. If the walls were
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1.3 Microwave-assisted processing

perfect electrical conductors, the tangential electric field would be nullified and
the electromagnetic waves would be fully reflected. If the walls of a cavity are
highly conductive but not lossless, as is the case in practical applications, wall
losses occur within the walls of the cavity due to dissipation of electromagnetic
energy on the surface of the walls [46].

The superposition of incident and reflected waves can form standing waves inside
the cavity due to constructive and destructive interference. Thesewaves appear sta-
tionary with distinct points of minimum and maximum field amplitude. Resonant
frequencies (RFs) are defined as the frequencies at which electromagnetic waves
inside the cavity constructively interfere to form stable, high-amplitude standing
waves. The application of RFs leads to the maximization of energy transfer to
the processed material because of the maximization of the electromagnetic field,
increasing the energy efficiency of the process. The specific electromagnetic field
patterns within the cavity at the RFs are referred to as modes [46].

Microwave cavities can be subdivided intomonomodal andmultimodal resonators.
Monomodal cavities can only sustain one dominant mode in the applied frequency
range. Monomodal cavities are energy-efficient but lack the versatility of multi-
modal systems [46]. Their size is limited to dimensions in the magnitude of one
wavelength of the applied microwaves [54]. This limitation makes them unusable
for processing larger materials.

Multimodal systems support many modes at respective RFs in the applied fre-
quency range. For an empty rectangular resonator, the mode equation for the RFs
can be calculated according to Collin [55] as

fnml = c

√(
nmode

2Lx

)2

+

(
mmode

2Ly

)2

+

(
lmode

2Lz

)2

, (1.6)

where fnml is the resonant frequency of a TEnml or TMnml mode,
c = 299 792 458ms−1 is the speed of light and nmode,mmode, and lmode are the
number of half-sinusoidal variations in the standing wave pattern along the x-,
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y-, and z-axes. Lx, Ly , and Lz are the cavity dimensions along the x-, y-, and
z-axes.

Metaxas andMeredith [46] elaborate that partially filling a microwave cavity with
a lossy dielectric results in an increased spectral density of modes, meaning there
is a higher number of modes in a given frequency range. Additional effects listed
are higher power absorption, a shift of modes to lower RFs, and broader response
peaks around the RFs. In this context, response peaks describe the maxima
observed in the frequency spectrum, indicating frequencies at which electromag-
netic energy is most efficiently coupled into the cavity due to resonance. Broader
response peaks reflect reduced selectivity, which enables energy absorption over
a wider frequency range. Consequently, the introduction of a lossy dielectric
can cause the modes to overlap in frequency as a result of their increased spatial
density and the expanded width of the response peaks.

The heating effects on the microwave field depend on the DPs of the processed
material, as described in Section 1.3.2. Geometric factors, such as the position,
size, and shape of the material, also influence the characteristics of the RFs [56].
In microwave-assisted processes, materials are present within the cavity. Thus,
developing a cavity based solely on analyzing an empty cavity is impractical.

1.3.4 Solid-state technology

Conventionally used magnetrons are the lowest-cost microwave source available
because of their mass production. Magnetrons do not generate a specific fre-
quency, but a frequency spectrum [57]. In addition, Luan et al. [58] demonstrated
frequency fluctuations ofmagnetrons as a function of time, as well as the geometry
and placement of the load in a study with household microwave ovens.

The frequencies generated by conventional magnetrons cannot be specifically
adjusted [54]. This reduces the degrees of freedom to adjust the electromagnetic
field to the variation of power output, which limits the potential for process control.
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1.3 Microwave-assisted processing

SSGs have several advantages over magnetrons. These include electrical control
over the frequency, power, and phase shift of microwaves. In addition to the
extended control options, electromagnetic waves generated by an SSG have a
stable and precisely defined frequency. [17]

SSGs are based on semiconductor components that generate high-power mi-
crowaves. Figure 1.6 shows the implementation of an SSG in a microwave heating
system, in contrast to a magnetron-based heating system. The main components
of an SSG are a small-signal generator, a solid-state power amplifier (SSPA),
and a power supply. The small-signal generator is a tuned electronic circuit that
can create a low-amplitude microwave signal. This signal is transmitted to the
SSPA, which uses direct current to amplify the power of the microwaves received
using semiconductor technology. SSGs are capable to measure power signals
in dependence on frequency. This feedback can be used for the targeted con-
trol of microwave parameters such as frequency, power, and phase to adapt the
microwaves to the needs of the material being processed. [17]

Figure 1.6: Schematics of (a) a magnetron-powered microwave heating system and (b) a solid-state-
powered microwave heating system showing the possibility for feedback control. Depic-
tion according to [17].
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1.3.5 Electromagnetic modeling

Maxwell’s equations are a series of coupled partial differential equations estab-
lished by James Clerk Maxwell [59]. In combination with the Lorentz force
law, they constitute the basis of classical electromagnetism. Maxwell’s equations
describe how electric and magnetic fields are generated by charges, currents, and
field changes. They serve as the mathematical basis for models of microwave
applications.

According to Hampshire [60], Maxwell’s equations in their differential form can
be written as

∇ · E⃗ =
ρ

ε0
, (1.7)

∇ · B⃗ = 0, (1.8)

∇× E⃗ = −∂B⃗

∂t
, and (1.9)

∇× B⃗ = η0(ε0
∂E⃗

∂t
+ I⃗). (1.10)

In these equations, E⃗ represents the electric field, B⃗ the magnetic field, t the
time, ρ the electric charge density, and I⃗ the current density. The parameter
η0 = 1.25664 × 10−6 NA−2 is the vacuum permeability. Equation 1.7 and
Equation 1.8 are Gauss’s law and Gauss’s law for magnetism, respectively. Equa-
tion 1.9 is Faraday’s law and Equation 1.10 Ampére’s lawwithMaxwell’s addition
for displacement currents.
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1.3 Microwave-assisted processing

Commercial software for electromagnetic field simulation offers a variety of
solvers to Maxwell’s equations in dependence on the users’ specific require-
ments. Yakovlev [61] examined the applicability of various commercial soft-
ware to investigate microwave-assisted heating in 2006. Currently used software
in research includes COMSOL Multiphysics (COMSOL, Stockholm, Sweden)
[62, 63], QuickWave (QWED, Warsaw, Poland) [23, 64], and CST Microwave
Studio (Dassault Systèmes, Vélizy-Villacoublay, France) [64, 65].

The above programs use various solvers to handle Maxwell’s equations, including
frequency domain solvers, time domain solvers, eigenmode solvers, integral equa-
tion solvers, and asymptotic solvers. Important factors in choosing an appropriate
solver are the quality factor in resonant devices and the frequency in weakly res-
onant devices, as shown in Figure 1.7. In the case of microwave-assisted process
engineering, microwaves are applied in resonant structures with varying quality
factors. Therefore, applying the frequency domain solver is a preferable choice
since its performance does not depend on the quality factor of the resonant device,
as shown in Figure 1.7.

Figure 1.7: Schematic representation of the areas of optimal operation for various solvers for
Maxwell’s equations. Depiction according to [66].

The basis for using frequency solvers is the transformation ofMaxwell’s equations
into the frequency domain, assuming a time-harmonic dependence of the fields and
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the excitation. The fields are then represented by the real part of complex pointers
multiplied by a time factor. As an example, the electric field in dependence on
time can be written as

E⃗(t) = ℜ{E⃗(ω) · eiωt}, (1.11)

where ω is the angular frequency and ℜ is the real-part operator for the complex
number [66]. A separate system of equations must be set up and solved for each
frequency in the defined domain. Special broadband frequency sweep techniques
can be used to derive the full broadband spectrum from a relatively small number
of frequency samples [66].

The simulation of an electromagnetic field in microwave-assisted processing be-
gins with creating a geometric model of the respective cavity. The governing
equations are derived from Maxwell’s equations. In combination with boundary
conditions at the geometric boundaries, they form a complete system of equations.
The defined electromagnetic model is then solved in a simulation. The simulation
results are post-processed to obtain the target parameters. Examples of these
parameters are the energy efficiency as a function of frequency or the dissipated
power in individual samples.

The details of the simulations carried out in this work are presented in Sec-
tion 3.3.1. The section includes the assumptions that enable a purely electro-
magnetic model of MFD by solving various electromagnetic models at different
drying states.

1.4 Microwave-assisted freeze-drying

MFD differs from CFD in that electromagnetic waves supply the sublimation
enthalpy during drying. Microwaves generate heat directly within the product, so
there are no restrictions due to heat transfer resistance through the dried layer [48].
Therefore, MFD is particularly advantageous for materials characterized by low
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1.4 Microwave-assisted freeze-drying

thermal conductivity, such as materials with high porosity. When these materials
are dried with CFD, the heat transfer resistance may limit the drying rate. In
addition, microwaves provide benefits such as selective heating and immediate
switching of the heating source [41]. These properties lead to advantageous
features of microwave-assisted processing, such as shorter processing times and
economic benefits [41]. Regarding food drying, microwaves offer the advantage
of fast drying in combination with increased quality of some food products [51].

MFD has increasingly become the focus of research in recent years [8, 11–
14, 45, 67–73]. MFD achieved reductions in drying time of 40% to 80% in
comparison to CFD [8, 11, 67, 68]. The literature even reports a reduction in
the drying time of onion slices up to 96% [74]. In these works, MFD yielded
products with quality attributes comparable to or higher than those obtained with
CFD. More specifically, MFDwas found in comparison to CFD to achieve similar
characteristics regarding the stability of monoclonal antibodies [14, 68], slightly
higher retention of polyphenolic compounds [73], and similar retention of ascorbic
acid and anthocyanins [12]. However, structural degradation of the product was
observed for excessive power levels [12] and dense product structure [73].

These results underscore the potential of MFD to yield a product with quality
attributes comparable to or exceeding those obtained through CFD in a reduced
amount of time. It is essential to carefully select the applied microwave power
during MFD to prevent any degradation of product quality to unacceptable levels.

Goldblith [75] outlined challenges associated with MFD as early as 1966. He
highlighted limitations such as the need to control the energy input to prevent
melting of the frozen material, differences in the dielectric loss factors between
the frozen core and the dry layer, and the cost of translating theoretical devel-
opments into practical commercial applications. Ratti [76] attributed the limited
application of MFD to technical issues, such as melting and overheating of the
frozen core, non-uniform heating, and dielectric breakdown inside the applica-
tor. The technical challenges associated with using microwaves in MFD can be
summarized as non-uniform heating [75, 76], dielectric breakdown inside the
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applicator at high microwave power [76, 77], and efficient power delivery to the
product throughout drying, as DPs decrease during drying [25, 78].

The first technical challenge is the inherently non-uniform nature of the electro-
magnetic field in MFD, illustrated in Figure 1.8 as the electric field pattern from
an electromagnetic simulation. Standing waves in resonant microwave applicators
at RFs are associated with local minima and maxima of field strength. These can
lead to so-called hot and cold spots in the processed material. The material may
be damaged at hot spots due to increased temperatures [12, 79, 80]. In addition,
a high power density can generate large amounts of vapor within the processed
material, which can lead to rupture of the material due to a local increase in
pressure [46]. Furthermore, several factors intrinsic to microwaves cause non-
uniform heating. These include focusing effects, corner and edge heating, as well
as the shape and composition of the processed material [81]. Moreover, there
is a pronounced difference in the DPs of frozen and dried areas [75], leading to
inhomogeneous power dissipation between these areas. Additionally, the DPs
of thawed materials are higher than of frozen materials [52], leading to highly
inhomogeneous heating as soon as local thawing occurs during MFD. The effects
outlined underscore the importance of taking measures to ensure uniform heating
for product-friendly processing.

Figure 1.8: Three-dimensional pattern of the electric field from an exemplary electromagnetic simu-
lation at a frequency of f = 2480 MHz and a phase angle θ = 30°.
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1.4 Microwave-assisted freeze-drying

The second challenge inMFD is dielectric breakdown, a well-known phenomenon
when microwaves are applied in a vacuum. The associated discharges are gener-
ally undesired during microwave-assisted processing due to wasting energy and
potentially damaging processed materials and equipment [82]. The dielectric
strength of insulating materials determines the maximum electric field strength
that can be tolerated without dielectric breakdown [83]. A related parameter is the
breakdown voltage. This parameter describes the voltage above which a dielectric
breakdown occurs in a specific material, i.e., the dielectric strength is exceeded.
The breakdown voltage is dependent on the pressure and the distance between the
electrodes [84]. The corresponding curves are called Paschen curves [85].

Dielectric breakdown in gases is caused by collision ionization, which occurs
when an electric current flows through a usually insulating gaseous medium due
to its ionization [86]. Ionization involves the removal of electrons from atoms or
molecules, creating positively charged ions and free electrons. The free electrons
generated by ionization can gain enough energy to cause further ionization in
an avalanche effect. The ionization can result in corona discharge as well as a
short-lived spark or a prolonged arc to nearby objects. A corona discharge occurs
when the fluid around an electrically charged conductor is ionized. During a
corona discharge, the electric field surrounding a conductor is strong enough to
create a conductive zone, but not strong enough to produce arcs or sparks [86].

MFD is especially prone to dielectric breakdown, as the process must be carried
out at pressures below 6.12 mbar to ensure a phase transition by sublimation. At
this low pressure level, dielectric breakdowns occur more frequently, which limits
the applicable power density [82]. Duan et al. [8] detected the critical power at
which arcing occurred in dependence on pressure. They found a minimum critical
power at around 1.0 mbar to 1.5 mbar, a typical pressure range for MFD. Hence,
particular care has to be taken to avoid dielectric breakdown in MFD.

The third challenge is efficient power delivery to thematerial to be dried throughout
the entire process. Changes in moisture content and temperature during drying
affect the DPs of the materials, as shown in offline [78] and online measurements
[25]. Both the dielectric constant and the loss factor decreasewith a lowermoisture
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content. In contrast, increasing temperature increases the DPs, but this effect is
minor compared to changes with moisture content [78]. Therefore, efficient
power delivery to the material to be dried becomes increasingly challenging as
MFD progresses and the DPs decrease.

As described in Section 1.3.3, lower DPs shift the RFs of the predominant modes
to higher frequencies [42, 46]. Moreover, the response peaks around the RFs are
more narrow for an empty cavity than for a cavity containing a dielectric as a
workload [46]. These facts indicate that the decrease in DPs during drying also
causes narrower response peaks associated with specific RFs as drying progresses.
Therefore, energy-efficientRFs can only be applied through the precise application
of specific frequencies, especially in the later stages of drying.

All technical challenges of MFD above can be addressed by controlling the elec-
tromagnetic field. The adoption of SSGs enables the required precise control of
microwaves throughmodulation of power, frequency, and phase shift, as described
in Section 1.3.4. By definition, multiple RFs exist in a multimodal cavity for the
ISM-band of 2400 MHz to 2500 MHz. The targeted excitation of energy-efficient
RFs could increase energy efficiency throughout drying. The excitation of mul-
tiple individual modes at frequencies with distinct electromagnetic field patterns
should increase heating uniformity compared to individual frequencies due to
superposed heating patterns. Regulation of microwave power over time would
allow thermal diffusion to counteract the effects of the inherently inhomogeneous
dissipation of electromagnetic energy. The occurrence of dielectric breakdown
could also be circumvented through a targeted power application.

Previous studies on MFD have largely left the potential of controlling the mi-
crowave field untapped. When conventional magnetrons are used, the microwave
power is mostly controlled with an on-off control. This power control has been
used in the literature to set the maximum temperature of the product [11, 12]. If
a previously defined critical temperature value was exceeded, the magnetron was
switched off intermittently. The same concept was also used with SSGs [45, 69].

Regarding MFD process control by frequency adjustment, experiments were per-
formedwith SSGs at a constant frequency of 2450MHz [69] orwith a non-targeted
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frequency variation of 2430 MHz to 2480 MHz [14, 87]. Abdelraheem et al. [88]
conducted MFD with a range of frequencies from 12 GHz to 18 GHz and de-
tected effects on the drying process but also kept the frequencies constant during
drying. Based on available information, no studies have used targeted frequency
modulation in MFD. Wang et al. [62] coupled a thermodynamic model of MFD
with an electromagnetic model but only simulated drying at a constant frequency
of 2450 MHz.

In summary, controlling the microwave field duringMFD is a promising approach
to overcome various technical challenges. The investigation of this approach fills
a research gap, as it has not yet been the focus of academic literature.

1.5 Objectives and outline of this thesis

The adjustment of microwaves during MFD is a way to overcome technical chal-
lenges, as described in Section 1.4. This work aims to generate knowledge about
the effects of targeted microwave modulation during MFD and to investigate the
associated possibilities for process optimization. A schematic outline of the thesis
is shown in Figure 1.9.

Part (I) Process development is the first step in achieving this overarching goal
by establishing a basis for further research. The part includes the construction
of a modular laboratory-scale drying system for MFD and CFD, described in
Chapter 2. The construction includes the installation of process equipment,
consisting of the components for FD andmicrowave generation, as well as systems
for process monitoring and process control, which include software and hardware.
When the system is functional and calibrated, the process parameters in MFD
and CFD should follow the expected course with respect to the literature. The
expectations for the process parameters product temperature, chamber pressure,
and product weight are described in detail in Chapter 2. On this basis, the
following hypothesis is proposed:
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Figure 1.9: Schematic outline of this thesis.

H2.1: Commissioning experiments in a modular drying plant on a laboratory
scale show the expected course of the process parameters sample temperature,
chamber pressure, and sample weight for MFD and CFD in accordance with the
literature.

Part (I) also includes electromagnetic simulations of MFD in Chapter 3 to pro-
vide access to a microwave field assessment. The electromagnetic simulations
are based exclusively on Maxwell’s equations. Thermodynamic equations are
not required since the drying progress in MFD is represented by the electromag-
netic simulation of discrete drying states. The commercial software CST Studio
Suite (Dassault Systèmes, Vélizy-Villacoublay, France) is used to perform the
electromagnetic simulations.

The goal of the simulations is to evaluate the advantages of frequency modulation
inMFDwith respect to energy efficiency and heating homogeneity. Assuming that
the outlined advantages of frequency modulation in microwave-assisted heating
can be extended to the entire duration of MFD, the following hypotheses are
postulated:
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H3.1: The electromagnetic simulations of MFD show that the excitation of RFs,
as opposed to non-specific excitation, results in increased energy efficiency during
the entire process duration due to the high energy efficiency of RFs.

H3.2: The electromagnetic simulations of MFD indicate that the excitation of
multiple frequencies, as opposed to a single frequency, leads to a more uniform
distribution of dissipated energy within the processed material throughout the
entire drying process due to the superposition of multiple heating patterns.

In part (II) Process understanding, MFD is experimentally investigated in the
constructed drying system. The simulation results of the frequency-based con-
trol concepts are validated in Chapter 3. Assuming that the microwave field is
accurately simulated leads to the following hypothesis:

H3.3: The electromagnetic simulations can be validated by comparison with
experimental results of the frequency-dependent energy efficiency in the range of
2400 MHz to 2500 MHz.

The experimental investigation of MFD in part (II) includes the development of
partial drying inChapter 4 as an approach to reduce the time required for parameter
studies of the lengthy MFD process. Partial drying refers to terminating the
process before complete drying. The time savings with partial MFD are estimated
to be at least as high as the ratio of water still contained in the material to be dried
since the drying rate is expected to be highest in the initial drying time. This
expectation leads to the following hypothesis:

H4.1: Partial MFD, i.e., terminating the process after the removal of 20 wt%
initially contained water, decreases the time required for parameter studies of
MFD by more than 80%.

Another potential advantage of partial MFD is that it allows determining drying
homogeneity among samples. Because the samples have not yet reached equi-
librium in terms of residual moisture, differences between the drying states of
individual samples should be more pronounced than for complete MFD. Accord-
ingly, the following hypothesis is stated:

25



1 Introduction

H4.2: Partial MFD enables an evaluation of the drying homogeneity among the
processed samples, as the drying states of individual products do not yet approach
a homogeneous equilibrium.

Several studies on MFD have already investigated the influence of process param-
eters such as chamber pressure [11, 89] and microwave power [8, 11, 12, 67, 89–
92]. However, no study has comprehensively investigated the influential process
parameters ofmicrowave frequency, microwave power, and chamber pressure. As-
suming that the initial part of drying performed in partial drying is representative
of the complete process, the following hypothesis is stated:

H4.3: Performing a parameter study involving partial MFD, concluding the
process before complete drying, is adequate for qualitatively examining the impact
of the process parameters microwave frequency, microwave power, and chamber
pressure on the MFD process.

In part (III) Process optimization, insights from parameter studies and electromag-
netic simulations are used to develop an algorithm for automated real-time process
control. The modular laboratory-scale drying plant enables the classification of
the optimized MFD process and the respective product properties compared to
the established CFD process and alternative MFD processes.

As described in Section 1.4, frequency adjustment during MFD has proven par-
ticularly promising, although it is associated with challenges in process control.
An automated algorithm for frequency control is developed to monitor and apply
RFs throughout MFD. The control algorithms are described in Chapter 2 and
Chapter 5. The algorithms developed are applied to MFD in Chapter 5. Bench-
mark processes includeMFDwith automated real-time control applying RFs with
the lowest energy efficiency, MFD with constant frequencies throughout drying,
and CFD. Process parameters and product properties are analyzed to compare
these processes. The following hypothesis is based on the outlined findings on
frequency adjustment in microwave-assisted heating:
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H5.1: The application of energy-efficient RFs throughoutMFDwith real-time fre-
quency control results in increased energy efficiency and reduced drying duration
compared to MFD without real-time frequency control.

Based on the studies highlighting similar or superior product properties of MFD
compared to CFD [12, 14, 73], the following hypothesis is postulated:

H5.2: The application of energy-efficient RFs throughout MFD with real-time
frequency modulation yields a process with similar or superior product quality
compared to CFD.

In Chapter 6, the results are reviewed concerning the hypotheses, placed in the
research context, and an outlook on future research perspectives is provided.
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2 Construction of a laboratory-scale MFD plant

2.1 Introduction

Performing controlled freeze-drying (FD) experiments lays the foundation for
achieving the overarching goals of this thesis in the investigation of microwave-
assisted freeze-drying (MFD) to gain an understanding of the process and enable
process optimization. The corresponding experiments should be performed on
an appropriately small scale in a laboratory-scale plant. Building such a plant
from scratch allows for the customized integration of all required functions. The
approach also provides the opportunity to implement a flexible setup, which
allows future changes to ensure that the plant can adapt to current and evolving
research needs.

This chapter describes the design of a customized laboratory-scale drying system
and demonstrates its suitability for controlled FD experiments. This introduction
focuses on the main requirements for the design of the system, suitable sensors
for process monitoring, and the expected behavior of process parameters during
FD, which allow the assessment of performed experiments in comparison to the
literature onFD. In the following section, the plant setup is described, including the
components necessary to perform MFD and conventional freeze-drying (CFD).
This part comprises a description of the process chamber, the plant layout, the
sensor network, and the software of the control system. The subsequent section
focuses on the setup of the FD commissioning experiments, including descriptions
of the preparation of the tylose gel, which is the model product used, and the
experimental procedures. The results of the commissioning experiments are
presented in the next section. These results comprise the process parameters from
CFD andMFD and the microwave reflections in dependence on the frequency, the
material to be dried, and the microwave transmission line. Finally, the conclusion
wraps up this chapter.

FD produces the highest quality products compared with other drying techniques,
especially for heat-sensitive compounds and materials, like antibodies, enzymes,
or peptides [93]. Microwaves can be used to supplement FD as MFD. The main
benefits of MFD in the drying of foods are high drying rates and increased quality
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of some products [51]. A detailed evaluation of the benefits and limitations of
CFD and MFD is presented in Sections 1.2 and 1.4.

Process conditions in the plant must be suitable for FD in both CFD and MFD
processes. Therefore, a similar plant design is required for both processes. Fig-
ure 2.1 shows the schematic layout of an FD system suitable for MFD and CFD.
Its main components are a process chamber, a condenser, a vacuum pump, and an
energy supply system.

Figure 2.1: Schematic representation of an FD system. In MFD, microwave antennas are installed to
supply the material to be dried with energy, while in CFD the energy is supplied with
heated shelves.

The defining difference between CFD and MFD is the energy supply mechanism
to the material to be dried. In CFD, the material to be dried is placed on shelves in
the processing chamber, which function as heat exchangers. The shelves supply
the heat required during drying and can optionally be used to freeze the products
prior to drying. Alternatively, an external freezer is used to freeze the product.
In MFD, heat is supplied to the material to be dried using microwaves fed into
the process chamber. Solid-state microwave generators (SSGs) are particularly
suitable for adjusting microwave properties because of their ability to quickly
and precisely control frequency, power, and phase shift. Section 1.3.4 provides a
detailed description of SSGs and their components.
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During FD, water is sublimated from the material to be dried and desublimated
at the cooling coil in the condenser, removing excess vapor from the process
chamber. A refrigeration circuit is used in the condenser to generate the required
low temperatures on the cooling coil, i.e., a high pressure gradient between the
process chamber and the condenser. A vacuum pump connected to the condenser
generates the vacuum required for sublimation in the process chamber. The
vacuum pump is necessary to establish the initial vacuum and remove inertial
gases during FD.

The laboratory-scale drying system has to fulfill all basic requirements to perform
MFD. Additionally, CFD experiments should be performed in the same process
chamber to enable MFD benchmarking. This requirement necessitates the inte-
gration of a heat exchanger, which can be removed for MFD experiments. For
MFD experiments, the process chamber must be designed as a multimodal res-
onator. This design is the only way to operate with multiple resonant frequencies
(RFs), which is a promising approach to increase energy efficiency and heating
homogeneity, see Section 1.4. Safety aspects must also be taken into account in
the design. Particular attention must be paid to shielding the environment from
microwave leakage from the process chamber during MFD experiments. At least
one SSG has to be incorporated into the system to generate microwaves from
2400 MHz to 2500 MHz during MFD. This frequency range is an ISM band,
the benefits of which are described in Section 1.3.1. The capability of SSGs for
fast and precise control of the microwave parameters frequency, power, and phase
shift during MFD is essential for the control concepts to be explored in this thesis.

The plant setup must include all necessary sensors for process monitoring. For
monitoring of product temperature, fiber optic temperature sensors are used, as
metallic thermocouples interact with microwaves, leading to thermal instabilities
and dielectric breakdown [94]. Chamber pressure is monitored using capacitive
pressure sensors, which are considered particularly suitable for this application
[95]. In addition, a Pirani vacuum gauge is used. The pressure signal derived from
the Pirani gauges is based on thermal conductivity of the gaseous phase, which
depends on the vacuum pressure and the gas composition. This dependency leads
to variations in the Pirani gauge readings during primary drying as a function of the
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gas composition since the thermal conductivity of water vapor is approximately
1.6 times higher than that of nitrogen [95]. Consequently, the sublimation of water
and the ensuing elevation in the proportion of water vapor causes the Pirani gauge
to indicate an increased chamber pressure. The equivalence of Pirani pressurewith
the pressure determined by the capacitive sensor can be used to determine the end
of primary drying [96]. Incorporating a load cell enables continuous monitoring
of the sample mass, providing real-time information regarding drying progress
and residual moisture content. The temperature of the heat transfer medium is a
crucial parameter in the monitoring of CFD experiments. In MFD, SSGs enable
the detection of forward and reflected power by internal sensors, from which the
dissipated power and energy efficiency is calculated. The dissipated power Pd is
calculated as

Pd = Pf − Pr, (2.1)

wherePr is the reflected power andPf is the forward power. The energy efficiency
η describes the conversion of electromagnetic energy into heat and is calculated
as

η = 1− Pr/Pf . (2.2)

Commissioning experiments are performed to check the agreement of the results
obtained with the constructed plant with results from the literature. The com-
missioning experiments in this chapter include frequency sweeps in the range of
2400 MHz to 2500 MHz to characterize the influence of the material within the
cavity on microwave reflections. The presence of material in the process chamber
will presumably increase energy efficiency as a result of power dissipation in
the material. The product state is also expected to cause differences in power
dissipation within the cavity. A progressing drying state in FD should lead to
reduced dielectric properties (DPs) and consequently to a lower dissipation of
electromagnetic energy, as can be deduced from the results of Nakagawa and
Kono [26]. In addition, the effect of the connection type between the SSG and the
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process chamber is investigated to evaluate the relevance of the transmission line
for microwave application. Additional interfaces for microwave coupling between
the SSG and the process chamber are expected to lead to lower energy efficiency
due to increased reflections.

The commissioning experiments also include MFD and CFD process runs. The
expectation for FD commissioning experiments is that product temperature, cham-
ber pressure, drying kinetics, and energy efficiency will exhibit typical patterns
for FD. The comparable patterns of these parameters would show the suitability
of the constructed plant for performing FD experiments. Toward the end of CFD,
the product temperature should asymptotically approach the shelf temperature
[35, 97]. At the end of MFD, an equilibrium temperature should be reached at
which the absorbedmicrowave energy and the heat losses to the environment are in
balance [11]. During FD, the Pirani gauge should indicate a decrease in chamber
pressure at the end of primary drying, although the chamber pressure is constant,
as indicated by a capacitive pressure sensor. This characteristic is attributable to
the diminishing proportion of water vapor in the process chamber. Härdter et al.
[14] used a mass spectrometer and a comparative pressure measurement between
signals indicated by a capacitive pressure sensor and a Pirani gauge to monitor
MFD. Their results confirmed the possibility of detecting the end point of primary
drying by comparative pressure measurement. The drying rate should be highest
at the beginning of the drying process and gradually decrease throughout CFD
[8, 97] as well as MFD [8, 11]. For MFD, the energy efficiency is expected to
decrease throughout FD as the DPs decrease due to the removal of moisture [26].

2.2 Plant setup

The plant setup is designed to enable both MFD and CFD within the same
process chamber based on its modular design. Using a single plant setup for
both processes allows for direct comparisons between CFD and MFD due to
eliminating influencing factors, such as differences in the performance of the
process equipment or deviations in sensor calibration.
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2.2 Plant setup

2.2.1 Process chamber

The centerpiece of the laboratory-scale plant is the process chamber, where the
product is placed for FD. The stainless steel process chamber has inner dimensions
of 612 mm × 400 mm × 300 mm, as depicted in the design views shown in
Figure 2.2. Yakovlev [23] showed in electromagnetic simulations that an empty
cavity of these dimensions with microwave sources located centrally at the top
and right side is a multimodal resonator. As a multimodal resonator is intended
for this work, these dimensions should be suitable.

Figure 2.2: Design views of the process chamber: (a) Sectional front view, (b) sectional side view,
(c) sectional top view. The dimensions are given in millimeters.

Figure 2.3 shows a three-dimensional design view of the process chamber with
highlights of relevant features. The front of the process chamber is designed as a
door, allowing easy access for experimental work and modifications to the inner
installations. Air can be let into the chamber through a stub (A) via a manually
operated valve. A connection on the back (B) links the process chamber to the
peripheral devices for FD through a manually adjustable butterfly valve.
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Figure 2.3: Three-dimensional design view of the process chamber. A - air inlet, B - connection to the
condenser, C - stubs for sensor mounting, D - viewing window, E - illumination opening,
F - exchangeable wall module, G - feed-through heat transfer medium, H - limit switches.

Connections to up to two SSGs are realized with 86 mm × 43 mm WR340
waveguides, which can be embedded in the ceiling and right side wall of the
cavity. These openings are not implemented in Figure 2.3 and can be closed with
metal plugs, allowing flexible microwave application through the openings. One
waveguide can be embedded in the top wall and another in the shorter side wall
of the process chamber, opposite to the air inlet (A). Both openings are centrally
located on the walls, with the longer side of the waveguide parallel to the longer
side of the wall.

Four DN 16 ISO-KF stubs are located next to each other at the top of the process
chamber (C). Various compatible sensors can be mounted on those stubs, such
as those for chamber pressure. Ultra-Torr 1/8 inch vacuum fittings (Swagelok,
Solon, USA) for up to four individual fiberoptic temperature sensors are installed
centrally in the lower back wall in an exchangeable round module. The respective
opening is shown in Figure 2.2 (a). A viewing window (D) is embedded in the
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front door for visibility during processing. A second opening at the top (E) enables
interior illumination with a lamp.

An interchangeable rectangular wall module (F) is located at the top of the process
chamber to facilitate a later modification of the connections. The opening has
dimensions of 260 mm × 260 mm. Figure 2.3 shows a module without openings,
while a module with a centrally embedded waveguide was used in the MFD
experiments. Two DN 16 ISO-KF stubs on the lower left and lower right of
the back wall (G) enable feed-through of heat transfer medium to the modular
heat exchanger required in CFD. For MFD, two stubs with a diameter of 12 mm
are located in the bottom wall, see Figure 2.2 (c). These openings allow the
connection of a plate on which the material to be dried is placed, i.e., the product
support, to a load cell that is mounted in an airtight rectangular chamber below
the process chamber.

Quartz glass panes are inserted between the waveguides and the cavity to shield
the vacuum while admitting microwave transmission. All remaining openings to
the environment are covered with acrylic glass. The waveguide connections are
sealed airtight with custom-made flat gaskets made of polytetrafluoroethylene.
The remaining openings are sealed with polymeric flat gaskets and ring gaskets.

A gasket ring with a metal gauze jacket shields the narrow gap at the chamber
door against microwave leakage. The microwave shielding of the remaining
openings is selected on the basis of their size relative to the cutoff wavelength.
The cutoff frequency fco of a circular waveguide is the frequency below which
electromagnetic waves cannot propagate, corresponding to a rapid exponential
decay of the associated fields [42]. According to [98], microwaves travel through
circular waveguides in transverse electric (TE) and transverse magnetic (TM)
modes. The TE11 mode has the lowest cutoff frequency of all modes in a circular
waveguide. The respective cutoff frequency is calculated as fco = 1.841c

2πr with
c = 299 792 458ms−1 being the speed of light and r the radius of the circular
waveguide. Setting fco to 2500 MHz, the maximum employed frequency in the
system, yields r = 0.035 m. Consequently, all openings with a diameter below
0.070m can be shielded using circular metallic stubs that act as cutoff waveguides.
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These openings include the stubs for sensor connections and the inlet valve for
air. The remaining larger openings are shielded using metal gauze with a mesh
width of 0.8 mm, allowing gases to pass through while reflecting microwaves.
The gauze is installed in a way that keeps the walls of the process chamber as flat
as possible to minimize interactions with the microwaves.

2.2.2 FD equipment

The integration of the process chamber into the laboratory-scale FD system is
schematically shown in Figure 2.4. For CFD, a custom-built heat exchanger,
shown in Figure 2.5, is installed in the chamber as a product support. A thermostat
AC200 (Thermo Fisher Scientific, Henningsdorf, Germany) is connected to the
heat exchanger. The thermostat can regulate the temperature of the heat transfer
medium within a range of -5 °C to 70 °C. In MFD experiments, a plate made of
polyether ether ketone (PEEK) with a base area of 200 mm × 200 mm serves as
the product support. Two PEEK cylinders connect this plate to a load cell through
the two openings in the bottom wall.

The process chamber is connected through a butterfly valve on the back wall to a
custom-made cold trap (UCCT, Vienna, Austria) and a NEO D 65 vacuum pump
(Leybold, Cologne, Germany), which are connected in series. The cold trap acts
as a condenser and includes a cooling coil for the resublimation of vapor. It is
set to a default temperature of -60 °C. A diaphragm valve connecting the cold
trap to the vacuum pump can be electrically controlled to regulate the chamber
pressure, opening only when the pressure exceeds the set value. An SSG HY2020
(TRUMPF, Freiburg, Germany) is connected to the waveguide at the top of the
process chamber via a coaxial cable. For this work, the side wall waveguide
opening is sealed by a metal plate since only one SSG is used. The SSG can
generate microwaves with power up to 600 W and frequencies from 2400 MHz to
2500 MHz, adjustable in 0.01 MHz increments.
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2.2 Plant setup

Figure 2.4: Schematic diagram of the laboratory-scale plant setup for CFD and MFD. m - load cell,
P - microwave power sensor, pC - capacitive pressure sensor, pP - Pirani vacuum gauge,
ϑi - fiber optic temperature sensors, ϑT - thermostat temperature sensor.

2.2.3 Sensor network

The sensor setup in the laboratory-scale system is designed to ensure precise
monitoring and control of the process parameters. The stainless steel process
chamber is equipped with pressure sensors, temperature sensors, a load cell, and
microwave sensors. The sensor setup is schematically shown in Figure 2.4. The
depicted setup enables real-time data acquisition, laying the basis for process
control.

A CMR363 capacitive pressure sensor (Pfeiffer, Asslar, Germany) measures the
chamber pressure. A VCP63 Pirani vacuum gauge (Thyracont Vacuum Instru-
ments, Passau, Germany) is the secondary device formeasuring chamber pressure.
The capacitive pressure sensor is used for process control, as the signal from the
Pirani vacuum gauge depends on the composition of the gaseous phase [99],
which can change during drying, as described in Section 2.1. The capacitive
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Figure 2.5: Sectional view of the heat exchanger for CFD from above with the channels for the flow
of the heat transfer medium. The dimensions are given in millimeters.

sensor was purchased in a calibrated state during plant construction. The Pirani
gauge has been calibrated to the signal of the capacitive sensor at 0.5 mbar. This
calibration is sufficient for the commissioning experiments since the pressure was
set to 0.5 mbar in all experiments. However, for future work, the sensor should
be calibrated to multiple pressures in the relevant range for FD below 6.12 mbar.
These calibrations were not performed as part of this thesis.

Temperature monitoring is realized with four FOS-TG fiber optic temperature sen-
sors (Rugged Monitoring, Quebec, Canada). In addition, an internal temperature
sensor is installed in the bath of the AC200 thermostat to measure the temper-
ature of the heat transfer medium in CFD. These sensors were calibrated using
a Pt-25 platinum resistance thermometer MKT25 (Rosemount, Shakopee, USA)
through a three-point calibration process to ensure accurate measurements. The
calibration curves for the three sensors used in the commissioning experiments
are shown in Figure A.1 in the Appendix.

The weight of the product is measured using a PW4MC3/2kg load cell (Hottinger
Brüel & Kjaer, Darmstadt, Germany), connected to the product support and used
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exclusively for MFD. The load cell is not usable in CFD experiments because
the material to be dried must be placed on the heat exchanger, which cannot be
connected to the load cell. The load cell was calibrated with calibration weights
covering productweights up to 300 g in the vacuumed process chamber. FigureA.2
in the Appendix shows the calibration curve for the load cell.

Internal sensors in the HY2020 SSG monitor forward and reflected microwave
power. The SSG was acquired with calibrated sensors during the construction of
the system.

Measurement signals frompressure and product temperature sensors are converted
from analog voltage signals to digital signals using a Mega 2560 microcontroller
(Arduino, Chiasso, Switzerland) within a custom-built control cabinet. The Mega
2560 handles voltage signals ranging from 0 V to 5 V. Higher voltages from 0 V
to 10 V are reduced to the required range using a custom-made voltage divider.
The load cell signal is an exception, as it provides a digital signal to the Mega
2560. The Mega 2560 is connected to a central work station for signal monitoring
and process control, which is programmed in Matlab 2020b (Mathworks, Natick,
USA) with two separate instances, as described in Section 2.2.4. The work station
is connected to the AC200 thermostat via USB for temperature monitoring and to
the HY2020 SSG via Ethernet for process control and monitoring.

The control cabinet also supplies power to the sensors using two power supply
units at 5 V and 24 V. Only the fiber optic temperature sensors, the microwave
power sensors, and the temperature sensor integrated into the thermostat are
supplied via external power supply units. An electric connection from the Mega
2560 to the electrical valve between the condenser and the vacuum pump enables
electrical switching of the valve to control the chamber pressure.

For security purposes, particularly regarding the use of microwaves, an emergency
stop is mounted on the control cabinet to manually cut the power supply to the
plant in case of malfunctions. Further security measures include limit switches
installed on the top right and top left of the process chamber door. Figure 2.4
shows the limit switches (H). The power supply to the SSG is only enabled when
the two limit switches are activated to ensure that the process chamber door is
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closed. Additional restrictions on the power supply to the SSG are implemented
in the process control algorithms, as described in Section 2.2.4.

2.2.4 Software

Two separate instances in Matlab 2020b are integrated for process monitoring
and control. The first instance is used to monitor and control FD parameters.
This instance must always be activated since its functions are crucial for MFD
and CFD. The second instance is employed to monitor and control the microwave
parameters. Therefore, it is only required for MFD.

2.2.4.1 Instance 1 – FD parameters

The first instance provides a graphical user interface (GUI) for monitoring FD
parameters. Slightly different scripts are used for CFD and MFD due to the
different parameters recorded in each process. The CFD version of this instance
monitors all relevant parameters for CFD, including sample temperature, chamber
pressure measured by the capacitive sensor and Pirani gauge, and thermostat
temperature. The MFD version additionally measures the weight of the product,
omitting the measurement of thermostat temperature.

Data monitoring intervals are set to two seconds. All parameters are plotted live
for online process evaluation. Various parameters, which can be used as process
termination criteria, are continuously calculated and displayed. These parameters
include the difference in chamber pressure recorded with the capacitive sensor
and the Pirani vacuum gauge, smoothed as averages of 100 measurements, and
the change in sample weight over the last hour for MFD. The data recorded from
the experiments are stored in Matlab files. A backup text file is created at every
recording interval to ensure data preservation in the event of problems during the
process termination, which would lead to an error in the Matlab file creation.
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The instance also controls the chamber pressure by switching the valve to the
vacuum pump based on capacitive sensor readings in accordance with a predeter-
mined value in the algorithm. The valve only opens when the detected pressure
exceeds the set value, thereby regulating the pressure to the specified level. The
precision of pressure control decreases when the chamber pressure is increased.
The reason for this is the constant interval of two seconds between pressure read-
ings, which is the basis for pressure control. At higher pressures, more molecules
are removed from the process chamber during the set time due to the higher density
of the gaseous phase. This leads to a higher decrease in chamber pressure at high
pressure levels. Therefore, the averaged chamber pressure is always lower than
the set value, with a more pronounced tendency at higher pressure values. The
pressure control has been successfully tested up to a set value of 1.0 mbar. This
range is sufficient for the investigation of FD but does not cover the theoretical
maximum pressure in FD of 6.12 mbar, the pressure at the triple point of water.

The activation of the HY2020 SSG, required in the second instance, depends on
the initialization of the process monitoring program as a safety measure. If the
first instance is inactive, the SSG will not be supplied with power, rendering the
second instance useless.

2.2.4.2 Instance 2 – microwave parameters

The second instance is used to control and monitor the microwave parameters.
Figure 2.6 shows the GUI of instance 2. The SSG must be connected to activate
the connection before each use and disconnected after each experiment as a safety
measure via the ’Connect’ and ’Disconnect’ buttons. The ’Frequency sweep’
button starts a frequency sweep for process characterization with the default
settings covering a range of 2400 MHz to 2500 MHz in intervals of 0.1 MHz.
After each frequency sweep, data on forward power, reflected power, energy
efficiency, frequency, and SSG temperature are stored.

The GUI also enables the microwave power application with defined, time-
independent microwave properties through the ’Power application’ button. The
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Figure 2.6: GUI of instance 2 for microwave control and monitoring.

microwave parameters power, applied frequencies, and activation ratio must be
specified in a menu before each power application. The entered frequencies are
applied sequentially from the lowest to the highest for 10 s each before the next
cycle begins. The activation ratio describes the time the SSG is active during each
10 s frequency application. Once all the required parameters have been entered,
a power application button will appear, allowing the microwaves to be activated
and deactivated at specific times.

The ’Power applicationwith frequencymodulation’ button is used to apply control
algorithms in Matlab with a targeted adjustment of microwave parameters beyond
the methods described here. The respective more sophisticated algorithms for
automatic frequency adjustment in real time are described in detail in Chapter 5.
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2.3 Experimental setup

2.3.1 Model product

The model product used for the experiments was tylose gel with ascorbic acid
as a tracer substance. The tylose gel comprised 76.23 wt% demineralized wa-
ter, 22.77 wt% Tylose MH1000 (Kremer Pigmente, Aichstetten, Germany), and
1.00 wt% ascorbic acid (Carl Roth, Karlsruhe, Germany). The preparation pro-
cess involved heating demineralized water to 65 °C at 200 rpm using a heatable
magnetic stirrer (C-MAGHS 7, IKAWerke, Staufen imBreisgau, Germany). The
ascorbic acid was dissolved in the heated water and kneaded with the tylose pow-
der to form a homogeneous mass. Each sample was weighed at 12.50 ± 0.05 g,
formed into cuboids of approximately 25 mm × 25 mm × 20 mm, and frozen at
-30 °C for at least 14 h. The product was packed airtight before freezing to prevent
water loss prior to FD.

2.3.2 Process characterization

Characterizing the process via reflected microwave power as a function of fre-
quency is essential for targeted frequency application in MFD. For each charac-
terization in a frequency sweep, 24 frozen tylose gel cuboids were taken from the
freezer and placed centrally on the product support in a 6 × 4 arrangement with
5 mm spacing in between. Figure 2.7 shows the arrangement of the samples with
a numbering system to facilitate the identification of the samples. Three FOS-TG
temperature sensors were inserted into drilled holes in samples 4, 6, and 10. This
choice contains one sample at the edge, one at the corner, and one in the center
of the arrangement.

A chamber pressure of 0.5 mbar was set in the process chamber and a vacuum
was applied for 10 min. Then a frequency sweep was performed in the range of
2400 MHz to 2500 MHz at intervals of 0.01 MHz with a set forward power of
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Figure 2.7: Schematic depiction of the tylose gel samples on the product support. Samples are
numbered for easy identification. The bottom row is adjacent to the door of the process
chamber.

50 W. The dissipated power Pd in the experiments was calculated according to
Equation 2.1 and the energy efficiency η was calculated according to Equation 2.2.

With this procedure, frequency sweeps were performed for an empty process
chamber and tylose gel samples at the drying states of 0%, 50%, and 100%.
These drying states correspond to the approximate weight ratio between the water
removed during MFD and the water initially contained. Frequency sweeps for the
drying states 50% and 100% were performed directly after MFD, as described
below, without terminating the vacuum. Additionally, a setup connecting the SSG
to the process chamber through a coaxial cable, which was inserted between the
WR340 waveguide couplings at the SSG and on top of the process chamber, was
compared with a setup with a direct connection through aWR340 waveguide. All
setups were characterized in triplicate.

2.3.3 Drying experiments

For MFD, the setup and sample placement were identical to those for the process
characterization. Microwaves were applied after 10 min of vacuum application
with a set forward power of 50W and an activation ratio of 0.5. Themicrowave ap-
plication marked the start of the process time. In the commissioning experiments,
six constant frequencies from 2400 MHz to 2500 MHz in 20 MHz intervals were
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applied in all experiments. MFD was terminated when the drying rate calculated
over 1 h fell below 0.25 g/h, which indicated that drying was complete since only
small amounts of water were removed from the material.

For CFD, samples were placed centrally on the heat exchanger in positions anal-
ogous to the MFD setup. The thermostat was initially set to -5 °C to prevent the
samples from melting in contact with the shelf and then increased to 30 °C after
the vacuumwas applied for 10 min in analogy to the start of the power application
inMFD, marking the start of the process time. The process duration was extended
by 20%when all temperature sensors showed a temperature difference of less than
2 K/h over 20 min. The low rate of temperature change signaled that all monitored
samples reached a temperature plateau, which indicated the completion of drying.
The extension of 20% was applied based on the literature, which recommends a
time surcharge of 10% to 30% to account for differences in the drying behavior
of samples [96]. All drying experiments were performed once, as they were only
intended to provide proof of concept for the plant design.

2.4 Results and discussion

2.4.1 Process characterization

Figure 2.8 shows the energy efficiency in the frequency range of 2400 MHz to
2500 MHz for investigated setups regarding the comparison of an empty process
chamber with a process chamber containing tylose gel samples at a drying state
of 0% and the two transmission line setups with and without a coaxial cable. The
energy efficiency is derived from the reflected microwave power, as described in
Section 2.1.

In all setups, the maxima of energy efficiency show a smooth profile, while more
signal noise can be observed around the minima. The frequencies of these local
maxima are referred to as RFs. A more detailed definition of RFs is given in
Section 1.3.3.
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Figure 2.8: Process characterization as the energy efficiency of microwaves depending on the fre-
quency for (a) varying material inside the process chamber and (b) varying connections to
the SSG. Product means tylose gel samples (drying state 0%) inside the process chamber
and cable means using a coaxial cable in the transmission line from the SSG to the process
chamber. Experiments were carried out in triplicate.

In Figure 2.8 (a), the empty process chamber is characterized by a higher number
of local maxima in energy efficiency compared to the process chamber with tylose
gel samples, indicating a higher number of distinct RFs. The observation of an
apparently higher number of RFs with a more narrow peak width when material
is excluded from the process chamber is in line with theoretical considerations
[46]. The explanation in the literature is that the introduction of a workload
leads to a higher density of modes and broader widths of the energy efficiency
peaks around RFs, which leads to no clear differentiation between RFs due to
their overlapping peaks. Therefore, more RFs in the frequency range 2400 MHz
to 2500 MHz should be present in experiments with tylose gel in the process
chamber. However, these RFs presumably cannot be detected in the frequency
sweep because of their superposition.

When microwaves are applied to an empty process chamber, the question arises as
to where the electromagnetic energy dissipates. The electromagnetic energy must
dissipate somewhere, otherwise the energy efficiency would be 100% indepen-
dent of frequency. Wall losses, see Section 1.3.3, and leakage from the process
chamber are two possible modes of electromagnetic energy dissipation. With
RFs, however, the applied microwave energy should amplify the electromagnetic
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field inside the process chamber by constructive interference, see Section 1.3.3. In
a lossless process chamber, the electromagnetic field would increase indefinitely.
However, applicators are not lossless due to the limited conductivity of the ma-
terials surrounding the cavity and wall losses increase with the electromagnetic
field strength [46]. Moreover, above a critical power, dielectric breakdown may
also occur, leading to a consumption of electromagnetic energy, as described in
Section 1.4. Therefore, the electromagnetic field cannot be increased indefinitely
in practice, and electromagnetic energy is dissipated even in an empty cavity that
contains no dielectric.

The inclusion of a coaxial cable represents a change in the transmission line from
the SSG to the process chamber. Wave reflection in a transmission line occurs
due to a mismatch between the line and the load [100]. Therefore, variations in
the transmission line are expected to lead to differences in microwave reflections.
Figure 2.8 (b) shows that excluding the coaxial cable results in a curve pattern
similar to its inclusion. The count of RFs remains unchanged and their frequencies
are comparable. However, the inclusion of a coaxial cable lead to an increased
average energy efficiency in the frequency range 2400MHz to 2500MHz of 53.5%
compared to 46.6% without a coaxial cable, indicating increased impedance
matching. The inclusion of a coaxial cable seems to increase the average energy
efficiency at the initial stage of MFD. In contrast to this general trend, using
a coaxial cable decreases energy efficiency at the RFs around 2403 MHz and
2480 MHz from 64.1% to 42.2% and from 76.0% to 72.1%, respectively. The
lower energy efficiency at these RFs shows the frequency-dependent behavior
of microwave reflections in dependence on the transmission line. In summary,
the choice of the transmission line influences microwave reflections. In order to
compare the energy efficiency between processes, the transmission line setup has
to be kept constant. In the further course of this work, the setup with a coaxial
cable is used.

Figure 2.9 shows the frequency-dependent energy efficiency for tylose gel at
drying states of 0%, 50%, and 100% obtained from MFD experiments. The
average energy efficiency decreases with the drying state. For the respective
drying states of 0%, 50%, and 100%, it amounts to 53.5%, 48.4%, and 40.0%.
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Figure 2.9: Process characterization as the energy efficiency of microwaves in dependence on fre-
quency for the drying states 0%, 50%, and 100%. The drying state indicates the amount
of water removed from the product in MFD. Experiments were performed in triplicate.

The curve patterns of energy efficiency among the drying states are similar.
However, there are notable differences, such as an increase in the apparent number
of RFs with an advancing drying state. At the drying state 0%, nine distinct RFs
are observed, while at 50% and 100%, eleven distinct RFs are evident. Energy
efficiencies of above 90% can be achieved at several RFs for all drying states.
The peaks associated with the RFs get narrower as the drying state progresses,
particularly noticeable between 2420MHzand 2430MHz. A shift inRFs to higher
frequencies can be observed as the drying state advances, particularly visible in the
frequency bands 2420MHz to 2430MHz and 2485MHz to 2495MHz. However,
the overlapping of multiple peaks associated with individual RFs complicates the
evaluation of frequency shifts in the entire spectrum.

Increases in the drying state correspond to decreases in the DPs of the material
to be dried as a result of water removal, similar to the observations made when
comparing an empty process chamber with a process chamber containing mate-
rial. Consequently, an increase in the identifiable number of distinct RFs and a
narrowing of associated peak widths are anticipated [46], alongside their shift to
higher frequencies [42] and the decrease in average energy efficiency, as less elec-
tromagnetic energy is dissipated as heat in materials with a lower dielectric loss
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factor [54]. The results highlight the necessity to adapt the frequency in real time
during MFD to continuously apply highly energy-efficient RFs, which are present
throughout MFD. The search for RFs in narrow frequency bands around previ-
ously utilized RFs appears promising, as RFs gradually shift to higher frequencies
with advancing drying state.

2.4.2 Commissioning CFD

Figure 2.10 shows the parameters monitored in the CFD commissioning exper-
iment over the process time. The thermostat temperature was initially set from
-5 °C to 30 °C, marking the start of the process time. The measured thermostat
temperature confirms that the set temperature of 30 °C has been reached in the
thermostat bath.

Figure 2.10: Process parameters recorded during the CFD commissioning experiment. The following
assignments apply to the samples for temperature: Green – sample center (position 10),
violet – sample edge (position 4), light blue – sample corner (position 6).

The temperatures of the monitored samples increase continuously during CFD.
The increase in thermostat temperature causes the initial rise in sample tem-
perature. Subsequently, the temperature increases only gradually, reflecting an
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approximate balance between heat input through the shelf and heat consumption
to supply the latent sublimation enthalpy. As the process progresses and the
sublimation rate decreases, the rate of temperature change increases because less
energy is consumed by sublimation. The dry samples then reach an equilibrium
temperature, where the heat input from the shelf approximately equals heat losses
to the environment by thermal radiation and conduction.

Towards the end of drying, the sample temperature gradually approaches an
equilibrium temperature of 23 °C to 25 °C, affirming expectations from the
literature [35, 97]. The sample temperature is expected to be lower than the
thermostat temperature due to heat losses from the samples and the shelf, as
reflected by the final sample temperatures below 30 °C. Sample 6 in the corner of
the arrangement reaches the approximate equilibrium temperature first, followed
by sample 4 at the edge and sample 10 in the center. The rapid increase in the
sample temperature at the corner of the arrangement can be attributed to the large
surface available for energy input by thermal radiation, as observed in CFD [101].

The measured sample temperature is at all stages higher than the sublimation
temperature of ice of -27.3 °C at 0.5 mbar [102]. This difference is presumably
due to the formation of a dry layer between the temperature sensor and the
sublimation front, compare Figure 1.2.

The chamber pressure, as recorded by the capacitive sensor, remains slightly below
0.5 mbar throughout CFD. The Pirani sensor records a higher pressure of about
0.6 mbar until approximately 19 h into the process, after which it drops to around
0.5 mbar. The Pirani vacuum gauge was calibrated to the capacitive sensor at
0.5 mbar with no material present inside the process chamber. Therefore, it was
calibrated to the gaseous composition of ambient air. The differences recorded
by pressure sensors are probably caused by the differing principles on which
these sensors operate, as outlined in Section 2.1. The higher pressure measured
with the Pirani gauge during the drying section, where mainly water vapor is
present, is in line with the literature [14, 95]. The marked decrease in pressure
indicated by the Pirani gauge at about 19 h indicates a shift in gas composition
from predominantly water vapor to mainly nitrogen in the process atmosphere,
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signaling that sublimation is complete [96]. This finding confirms the suitability of
the selected termination criterion based on the change in the sample temperature.

In conclusion, the parameters associated with FD were qualitatively as predicted.
The experiment indicates that the constructed setup can effectively carry out and
monitor CFD experiments.

2.4.3 Commissioning MFD

Figure 2.11 displays the process parameters monitored during the MFD commis-
sioning experiment that are not directly associated with microwaves. Compared
to Figure 2.10, the thermostat temperature is substituted with the sample mass.

Figure 2.11: Process parameters associated with freeze-drying recorded during the MFD commis-
sioning experiment. The following assignments apply to the samples for temperature:
Green – sample center (position 10), violet – sample edge (position 4), light blue –
sample corner (position 6).

The sample temperature curves in MFD are quantitatively comparable to those
observed in CFD in terms of their general shape. The similarity of the tem-
perature curves suggests analogous process characteristics and interpretations.
The sequence in which the samples reach their approximate final temperatures
in dependence on the sample position in MFD mirrors that of CFD. This order
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suggests that thermal radiation from the chamber walls accelerates the drying of
outer samples, analogous to CFD. The spread of final temperatures is higher for
MFD with about 20 °C to 28 °C. This broader range is probably caused by the
varied dissipation of microwave energy among the samples towards the end of the
drying process.

The convergence of chamber pressures, as indicated by the Pirani gauge and the
capacitive sensor, marks the completion of drying, analogous to CFD.

The sample mass continuously decreases from 286.6 g to 67.2 g with a gradually
decreasing slope. Therefore, the sample mass confirms the completion of drying
detected by the comparative pressure measurement, as the final weight approx-
imates the estimated dry mass of the samples of 71.3 g. The process logging
does not start at 300 g since a vacuum application of 10 min precedes the start of
MFD. During this period, the samples begin to dry. The enthalpy of sublimation
is provided by conduction, thermal radiation, and the energy stored in the heat
capacity of the samples. The trend of decreasing sample mass during drying is
qualitatively in agreement with the literature on MFD [11, 92].

The process parameters during MFD were as expected. Therefore, MFD experi-
ments can be effectively performed within the laboratory-scale plant.

Figure 2.12 displays the microwave parameters forward power and reflected power
recorded during the MFD commissioning experiment. Dissipated power and
energy efficiency, which are also shown, are calculated from these parameters.
All parameters are averaged across the six applied frequencies.

Within the initial 0.5 h, there is a rapid decline in forward power from 88 W
to 77 W. Afterward, the forward power maintains an average of approximately
75W, though a slight overall decrease is observed. In contrast, the reflected power
increases from 33 W to 50 W after an initial decline. Three distinct plateaus of
reflected power are observable, starting at approximately 3 h, 11 h, and 16 h.
The increase in reflected power after the first 0.5 h by about 17 W surpasses the
decrease in forward power of around 4 W in the same period. Consequently,
the dissipated power and energy efficiency decrease during MFD since they are
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Figure 2.12:Microwave parameters recorded during the MFD commissioning experiment. All pa-
rameters are averaged over one cycle of the six applied frequencies.

calculated from forward and reflected power, as described in Section 2.3.2. These
parameters derived also reflect the plateaus observed in the forward power.

The observed decrease in dissipated power and energy efficiency throughoutMFD
aligns with expectations. As drying progresses, the DPs of the tylose gel decrease
as a result of the removal of water, which is susceptible to microwave dissipation.
Consequently, less power is dissipated in the samples as the proportion of dried
material increases.

Figure 2.13 shows the forward power at the individual frequencies applied. The
average forward power during MFD of about 80 W is about 60% higher than the
set forward power of 50 W. The difference highlights the issue of deviating output
power from the SSG at low power levels.

A broad spectrum of forward power ranges from 40W to 110Wamong the applied
frequencies. A notable decrease in power during the first 0.5 h of MFD for all
frequencies suggests a specific start-up behavior of the HY2020 SSG, presumably
caused by temperature stabilization within the SSG. After this initial period,
the forward power at individual frequencies stabilizes. The power levels vary
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Figure 2.13: Forward power in the MFD commissioning experiment resolved for the six frequencies
applied.

considerably with averages of 45.7 W at 2440 MHz up to 97.7 W at 2460 MHz,
showing a highly frequency-dependent behavior of the SSG.

The observed variability results in frequencies being weighted differently during
the process. For example, more than twice the power is applied on average at
2460 MHz compared to 2440 MHz. However, including energy efficiency as a
metric allows one to evaluate the efficiency of converting electromagnetic energy
into heat at each frequency. For future work, it would be advantageous to maintain
a constant forward power across all frequencies independent of process time to
standardize the power application and increase the predictability of the applied
forward power.

Figure 2.14 displays the energy efficiency among the applied frequencies as a
function of process time. The energy efficiency varies among individual frequen-
cies, ranging from 12.8% at 2400 MHz to 99.0% at 2480 MHz. Throughout
the drying process, the energy efficiency at each frequency continuously changes.
There is no consistent trend over time that applies to all frequencies. For example,
the energy efficiency at 2420 MHz drops from 83.5% to 30.8%. At 2440 MHz, it
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Figure 2.14: Energy efficiency in the MFD commissioning experiment resolved for the frequencies
applied.

decreases only from 25.7% to 20.4%. Most frequencies exhibit one or two peaks
in energy efficiency, with maximum values often deviating tremendously from
the average, most notably at 2480 MHz.

The frequency-dependent differences in energy efficiency suggest the presence of
various modes within the multimodal cavity in the frequency range of 2400 MHz
to 2500 MHz. Multiple modes lead to varying electromagnetic field distributions
and, consequently, different dissipation patterns of electromagnetic energy in the
material [23]. The observed maxima in energy efficiency at individual constant
frequencies can be explained by the shift of RFs to higher frequencies during
drying observed in the process characterization of different drying states, see
Figure 2.9. For example, at least two RFs pass by 2480 MHz during MFD. Thus,
the results of the process characterization and MFD commissioning run agree.

The three plateaus observed in the averaged microwave parameters in Figure 2.12
result from overlapping microwave parameters of individual frequencies. The
plateaus are determined mainly by the dominant peak in energy efficiency of the
2480 MHz frequency.
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Figure 2.14 illustrates that using constant frequencies throughout MFD does not
result in the highest energy efficiency. The application of RFs during MFD
emerges as particularly promising due to their high energy efficiency and distinct
associated modes with individual heating patterns. A key challenge is the shift of
the RFs during MFD. These shifts necessitate advanced process control to exploit
their benefits entirely. Overcoming this challenge could enable an energy-efficient,
rapid, and product-friendly MFD process.

2.5 Conclusions

A laboratory-scale plant was designed and constructed to investigate FD. The
modular plant setup enables MFD and CFD experiments within the same process
chamber. The plant dimensions were chosen to realize a multimodal resonator
on a scale particularly suitable for laboratory-scale experiments. The chamber
is equipped with peripheral devices to enable FD and control the process condi-
tions. An SSG was installed as part of the system to generate microwaves. The
SSG enables flexible electrical control of the microwave parameters. An array of
sensors provides the basis for a comprehensive data acquisition system, including
fiberoptic temperature sensors, a load cell to monitor product weight, pressure
sensors, and microwave power sensors. The control system utilizes two instances
of Matlab software for real-time process monitoring and process control for nu-
anced adjustment of process parameters. Safety measures, such as emergency
stops and shielding against microwave leakage, ensure safe operation. In addi-
tion, options for future expansion of the system were included, e.g., to connect
additional sensors or SSGs.

The process characterization of frequency-dependentmicrowave reflections showed
a higher average energy efficiency when using a coaxial cable as an additional
part of the transmission line. This shows the dependency of microwave reflec-
tions on the transmission line used. In contrast to the general trend, decreased
energy efficiency with the coaxial cable at 2404 MHz and 2480 MHz indicates
the frequency-dependent behavior of microwave reflections in the transmission
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line. An advancing drying state of the product led to a lower average energy
efficiency in accordance with the literature. A general trend of RFs shifting to
higher frequencies was observed during MFD, although the overlap of the peaks
associated with RFs complicates the observation of this trend.

Commissioning experiments for CFD and MFD demonstrated the capability to
perform these processes reliably with the designed setup. CFD experiments ad-
hered to the expected product temperature curves, pressure curves, and drying
kinetics. Similarly, MFD experiments not only reiterated the operational efficacy
but also highlighted the advanced capability of the setup to handle the com-
plexities of microwave integration. The sample mass during MFD also followed
the expected trends. A detailed analysis of the microwave parameters revealed
an uneven distribution of forward power among the applied frequencies. This
behavior must be taken into account when investigating the process. However,
considering the energy efficiency enables an analysis of the process that is not
affected by forward power. As expected, the average energy efficiency decreased
during MFD. However, the energy efficiency of the individual frequencies dur-
ing drying followed different trends, including local maxima at varying process
times. These findings agree with the results from the process characterization
of the microwave reflections. Furthermore, the results suggest the application of
energy-efficient RFs in MFD as a promising approach to process control. Their
shift in frequency poses a challenge. However, due to the predictable nature of
the shifts to higher frequencies, RFs can potentially be continuously applied in
future frequency-based control concepts.

The successful MFD and CFD experiments allow for the investigation of MFD
within the scope of this thesis. In addition, the flexible modular design of the
system and the inclusion of SSGs opens the possibility of further research on
MFD beyond the scope of this thesis. The system design could be modified or
refined in future studies to allow further research in various directions.
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3 Microwave-assisted freeze-drying with
frequency-based control concepts via
solid-state generators: A simulative and
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3.1 Abstract

Freeze-drying (FD) is a common process to extend the shelf life of food and
bioactive substances. Its main drawback is the long drying time and associated
high production costs. Microwaves can be applied to significantly shorten the
process. This study investigates the effects of modulating the electromagnetic
field in microwave-assisted freeze-drying (MFD). Control concepts based on mi-
crowave frequency are evaluated using electromagnetic simulations. The concepts
are then applied to the first part of primary drying in a laboratory-scale system
with solid-state generators. Targeted frequency modulation in the electromag-
netic simulations enabled an increase in energy efficiency or heating homogeneity
throughout MFD while having negligible effects on the power dissipation ratio
between frozen and dried product areas. The simulations predicted the qualitative
effects observed in the experimental proof of concept regarding energy efficiency
and drying homogeneity. Additionally, shortened drying times were observed
in the experiments with a targeted application of energy-efficient frequencies.
However, differences occurred in the quantitative validation of the electromag-
netic models for energy efficiency in dependence on frequency. Nevertheless, the
models can be used for a time-efficient investigation of the qualitative effects of
the control concepts. In summary, frequency-based control of MFD represents a
promising approach for process control and intensification.

3.2 Introduction

Conventional freeze-drying (CFD) is an essential unit operation in many process
chains of the food and pharmaceutical industries. The reason for the widespread
use of CFD is the preservation of valuable quality characteristics, such as the high
retention of valuable ingredients [103–105], advantageous rehydration properties
[103], and high volume retention [2]. The product-preserving characteristic of
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CFD is associated with the exclusion of liquid water and prevailing low tempera-
tures [1], as well as the exclusion of oxygen from the process [2]. The FD process
is generally composed of three stages, which may overlap in time [37]:

• Freezing of the product,

• Primary drying, in which frozen water is removed by sublimation, and

• Secondary drying, in which the remaining water is removed from the prod-
uct.

Drying times for food and pharmaceuticals range from hours to days. When using
CFD for drying pharmaceuticals, primary drying is usually the most expensive
and time-consuming step [106]. In the drying of food, secondary drying is often
skipped for economic reasons. Therefore, there is great potential in optimizing
the lengthy primary drying stage for foods and pharmaceuticals.

In CFD, the enthalpy of sublimation is usually supplied by themechanisms of ther-
mal conduction and thermal radiation, originating from the temperature-controlled
shelves or the walls of the process chamber. In contrast, microwave-assisted
freeze-drying (MFD) applies electromagnetic waves to provide the enthalpy of
sublimation. Through interactions of microwaves with the product, electromag-
netic energy is converted into heat directly in the product [41]. Thus, limitations
from heat transfer resistance to the sublimation front can be circumvented. This
makes MFD especially suitable for products in which heat transfer limits the dry-
ing rate, e.g., materials with high porosity, such as foams, or materials with low
thermal conductivity. Several papers in the literature have shown a significant
reduction in drying time for MFD in comparison to CFD [8, 68, 107]. This could
potentially offset the economic disadvantages resulting from the need for addi-
tional process equipment and the use of electrical energy to supply the enthalpy
of sublimation. Moreover, no temperature gradient from the product surface to
the sublimation front is necessary for heat transfer in MFD. While in CFD, the
energy input may be restricted due to temperature limits at the product surface,
this does not apply to MFD.
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Ma and Peltre [108, 109] investigated the MFD of beef in a two-part study with a
theoretical and experimental part as early as 1975. Since then, a large number of
studies on MFD have been conducted with various materials. Examples include
experimental studies on the drying of foods [8, 12, 110, 111], starter cultures [11],
pharmaceuticals [69], and model products [112]. Furthermore, MFD has been
studied in simplified one-dimensional thermodynamic models [71, 113] as well
as in more complex electromagnetic models coupled with thermodynamic models
[112].

However, microwave-assisted processing using conventional magnetrons as mi-
crowave generators is subject to limitations. Luan et al. [58] demonstrated
fluctuations in the frequency spectrum of identical household microwave ovens
depending on various factors. This makes reproducible process control difficult
to impossible. Moreover, corona discharges may occur during the application
of microwaves, especially at pressures common for FD [8] and high peaks of
microwave power. The latter is typical when using magnetrons due to common
on-off control. These discharges threaten product quality and lead to unneces-
sary power consumption. Limitations of the magnetron pose a constraint on
the controllability of microwave-assisted processes. This is especially true for
microwave-assisted drying, in which the non-uniform energy input into the prod-
uct is a particular problem [114].

One possible approach to overcome these challenges is the deployment of the
so-called solid-state generator (SSG) for the generation of microwaves, which is
based on semiconductor technology. In contrast to magnetrons, the SSG enables
the targeted electrical control of frequency, power, and phase shift. In com-
bination with the possibility of measuring the forward and reflected powers as
feedback parameters, SSGs enable the development of so-called “smart” systems
for microwave-assisted processing, capable of detecting the state of the product
and influencing the relevant parameters of the electromagnetic field [17]. The in-
fluence of power splitting between multiple microwave sources and phase shift on
microwave heating, as enabled by SSGs, has already been investigated by Bianchi
[115]. Their study showed that it is possible to achieve desired energy efficiencies
or heating homogeneities via modulation of the electromagnetic field. Varying
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the frequency during microwave-assisted processes in experiments enabled more
homogeneous temperature profiles compared to operation at single frequencies
[19, 21, 116]. Yang et al. [21] also demonstrated that energy efficiency could be
increased by the selective application of multiple frequencies, chosen based on
heating uniformity and heating rate. However, a higher heating rate, associated
with high energy efficiency, resulted in less heating homogeneity in comparison to
a process only optimized for heating homogeneity. Yakovlev [23] detected a higher
heating homogeneity in electromagnetic simulations compared to single frequen-
cies by applying multiple frequencies. The observation was valid for equidistant
as well as resonant frequencies (RFs). In addition, higher energy efficiency was
found when energy-efficient RFs were used compared to an alternative control
approach using equidistant frequencies. The above results show the potential of
selectively controlling the electromagnetic field to increase both energy efficiency
and heating homogeneity in microwave-assisted processing. However, there ap-
pears to be a trade-off between the two parameters in which pure maximization
of one comes at the expense of the other. To the best of our knowledge, no
studies have been published on the modulation of the electromagnetic field during
drying. In contrast to heating processes, the dielectric properties (DPs) of the
product change considerably throughout drying due to the removal of water. The
change in material properties, in turn, affects the electromagnetic field within the
process chamber [42]. This results in a complex coupling of electromagnetic and
thermodynamic processes. Whereas there are numerous studies dealing with the
modeling of CFD, e.g., [106, 117, 118], there are only a few works on modeling
MFD, e.g., [71, 112, 113]. In some of the latter, the assumption of a spatially
homogeneous microwave field was made [71, 113] to solve a thermodynamic
model. In the work of Wang et al. [112], a thermodynamic model was cou-
pled with an electromagnetic model, but drying was only simulated at a constant
frequency of 2450 MHz. Similarly, MFD with SSGs has only been carried out
experimentally at a constant frequency of 2450MHz [69]. Thus, the investigation
of a targeted modulation of the electromagnetic field during MFD emerges as a
gap in knowledge that provides an opportunity for further research.
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The present work, therefore, aims to investigate the effects of modulating the
frequency of the electromagnetic field during MFD. For this purpose, electromag-
netic models are developed to represent the MFD of chunky tylose gel, which
is used as a model food product. By simulating multiple discrete drying states,
the models are decoupled from the thermodynamics of the process. The DPs of
the product, which are required for the models, are determined experimentally.
The verified models are then used to investigate the effects of different frequency-
based control concepts on energy efficiency and heating homogeneity in MFD.
Subsequently, the control concepts are applied in a laboratory-scale MFD system
to provide proof of concept for the first part of primary drying, which ended with
the removal of 20 wt% of the water contained at the start of MFD. In the experi-
ments, the effects of frequency modulation on drying time, energy efficiency, and
homogeneity of drying are investigated in the context of qualitative comparability.

3.3 Materials and methods

3.3.1 Electromagnetic model

3.3.1.1 Governing equations and assumptions

Maxwell’s equations [59] are the fundamental equations forming the basis for the
electromagnetic models representing MFD. Maxwell’s equations in their differ-
ential form [119] are given as

∇ · D⃗ = ρ (3.1)

∇ · B⃗ = 0 (3.2)

∇× E⃗ = −∂B⃗

∂t
(3.3)

∇× H⃗ =
∂B⃗

∂t
+ I⃗ (3.4)
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In Equations 3.1 to 3.4, E⃗ is the electric field intensity and D⃗ the electric flux den-
sity. Respectively, H⃗ represents the magnetic field intensity and B⃗ the magnetic
flux density. ρ is the electric charge density, I⃗ is the electric current density, and
t denotes the time. Perfect electrical conduction is set as a boundary condition at
the walls of the process chamber and the waveguide.

The electromagnetic waves interact with the materials in the process chamber
and convert electromagnetic energy into heat in lossy dielectrics. The complex
relative permittivity εr, defined as

εr = ε′r − iε′′r (3.5)

is used to characterize these interactions. ε′r is the relative dielectric constant and
ε′′r the relative dielectric loss factor. Dielectric losses through all mechanisms are
lumped in ε′′r . The DPs depend on a variety of factors, including temperature,
frequency of electromagnetic waves, aggregate state, and composition of the
dielectric, see, e.g., the work by Llave et al. [53]. In the simulations of the present
work, the DPs are only differentiated between the dried and the frozen regions of
the product. The influences of temperature and frequency are neglected.

The average volume-specific power absorption PA is calculated in the electro-
magnetic simulations in analogy to

PA = 2πfε0ε
′′
r |Erms|2 (3.6)

as defined by Metaxas and Meredith [46]. In Equation 3.6, f represents the
frequency of the electromagnetic field, ε0 the vacuum permittivity, and Erms the
root mean square of the electric field strength.

In the present work, there is no coupling of the electromagnetic models with ther-
modynamic equation systems to simulate mass and heat transfer. The influence of
the drying progress on the electromagnetic field is represented by the simulation
of several discrete drying states of primary drying in MFD. The drying state z
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characterizes the proportion of the dried volume divided by the volume of the
entire product. Thus, z = 0% corresponds to a completely frozen product, while
z = 100% corresponds to a completely dried product. The drying states from 0%
to 100% are simulated in an interval of 10% via separate electromagnetic models,
which are solved numerically. The progress of drying in these simulations is
represented by a uniform retraction of the frozen volume from all sides into the
sample interior, leaving a dried outer layer. The total volume of the products is
assumed to be constant throughout drying.

3.3.1.2 Model specifications

Figure 3.1 shows the process chamber and the arrangement of thematerials utilized
in the electromagnetic models. These resemble the experimental arrangements
in the process chamber for MFD. The process chamber is a cuboid cavity with
dimensions of 612 mm × 400 mm × 300 mm, as described in the work of
Yakovlev [23]. A WR340 waveguide is placed in the center of the top of the
cavity. Centrally on the bottom of the cavity, a plate made of polyether ether
ketone (PEEK) with a base area of 200 mm × 200 mm is located as product
support. The support is connected to the bottom of the cavity by two cylinders
made of PEEK. A set of 24 tylose gel samples (25 mm × 25 mm × 20 mm) is
centrally located on the product support in a 6× 4 arrangement, each 5 mm apart.
The dried and frozen regions of the product were assigned the DPs of the dried
and frozen tylose gel, respectively. The remaining space inside the cavity was set
to the DPs of a perfect vacuum. The DPs of the materials are listed in Table 3.1.
The properties of tylose gel were determined experimentally in the present work
and are displayed in Section 3.4.1 as a function of temperature.

3.3.1.3 Simulation procedure

For the electromagnetic simulations, the Frequency Domain Solver in the soft-
ware CST Studio Suite 2020 (Dassault Systèmes, Vélizy-Villacoublay, France)
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Figure 3.1: (a) Geometry of the process chamber in the electromagnetic simulations; (b) Geometry of
the individual product samples and the product support in the electromagnetic simulations.
Yellow — tylose gel; blue — product support made of PEEK; red—inlet waveguide.

Table 3.1: Dielectric properties of the materials in the electromagnetic simulations.

Material Relative dielectric
constant ε′r/-

Relative dielectric
loss factor ε′′r /-

Source

PEEK 3.142 0.0085 [120]
tylose gel, dried 1.264 0.0473 present study
tylose gel, frozen 3.649 0.5807 present study

vacuum 1.000 0.0000 per definition

was used. The simulations were performed on the parallel computer system bwU-
niCluster 2.0 + GFB-HPC, a state service within the framework of the Baden-
Württemberg Implementation Concept for High-Performance Computing. Core
count and memory were varied according to the requirements of the simulations
up to a maximum of 32 cores and 150 GBRAM. First, a grid study was performed
to verify the simulations at the drying states 0%, 10%, and 100%. Afterward, the
models of the 11 drying states were solved numerically in the frequency range of
2400 MHz to 2500 MHz. In the first simulation runs, the frequencies used were
set. The results of the subsequent runs were evaluated in post-processing.
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3.3.1.4 Post-processing

CST-Studio provides the scattering parameter S11 in the investigated frequency
range of 2400 MHz to 2500 MHz as an output. The energy efficiency was
calculated from the simulation results for a single port system with

η = 1− |S11|2 (3.7)

according to Więckowski [64]. Therefore, only the conversion of electromagnetic
energy into heat was considered in the calculation of energy efficiency. The
efficiency of microwave generation was excluded. This allowed for comparison
with experimental results, as the SSG provided a record of a comparable data set.

The effects of the following frequency-based control concepts were investigated
in post-processing for every drying state:

• Single Minimum Frequency (1MF) — single frequency with the global
minimum of energy efficiency;

• Single Resonant Frequency (1RF)— single frequency with the global max-
imum of energy efficiency;

• Six Equidistant Frequencies (6EF) — six frequencies from 2400 MHz to
2500 MHz in the interval 20 MHz;

• Six Resonant Frequencies (6RF) — six frequencies with the highest local
maxima of energy efficiency.

For every simulated drying state, the average energy efficiency η̄ was calculated
for the control concepts according to

η̄ =

∑n
i=1 ηi
n

(3.8)

as the arithmetic mean of the energy efficiencies ηi at the n frequencies applied.
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Monitors of the volume-specific power absorption were set for all frequencies
utilized. Additionally, the integral dissipated power in the frozen and dried
volumes of the individual sampleswas calculated. Therefore, the spatially resolved
power dissipation patterns between and inside the individual samples could be
investigated.

The heating homogeneity factor ζ was determined as

ζ =
P̄d,smp

Pd,smp,max
(3.9)

and thus defined as the ratio of the average dissipated integral power in all samples
P̄d,smp to the maximum integral dissipated power Pd,smp,max in a single sample.
Hence, ζ is a measure of the average dissipated power in a single sample standard-
ized to the maximum dissipated power in a sample. When multiple frequencies
were applied in a control concept, the homogeneity factor was calculated from an
equally weighted superposition of all the power dissipation patterns involved.

3.3.2 Experiments

3.3.2.1 Model product

Derivatives of methyl cellulose, known by the trade name tylose, have already
been used as a model food product both to study microwave-assisted heating
[53, 121] and to study freezing [122, 123]. Thus, the material is ideally suited for
an investigation of MFD. In this work, a tylose gel based on a powder of methyl 2-
hydroxyethyl cellulose was used as amodel product. The tylose gel is composed of
76.23 wt% demineralized water, 22.77 wt% Tylose MH1000 (Kremer Pigmente,
Aichstetten, Germany), and 1.00 wt% L-(+)-ascorbic acid (Carl Roth, Karlsruhe,
Germany). Demineralized water was heated to 65 °C at 200 rpm using a heatable
magnetic stirrer C-MAGHS 7 (IKAWerke, Staufen im Breisgau, Germany). The
appropriate amount of L-(+)-ascorbic acid was dissolved in water and the solution
was kneaded with the tylose powder to form a homogeneous mass. The tylose gel
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was weighed at 12.50 g for each sample, formed into cuboids of approximately
25 mm × 25 mm × 20 mm, and frozen at -30 °C for at least 14 h. To avoid water
loss in the frozen state, the product was packed airtight before freezing.

3.3.2.2 Dielectric properties

The DPs of the fresh and freeze-dried samples were measured with a µWave-
Analyser (Püschner, Schwanewede, Germany) in a temperature range of -20 °C
to 45 °C. The sample was tempered to -20 °C before measurement. The temper-
ature of the measuring head was set to -20 °C with a connected external cooling
system (Unistat 161 W, Huber, Offenburg, Germany). The pre-tempered sample
was inserted into the µWaveAnalyser and equilibrated for 1 h. Subsequently, the
temperature was continuously increased at 0.1 K/min to 45 °C. Dielectric property
measurements were performed at a frequency of 2450 ± 50 MHz and recorded
every 30 s using µWaveAnalyser 3.2.0 software (Püschner, Schwanewede, Ger-
many). Measurement of an empty vial served as a reference. The temperature was
recorded using the software SpyControl 2.0 (Huber, Offenburg, Germany) and a
temperature sensor (PT100, Huber, Offenburg, Germany), which was inserted
into the measuring head.

All measurements were conducted in duplicate. Time-dependent dielectric mea-
surement data and time-related temperature datawere processed inMatlabR2019a
(MathWorks, Natick, MA, USA)

3.3.2.3 MFD system

Figure 3.2 depicts the schematic setup of the laboratory-scale MFD system. The
process chamber with dimensions of 612 mm × 400 mm × 300 mm is manufac-
tured from stainless steel. A P 65 D vacuum pump (SASKIA, Ilmenau, Germany)
is connected to the process chamber. Between the vacuum pump and the process
chamber is a cold trap (UCCT, Vienna, Austria) set to a temperature of -60 °C.
A WR340 waveguide is centrally embedded in the top of the process chamber.
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Figure 3.2: Schematic layout of the laboratory-scale MFD system. Information streams are shown as
dotted lines. P — forward and reflected microwave power SSG; pc —pressure capacitive
sensor;m—mass load cell.

An HY2020 SSG (TRUMPF, Freiburg, Germany) is connected to the waveguide
at the cavity via a coaxial cable. The generator has a maximum output power of
600 W and can be tuned in the frequency range of 2400 MHz to 2500 MHz with
an accuracy of 0.01 MHz. In addition to the reflected and forward microwave
power as well as the respective frequencies, the weight of the product and the pres-
sure in the process chamber are recorded online via Matlab R2020b (MathWorks,
Natick, MA, USA). The sensors used are a CMR363 capacitive pressure sensor
(Pfeiffer, Aßlar, Germany), a PW4MC3/2kg load cell (Hottinger Brüel & Kjaer,
Darmstadt, Germany), and the internal sensors of the HY2020 SSG. The pressure
in the process chamber as well as the frequency and power of the microwave field
can be adjusted via the self-made process control system. In the present work, the
pressure in the system was set to 0.5 mbar.

3.3.2.4 Process characterization & drying procedure

The 24 frozen tylose gel samples were placed centrally on the product support
in the process chamber in a 6 × 4 arrangement with a spacing of 5 mm in
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accordance with the electromagnetic models (see Figure 3.1). Ten minutes after
the vacuum was applied in the process chamber, the SSG was switched on and
process characterization or drying was started.

For the process characterization, a frequency sweep in the range of 2400 MHz to
2500 MHz was performed at an interval of 0.1 MHz with the minimally possible
forward power of 50 W. The forward power Pf and reflected power Pr were
recorded at each frequency. By inserting the respective values in the equation

η = 1− Pr

Pf
(3.10)

the energy efficiency η of the conversion of electromagnetic energy into heat could
be calculated for each frequency in the experiments. This enabled the detection
of RFs, which are defined as local maxima of energy efficiency.

For drying via MFD, the control concepts 1MF, 1RF, 6EF, and 6RF were applied
in accordance with the simulations. The forward power of the SSG was set to
50 W. Since preliminary tests had shown product damage with this setting, the
output power of the generator was applied for 2.5 s at each frequency and then
paused for 7.5 s, corresponding to a ratio ron = 0.25 of time for active microwave
generation to total time. When multiple frequencies were utilized, the frequency
loop was run from the lowest to the highest frequency and then the next loop
was started at the lowest frequency. The selected frequencies of the individual
control concepts were kept constant during the process runs. The average energy
efficiency η̄ in the experiments was calculated in analogy to Equation 3.8 as the
arithmeticmean of the values of all frequencies for each loop if several frequencies
were applied. Otherwise, η̄ corresponds to the value of the respective individual
frequency. A loss of 20 wt% of the water mass was used as a termination criterion.
The results of the first phase of primary drying are sufficient to provide a proof of
concept and are simple in their implementation since no frequency adjustment is
required. In addition, incomplete primary drying allows detailed observation of
drying homogeneity since the differences in sample weights are more pronounced
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than in complete drying. Figure 3.3 depicts a schematic overview of the process
steps during MFD.

Figure 3.3: Schematic overview of the process steps and corresponding parameters for MFD.

The process characterization and drying runs were conducted in triplicate. Before
and after each experiment, the samples were weighed on a Type 1518 balance
(Sartorius, Göttingen, Germany). The samples were then cut in half and visually
inspected for macroscopic product damage. This was followed by gravimetric
determination of residual moisture for each sample to evaluate the homogeneity
of drying. For this purpose, the freeze-dried samples were dried in a drying oven
T 6060 (Heraeus, Hanau, Germany) at 105 °C for at least 24 h. Subsequently, the
weight of the samples was determined using a precision balance LS 220A SCS
(Precisa, Dietikon, Switzerland) and used to determine the drying homogeneity
between the samples.

3.4 Results and discussion

3.4.1 Dielectric properties

The DPs of fresh tylose gel, shown in Figure 3.4 (a), vary considerably in the
temperature range studied. This temperature-dependent behavior of DPs ε′r and
ε′′r of fresh tylose gel is in line with the literature [53]. The largest increase is

75



3 MFD with frequency-based control concepts: A simulative and experimental study

detected in the range of -10 °C to 2 °C. This phenomenon can be explained by
the melting of frozen water. As the DPs of water at microwave frequencies [124]
are much higher than those of ice [125], partial melting of frozen water from
approximately -5 °C leads to a significant increase in DPs. The slight increase at
lower temperatures, namely -20 °C to -5 °C, is probably caused by an increasing
fraction of liquid water in the tylose gel with increasing product temperature, as
elucidated in previous studies based on differential scanning calorimetry of tylose
gel [126]. The higher ε′′r value of the tylose gel in the present study containing
ascorbic acid compared to published data on tylose gel [53] is presumably due to
the compositional differences in the tested material. It has been demonstrated that
the addition of compounds to tylose gel can lead to changes inDPs, e.g., for sodium
chloride [53, 127] and sucrose [127]. At about -5 °C to 0 °C, inconsistencies in
dielectric property measurement are attributed to measurement errors caused by
partial melting of frozen water in this temperature range. The measurement
procedure is not feasible for this temperature range of phase transition. Since the
DPs at the aforementioned temperatures are not relevant for the remainder of the
present work, a detailed discussion is omitted.

Figure 3.4: (a) Dielectric properties of fresh tylose gel; (b) Dielectric properties of freeze-dried tylose
gel. The results were obtained in duplicate. The arithmetic means of the dielectric
properties utilized in the simulations are marked with an x.

The DPs of the freeze-dried tylose gel are much lower than those of the fresh
gel, as depicted in Figure 3.4 (b). The DPs increase slightly with temperature,
probably due to the increasing mobility of the molecules interacting with the
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electromagnetic field. Because of the lack of phase transitions inside the material,
no significant shift in the DPs occurs. In ice, microwave energy dissipates only
to a small extent due to the low DPs [125]. Combined with the low DPs of the
freeze-dried tylose gel, this suggests that the microwave energy is dissipated in
the frozen product by the interaction of microwaves with bound water, which is
contained in the frozen but not in the dried product. This idea is consistent with
the literature [71].

Due to the unknown and time-dependent temperature distribution during MFD,
no variable DPs were assigned to the product in the simulations. The DPs of the
fresh gel at -20 °C were set for the frozen product and the DPs of the dried gel
at 20 °C were set for the dried product. The temperature of the frozen product
was chosen since the temperature of -20 °C for the frozen product is closest to
the ice vapor pressure at the present total pressure of 0.5 mbar, as stated in the
literature [128]. The temperature of the dried product is set to room temperature
since the differences in the temperature range investigated are relatively minor.
The DPs at the respective temperatures are calculated as the arithmetic mean of
the duplicate runs and are marked in Figure 3.4. The exact values of the DPs used
in the electromagnetic models are given in Table 3.1.

3.4.1.1 Model verification

The normalized power absorption NPA is used in electromagnetic simulations
as a parameter to verify the electromagnetic model as a function of the number
of cells or time steps in transient simulations [129, 130]. In the present work, the
NPA for the simulations is defined with

NPA =
Pd,total

Pf
(3.11)

as the ratio of the dissipated power in all materials Pd,total to the forward power
of the SSG Pf at 2450 MHz.
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Figure 3.5 shows the NPA as a function of the number of cells for the drying
states 0%, 10%, and 100%. These represent the start and end of drying as well
as a drying state in which the dried product layer is comparably thin, posing a
challenge for discretization. The grids with the lowest number of cells of the
individual drying states were generated with the same settings of the program
for mesh generation. The same applies to the settings for the subsequent higher
numbers of cells. The numbers of cells differ for the drying states because the
internal mesh generation of the software depends on the composition of the DPs
of the materials. For the 100% drying state, only simulations with four instead
of five meshes were performed since the computational requirements for the fifth
mesh exceeded the available memory space. From the mesh with the third lowest
number of cells, there are onlyminor changes in theNPA. The absolute deviation
from the mesh with the highest cell count is only 0.207%, 0.153%, and 0.002%
for the drying states 0%, 10%, and 100%, respectively. Therefore, based on these
solver settings, a mesh-independent convergent solution can be expected. The
settings for this mesh generation are transferred to the models of all drying states.

Figure 3.5:NPA at 2450 MHz displayed as a function of the number of mesh cells in the electro-
magnetic simulations for various drying stages.
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3.4.1.2 Model validation

Figure 3.6 depicts the energy efficiency in dependence on the frequency in the
range of 2400 MHz to 2500 MHz. The data were obtained from an experimental
frequency sweep using the SSG and the post-processing of the electromagnetic
simulation of the drying state 0%. The simulative results show clearly defined
peaks at RFs, while the results from the experiments at the beginning of drying
show both clearly defined peaks and broader peaks with fluctuations in energy
efficiency. Presumably, these fluctuations are caused by several RFs that are
closely spaced. Except for the general existence of maxima and minima in
a comparable magnitude, no detailed agreement can be observed between the
energy efficiency from the simulation and the experimental frequency sweeps.
The experimental data, on the other hand, are well reproducible.

Figure 3.6: Energy efficiency in the frequency range of 2400 MHz to 2500 MHz obtained from
the electromagnetic simulations at a drying state of 0% (green) and experimentally in
the laboratory-scale plant in triplicate at 0.5 mbar (blue). The energy efficiency was
calculated for the simulation according to Equation 3.7 and for the experiments according
to Equation 3.10.

Obviously, the electromagnetic model does not provide an exact reproduction of
the electromagnetic field in dependence on the frequency. The electromagnetic
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model would require further revision and validation for an accurate representation
of the microwave field. Nevertheless, as long as minima and maxima occur in
comparable numbers and magnitudes in both cases, the electromagnetic models
can be used to develop frequency-based control concepts in dependence on the
energy efficiency of the frequencies to be applied. The models can be regarded
as a tool for the time-efficient investigation of the qualitative impact of control
concepts throughout drying. Electromagnetic simulations have already been used
in the literature to find specific combinations of energy efficiency and heating
homogeneity for microwave-assisted heating [115], which can be done with the
developedmodel forMFD.However, the respectivemodelwas not validated for the
process chamber investigated. Othermodels ofmicrowave-assisted processeswere
validated with analytical results in an empty cavity [23], temperatures measured
with fiberoptic sensors [71, 131], or spatial distributions of heating patterns [132,
133]. These methods do not necessarily indicate an accurate representation of the
electromagnetic field in the entire frequency range of 2400 MHz to 2500 MHz.
Therefore, it remains unclear whether the simulated results in the literature are
of practical relevance when varying the frequency throughout MFD. The present
study aims to overcome this gap via an experimental proof of concept.

3.4.1.3 Effects of drying state on energy efficiency

Figure 3.7 shows the energy efficiency calculated in the electromagnetic simula-
tions as a function of frequency and drying state. The energy efficiency varies
considerably in the frequency range of 2400 MHz to 2500 MHz, ranging from
13.2% to 99.3% for the 0% drying state to 3.0% to 99.7% for the 100% drying
state. With progressive drying, the average energy efficiency decreases continu-
ously from 42.4% to 19.9% (data not shown). This is consistent with the expected
trend due to the increasing proportion of dried tylose gel with relatively low DPs
(see Table 3.1), which leads to lower effective DPs in the cavity. Analogously,
a reduction of effective DPs due to a lower product mass results in lower aver-
age energy efficiency. This has been demonstrated, for example, in simulations
of microwave-assisted heating [134]. Multiple peaks in energy efficiency above
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Figure 3.7: Energy efficiency in the frequency range of 2400 MHz to 2500 MHz obtained from the
electromagnetic models of all drying states in the range of 0% to 100%. Peak 1 and peak 2
mark two prominent energy-efficient peaks throughout drying.

80% for all drying states indicate the potential benefits of a targeted excitation of
specific frequencies over the whole course of drying to increase energy efficiency.
On the other hand, the disadvantage of non-targeted excitation of microwaves,
especially towards the end of drying, becomes apparent.

The frequency-dependent energy efficiencies for adjacent drying states in Fig-
ure 3.7 follow similar curves. The energy-efficient peaks, which indicate the
presence of so-called resonant modes, shift to slightly higher frequencies with
an increase in the drying state. The observed shift is consistent with theoretical
considerations that calculate a shift of resonant modes to higher frequencies for a
decrease in effective DPs in a cavity [42]. The result suggests that similar resonant
modes and associated heating patterns appear in the process chamber throughout
multiple drying states.

To investigate the frequency shifts of the peaks further, the frequencies of the
representative energy-efficient peaks 1 and 2 over the drying state are depicted in
Figure 3.8. The peaks were chosen since one or the other has the highest energy
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efficiency during all drying states, making them easy to spot and relevant for the
control concepts 1RF and 6RF. The shift to higher frequencies during the drying
progress is more pronounced for peak 2 than for peak 1. Therefore, the curve of
energy efficiency over frequency is a result of the overlapping of multiple resonant
modes in different compositions throughout drying. The cause is presumably the
superposition of multiple modes displaying different magnitudes in frequency
shift with an increase in the drying state. It is not obvious from the appearance
of a peak whether only one mode occurs or a superposition of several modes
is present. The lower frequency of peak 1 for the drying states 20% and 30%
compared to the previous drying state in Figure 3.8 contradicts the trend of a shift
to higher frequencies. The superposition of the peaks of two resonant modes may
be the explanation for this observation. A previously separated resonant mode
shifts into the mode at peak 1 from a lower frequency. The superposition results
in one local maximum, which is shifted to a lower frequency as the resonant mode
from a previously lower frequency is still at a frequency slightly below that of the
mode associated with peak 1 in preceding drying states.

Figure 3.8: Frequency of peaks 1 and 2 plotted over the drying state, obtained from electromagnetic
simulations. The size of the bubbles indicates the energy efficiency of the respective
peaks.
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The energy efficiency of the peaks in Figure 3.8 shifts upwards for peak 2 and
downwards for peak 1 with an increasing drying state. The occurrence of spatial
maxima of the electromagnetic field at locations with lossy dielectrics determines
the energy efficiency of the peaks. Since the pattern of the electromagnetic field
is not known in advance, no predictions can be made about the energy efficiency
of different frequencies throughout drying.

3.4.1.4 Effects of control concepts

3.4.1.4.1 Energy efficiency Figure 3.9 illustrates the average energy effi-
ciency over the drying progress as a function of the applied frequency-based
control concepts. A detailed overview of the applied frequencies in the con-
trol concepts and their respective energy efficiency is given in Section A2 in
Tables A.1 to A.4. The energy efficiency for 1RF and 6RF, in which RFs are
applied, is significantly higher than for 6EF and 1MF throughout the entire drying
process.

Figure 3.9: Average energy efficiency of the respective control concepts plotted over the drying state,
calculated from the electromagnetic simulations.
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The control concepts 1MF and 6EF show a tendency of decreasing energy ef-
ficiency with increasing drying state. These results are consistent with the ob-
servations of the decreasing average energy efficiency in the frequency range of
2400 MHz to 2500 MHz (see Figure 3.7). In contrast, the energy efficiencies of
1RF and 6RF decrease at intermediate drying states and return to high energy
efficiencies towards the end of drying. This is due to the behavior of the RFs
throughout drying. The energy efficiency of 1RF during MFD is caused by the
initial decreasing energy efficiency of peak 1 and, in the later drying stages, the
increasing energy efficiency of peak 2 (compare to Figure 3.8). The decrease
in energy efficiency for 6RF up to about the drying state of 70% is consistent
with the overall decreasing energy efficiency in the relevant frequency range. The
increasing energy efficiency towards the end of drying can at least partially be
attributed to a new RF entering the frequency range of 2400 MHz to 2500 MHz
due to the shift of resonant modes to higher frequencies (compare Tables A.1 to
A.4 in Section A2). Electromagnetic simulations in the literature also showed
high values of dissipated energy by the application of RFs, which were chosen
based on scattering parameters [18].

In summary, relatively high energy efficiency can be achieved over the entire
course of drying when RFs are applied with 1RF or 6RF. In contrast, the energy
efficiency of the remaining control concepts decreases during drying, which leads
to inefficient energy input, especially towards the end of drying. This finding
highlights the need for a continuous, targeted frequency adjustment throughout
drying.

3.4.1.4.2 Heating homogeneity Figure 3.10 displays the heating homo-
geneity factor over the drying state for the different control concepts, which
enables the evaluation of the homogeneity between the samples. When using
multiple frequencies in 6EF and 6RF, there is a higher homogeneity factor com-
pared to single frequencies at almost all drying states. This trend is consistent
with more homogeneous microwave-assisted heating in electromagnetic models
for the application of multiple frequencies [23, 132]. The highest homogeneity
with 6EF is presumably due to less dominant individual heating patterns. On
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Figure 3.10: Heating homogeneity factor for the investigated control concepts as a function of the
drying state, determined from the electromagnetic simulations.

the other hand, a few highly energy-efficient heating patterns with similar heating
patterns might lower the homogeneity with 6RF.

Therefore, the application of several frequencies weighted according to power
or time while specifying the desired energy efficiency represents an approach to
achieve high heating homogeneity in MFD in future work. The targeted appli-
cation of multiple frequencies has already been simulated for microwave-assisted
processes with different optimization criteria, including heating homogeneity and
energy efficiency [23, 63, 115, 132]. However, the heating homogeneity was only
evaluated inside a single product, which is only of limited significance for the
drying of multiple chunky products.

To evaluate the heating homogeneity inside the samples, Table 3.2 shows the
heating patterns for 1MF, 1RF, 6EF, and 6RF in an exemplary product sample at
half height. The dependence of the heating pattern on the drying state and control
concept is evident. 1RF and 6RF show the highest power densities, especially
in the frozen center towards the end of drying. For all control concepts, there
is always a higher power density in the frozen core of the product than in the
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Table 3.2: Patterns of the volume-specific power absorption from the electromagnetic simulations in
an exemplary cuboid of tylose gel (top left in Figure 3.1 (b)) in dependence on drying state
and control concept at half height of the cuboid. At the drying states 20%, 40%, 60%, and
80% the sample consists of a frozen core and a dried outer layer, while the drying state 0%
is a completely frozen cuboid and the drying state 100% respectively fully dried.

dried layer. This can be explained by the higher DPs in the frozen area (compare
Table 3.1).

Figure 3.11 shows the proportion yfrozen of dissipated power in the frozen layer
divided by the total dissipated power in the same exemplary sample. It can be
seen that the distribution of the power in the product depends significantly on the
drying state. In comparison, the control concept used has only a minor effect.
This result illustrates the selective character of microwave-assisted processing,
which is known in the literature [41]. This is particularly advantageous in MFD
since the energy is introduced directly into the frozen core where the energy is
required for sublimation. Towards the end of drying, there is a high power input
in a relatively small frozen volume. If constant power density is desired in frozen
areas, power should be reduced toward the end of the process.
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Figure 3.11: The proportion of power dissipation in an exemplary cuboid made of tylose gel (top
left in Figure 3.1 (b)) in the frozen region relative to the total power dissipation in the
respective cuboid as a function of the drying state for the investigated control concepts,
obtained from the electromagnetic simulations.

3.4.1.5 Experimental proof of concept

3.4.1.5.1 Energy Efficiency Figure 3.12 depicts the average energy effi-
ciency plotted over the process time as a function of the applied control concepts
for the removal of 20 wt% water without an adaption of the initial frequencies.
The applied frequencies are listed in Table A.5 in Section A2. During this part of
the drying process, the energy efficiency ranks η1RF > η6RF > η6EF > η1MF .
This order is consistent with the results from the electromagnetic simulations
(see Figure 3.9). Experimental results from the literature also show high energy
efficiency when selected energy-efficient frequencies are applied in microwave-
assisted heating [21, 135]. Therefore, the proof of concept of the electromagnetic
simulations was successful in terms of energy efficiency. In the experiments, high
energy efficiency generally correlateswith short drying times. A targeted selection
of frequencies in MFD can thus be used in a process intensification to accelerate
the time-intensive primary drying without increasing power consumption.
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Figure 3.12: Average energy efficiency from MFD experiments plotted over drying time for different
control concepts. Experimentswere conducted in triplicate. P̄f,eff denotes the effective
forward power averaged across the respective repetitions.

Despite a higher energy efficiency, the process time using the 1RF control concept
is longer than using the 6RF control concept (see Figure 3.12). This can be
explained by a non-constant forward power by the SSG used, as the power output
of the SSG is slightly dependent on the frequency. This is likely due to inaccuracies
in the calibration of the power output of the SSG, which unfortunately could not be
fully resolved during these investigations. Taking into account the effective power
applied in the individual experiments, the experiments with the highest effective
power have the lowest drying time. This is shown in Figure 3.12, which displays
the average effective forward power P̄f,eff of the experiments in triplicate for
each control concept. P̄f,eff is calculated for each experiment with

P̄f,eff =

∑n
i=1 ηiPf,iti
ttotal

(3.12)

as the sum of the product of the energy-efficiency ηi with the forward power Pf,i

and the time ti at all applied frequencies, divided by the process time ttotal. The
tendency regarding the shortened drying time with increasing effective power is
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consistent with thermodynamic considerations and observations from the litera-
ture in experiments [8, 11, 12, 111] and simulations [71].

3.4.1.5.2 Drying homogeneity In the present work, the homogeneity of
drying is used as an indirect indicator of homogeneity of power input instead
of infrared imaging because endothermal sublimation occurs in MFD. The basic
assumption is a lower residual moisture content with higher energy input. Fig-
ure 3.13 displays the residual moisture distribution of the individual samples for
the applied control concepts.

Figure 3.13: Distribution of residual moisture after MFD for the different control concepts standard-
ized to the water mass in the samples before drying. The data sets consist of experiments
in triplicate for each control concept with 24 samples each. The colors match the control
concepts in analogy to the previous figures. IQR–interquartile range.

The range of residual moisture is largest for 1RF and smallest for 6EF. This result
is consistent with the predictions from the electromagnetic simulations shown
in Figure 3.10. There is a clear correlation of frequency number with drying
homogeneity in the results for similar effective microwave power. For 6EF, a
smaller spread is found in comparison with 1MF. The same tendency can be seen
when comparing 6RF with 1RF. Additionally, a smaller difference between the
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median and mean is found for 6RF than for 1RF. The results are qualitatively in
line with the expectations from the simulations, which predict more homogeneous
heating for the application of multiple frequencies. In the literature, the tendency
of a more uniform energy input with multiple frequencies is also shown for
microwave-assisted processes [19, 116]. Due to the obtained results, the validity
of this statement can now be extended to the first part of primary drying in MFD.

In contrast to the expectations from the simulation results, a higher range of
residual moisture is found for 6RF compared to 1MF, although several frequencies
were applied with 6RF. One possible explanation is the occurrence of thermal
radiation in the experiments, which is not accounted for in the electromagnetic
models. The longer process time and lower effective power when utilizing 1MF
probably lead to a higher proportion of power input by thermal radiation from
the uncooled surfaces of the process chamber. Moreover, more time is given to
thermal equalization processes. These effects could lead to more homogeneous
drying with 1MF, even though the power dissipation of microwaves should be less
homogeneous. Therefore, the supplementation of MFDwith power sources based
on additional heat transfer mechanisms, e.g., thermal radiation or conduction, in
hybrid processes remains an interesting focus for future work. Park et al. [71]
already simulated shortened process times when combining MFD with CFD.

The partly high ranges of residual moisture and outliers, as can be seen with 1RF,
are caused by the rapid drying of individual samples. Presumably, this occurs in
samples with the highest power input. In extreme cases, high power absorption
leads to the melting of the frozen product area and subsequent product damage
due to puffing. Visible puffing occurred in two drying experiments applying 1RF
in one sample each. The puffed samples can be seen in Figure 3.13 as outliers
with a residual moisture mH2O/mH2O,0 < 0.6. These low residual moisture
contents are probably caused by the high power input into the molten samples
in combination with the reduced mass transfer resistance due to the large pores
formed. The product damage due to puffing can be avoided by applying multiple
RFs with 6RF, even though a higher effective power is coupled in. This underlines
the advantage ofmore homogeneous power input by applyingmultiple frequencies
in MFD.
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3.4.1.6 Limitations and future work

Though a useful tool for gaining qualitative insights into the MFD process, the
results from the electromagnetic simulations do not depict the actual distribution
of the microwave field in MFD. Possible reasons for partial mismatches between
the results from simulations and experiments in validation and proof of concept
are:

• Simplification of the geometries of cavity and samples, as well as possible
deviations in positions and dimensions;

• Temperature- and frequency-dependency of the dielectric properties are not
taken into account;

• Exclusive simulation of the electromagnetic field at discrete times of drying,
leading to no consideration of thermodynamic effects;

• Simplifying assumptions throughout drying, including a uniform retreat of
the sublimation front in all samples and no shrinkage.

Further fine-tuning of the models is possible but cumbersome. It is questionable if
the efforts can lead to improvements, which enable further insights. Utilization of
the developed electromagnetic model and the discovered advantageous features of
frequency modulation in future work is a promising possibility to explore the high
potential of using SSGs inMFD in a time-efficient manner. Additional parameters
to be investigated are, e.g., the phase shift or power distribution between multiple
SSGs.

The effect of different frequency-based control concepts has been successfully
investigated in experiments during the first part of primary drying. However, the
frequencies of the control concepts were not adjusted at a drying state of 10% as
in the electromagnetic simulations. The complete drying with a variation of the
controlled frequencies throughout MFD remains an application-relevant topic for
future research. The MFD process should then be compared to the established
CFD by classifying product and process parameters.
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3.5 Conclusions

Amodel of MFD for drying a chunky model product of tylose gel in a laboratory-
scale system was successfully developed and verified to investigate the effects
of modulating the electromagnetic field throughout drying. The purely electro-
magnetic model has been decoupled from thermodynamic equations by solving
for several discrete drying states. The DPs of fresh and freeze-dried tylose gel
were acquired experimentally and utilized in the simulations. The properties
indicate dissipation of the electromagnetic power in frozen tylose gel mainly by
interactions with bound water. Validation of the simulations via experimentally
determined energy efficiency in the frequency range of 2400 MHz to 2500 MHz
at the beginning of drying did not show quantitative agreement. Nevertheless, a
comparability of the curves in terms of the number and magnitude of the detected
maxima was observed. Therefore, electromagnetic simulations can be employed
as a time-efficient tool to predict the qualitative effects of frequency modulation
in MFD. Due to the limitations of the model, experimental proof of concept is
always required.

In post-processing of the simulations, the following generally valid correlations
were found by applying different frequency-based control concepts in MFD:

1. Higher energy efficiency over the whole course of drying when applying
energy-efficient RFs;

2. More uniform heating homogeneity between products when targeting mul-
tiple frequencies;

3. Insignificant effect on power distribution between frozen and dried regions
in individual products. The distribution is mainly determined by the higher
DPs of the frozen region.

In the experimental proof of concept, qualitative agreement with predictions
from simulation results was demonstrated regarding energy efficiency and drying
homogeneity for the first part of primary drying. Moreover, the higher energy
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efficiency with a targeted frequency modulation was associated with shortened
process times without an increase in power consumption.
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4.1 Abstract

Microwave-assisted freeze-drying (MFD) is particularly suited for drying heat-
sensitive materials. However, optimizing process parameters is time-consuming
due to lengthy individual experiments. This study investigates the feasibility
of partial MFD for parameter studies, with the process being terminated after
removing 20 wt% of the water contained. The proposed approach reduces the
time required for parameter evaluation by 92.0% compared to complete MFD. It
also enables the evaluation of the samples’ drying homogeneity. A subsequent
parameter study based on partial MFD was then conducted to evaluate the effects
of chamber pressure, microwave power, and microwave frequencies on the drying
kinetics and drying homogeneity. Lowering the average chamber pressure from
0.87 mbar to 0.19 mbar reduced the process duration by 18.8%. An increase in
the dissipated specific microwave power from 0.048 W/g to 0.143 W/g reduced
the duration by 46.7%. The targeted application of frequencies increased the
average energy efficiency to as high as 92.4%, contributing to a shortened process
duration of up to 51.2%. Only the application of multiple frequencies caused a
notable increase in drying homogeneity. In summary, this study demonstrates
the feasibility and time-saving benefits of partial drying for parameter studies in
MFD and potentially different types of drying processes

4.2 Introduction

Freeze-drying (FD) is an established method in process engineering, yielding
products of a particularly high quality [1]. Recent work on FD coveredmicrowave-
assisted freeze-drying (MFD) as an approach to process intensification [8, 11–
13, 67–69, 136, 137]. In conventional freeze-drying (CFD), energy is supplied
through themechanisms of thermal radiation, conduction, and convection [37]. In
MFD, by contrast, electromagnetic energy dissipates into heat directly inside the
product by interactions of the microwaves with the product as a dielectric [54].
During MFD, the absorption of microwave energy by interactions with bound
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water accounts for a major part of energy input, whereas frozen water absorbs
energy to a minor extent only [137]. Microwave application offers a variety
of advantages for drying, such as avoiding heat transfer resistances through the
product surface [48], selective generation of heat in product areas containing large
amounts of water [138], as well as short process durations and cost savings [41].
Comparing MFD to CFD, the drying time was reduced by about 40% for chunky
products, such as sea cucumber [8] and barley grass [67]. Reductions as high as
70% to 80% were reported for viscous products, such as monoclonal antibody
formulations [68], lactic acid bacteria cell concentrate [11], and foamed raspberry
puree [12]. The quality of the final product obtained was similar or superior to
products processed with CFD.

Conventionally, microwaves are generated with magnetrons [17], which are high-
power vacuum tubes. While magnetrons are relatively cheap and readily available
to supply high microwave power, they offer only limited control of the microwaves
generated. Power regulation, for instance, is usually implemented by a simple
on–off control. Amore advanced control of themagnetron is technically complex,
as can be seen, for example, in the study by Yang et al. [139]. In contrast to this,
the generation of microwaves by a solid-state microwave generator (SSG) enables
the precise and rapid modulation of microwave properties and provides feedback
on the reflected and forward power as a function of the product state. For instance,
SSGs produce a stable and narrow frequency bandwidth compared to magnetrons
[140]. When using several SSGs, the power, frequency, and phase shift of every
generator can be controlled individually. In the context of MFD, this enables
additional degrees of freedom for process control, as the microwave field can be
controlled specifically throughout drying to intensify the process. In comparison,
process control in CFD is limited to the regulation of chamber pressure and shelf
temperature [5, 35, 37]. The following sections provide a brief overview of the
expected effects of the process parameters of chamber pressure, microwave power,
and microwave frequency on MFD.

In theory, a higher chamber pressure should result in lower sublimation rates
for CFD due to decreased pressure gradients from the sublimation front to the
process chamber [5]. However, this correlation is only valid if the temperature at
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the sublimation front and, thus, the vapor pressure remain constant. Assegehegn
et al. [35] experimentally investigated the impact of chamber pressure on CFD
for pharmaceutical model formulations. Increasing the chamber pressure in the
range of 0.05 mbar to 0.20 mbar led to higher sublimation rates at a constant
shelf temperature. The result can presumably be attributed to the higher product
temperature caused by the elevated chamber pressure. The increased product
temperature results in a higher pressure gradient through the dried layer where the
pressure increase at the sublimation front exceeds that on the product surface, i.e.,
of the chamber. In line with this, a decrease in the sublimation rate was observed
with a higher chamber pressure when regulating the product temperature to a
constant value via the shelf temperature. For MFD, Wang et al. [89] observed
no significant effect of chamber pressures of 0.15 mbar and 0.65 mbar on the
drying duration. In contrast to this, Ambros et al. [11] noted higher drying
rates for increases in chamber pressure in the range of 0.6 mbar to 2.0 mbar
in MFD. As in CFD, faster drying correlated with higher product temperature.
Regarding product quality, Ambros et al. [11] detected a decrease in survival
rate and membrane integrity with increasing chamber pressure for the lactic acid
bacteria B. lactis and no effect on these parameters for L. paracasei during MFD.
Krokida et al. [141] observed decreasing porosity of agricultural products in
CFD with increasing pressure. The proposed cause was an increase in product
temperature above the glass transition temperature. In summary, chamber pressure
influencesmass transfer through the product via the pressure on the product surface
and the vapor pressure at the sublimation front. The latter also influences heat
transfer by affecting the sublimation temperature. Therefore, the effect of chamber
pressure on the drying rate in MFD is not obvious and may vary depending on the
product and the process conditions. Care must be taken to ensure that the product
quality is not affected by exceeding product-specific temperature limits, e.g., the
glass transition temperature. Measuring product temperature, hence, is a useful
benchmark for evaluating the stress on the product.

Increases in microwave power in MFD are associated with decreases in process
duration for various experimental setups [8, 11, 12, 67, 89–92]. Presumably,
this correlation is caused by the increase in product temperature with higher
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microwave power, as observed in the literature for MFD of sea cucumber [8] and
barley grass [67]. The higher temperature increases the vapor pressure at the
sublimation front, thereby elevating the gradient, which drives the mass transfer.
However, a higher product temperature is generally associated with a deterioration
in product quality. Examples presented in the literature include the darker color of
banana chips [92], as well as decreases in sensory evaluation scores in a hedonic
assessment of instant vegetable soup [90], and reduced microbial survival rates of
B. lactis [11]. On the other hand, no effect of microwave power on the survival
rate of L. paracesei was reported by Ambros et al. [11]. Jiang et al. [91] observed
no clear trends in sensory evaluation results of banana chips with different sugar
contents on a hedonic scale. Only above a critical power level of 2.2 W/g were the
ratings consistently lower. Thus, it depends on the thermal stability of the product
investigated and the range of power applied whether changes in the power level
lead to any effect on the product at all. As for chamber pressure, power levels in
MFD may be increased until a relevant deterioration of the product is reached by
an exceedingly high temperature.

Regarding the influence of microwave frequency on MFD, there is only limited
literature available. For microwave vacuum drying at frequencies of 915 MHz
and 2450 MHz, Li et al. [25] conducted measurements of the dielectric proper-
ties (DPs) and moisture content of Chinese yam. Both frequency and moisture
correlated with differences in DPs, which in turn affect the power dissipation and,
thus, the drying process. For CFD, Nakagawa and Kono [26] tracked the drying
progress using an open-ended coaxial microwave resonator in the frequency range
from 3 MHz to 3000 MHz. They observed a shift in peak resonant frequency
to higher frequencies. According to theoretical calculations in the literature [42],
this indicates a decrease in DPs during FD. These dependencies of DPs on dry-
ing progress and frequency pose a challenge for frequency control in MFD. In a
previous study, however, Sickert et al. [137] developed frequency-based control
concepts in electromagnetic simulations and applied them successfully to MFD in
experiments with an SSG. More homogeneous power dissipation and drying at a
similar dissipated microwave power were observed for the application of multiple
frequencies. A targeted excitation of energy-efficient resonant frequencies (RFs)

99



4 A time-saving approach to parameter studies in MFD

led to the highest energy efficiencies. Higher dissipated power, associated with
high energy efficiency, correlated with a shorter process duration. More extensive
work covered the influence of frequency selection on microwave-assisted heating
with SSGs. Targeted excitation of multiple frequencies was found to increase
heating homogeneity in simulations [18, 23] as well as experiments [19, 21, 135].
Frequency modulation was also utilized to increase energy efficiency, as indicated
by temperature measurements [18, 19, 21, 135]. These findings support the re-
sults of Sickert et al. [137], which revealed that frequency is an important process
parameter in MFD.

The higher number of process parameters for MFD in comparison to CFD is
associated with both opportunities and challenges. While advanced process op-
timization becomes possible, a non-optimized drying procedure could result in
subpar drying performance. Therefore, parameter studies are crucial, but also
time- and labor-intensive due to the long drying times of FD ranging from several
hours to days. Partial MFD offers an opportunity for time savings, enabling higher
experimental throughput in parameter studies. The current work aims to inves-
tigate the feasibility of conducting parameter studies with partial MFD, where
only 20 wt% of the contained water is removed. This approach has not yet been
specifically investigated for the parameter study of any drying process, as far as
the authors are aware. The experiments are carried out in a laboratory-scale MFD
system with a chunky model product, tylose gel. First, partial and complete MFD
runs are compared regarding their drying kinetics and drying homogeneity. Par-
ticular emphasis is placed on the potential of partial drying for evaluating drying
homogeneity. In partial MFD, differences in residual moisture should be more
pronounced than in complete drying where the moisture content converges to-
wards equilibrium. Additionally, the potential time savings achieved with partial
drying are quantified. Subsequently, parameter studies on the chamber pressure,
microwave power, and microwave frequency are carried out to quantify their in-
fluence on drying kinetics and drying homogeneity. Four frequency-based control
concepts are investigated, including single frequencies with minimal and maxi-
mal energy efficiency as well as six frequencies that provide the maximal energy
efficiency or are spaced equidistantly from 2400 MHz to 2500 MHz. To validate
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the approach proposed for evaluating the effects of process parameters on MFD,
the results from the parameter study using partial drying are compared with the
literature data for complete drying processes. Based on the literature available,
increasing the chamber pressure in the drying process should result in shorter
drying times due to the higher product temperature. Similarly, higher microwave
power and energy efficiency achieved via frequency control are expected to ac-
celerate drying. For all parameters, it is crucial to keep the product temperature
below a product-specific threshold to avoid product impairment. The application
of multiple frequencies should lead to higher drying homogeneity. By exploring
partial MFD for use in parameter studies and comparing its results with complete
MFD, this research contributes to efficient process optimization, shortening the
development time, and increasing the drying efficiency.

4.3 Materials and methods

4.3.1 Model product

Cuboids of tylose gel were used as a model product in this study. The samples
were prepared as previously described [137]. Briefly, cuboids of 12.50 ± 0.05 g
and approximately 25 mm × 25 mm × 20 mm in dimension were prepared in
a composition of 76.23 wt% demineralized water, 23.77 wt% Tylose MH1000
(Kremer Pigmente, Aichstetten, Germany), and 1.00 wt% L-(+)-ascorbic acid
(Carl Roth, Karlsruhe, Germany). Subsequently, the samples were frozen at
-30 °C for at least 14 h.

4.3.2 MFD system

The setup of the laboratory-scale MFD system was identical to that used in a
previous study [137]. The process chamber was made of stainless steel and had
inner dimensions of 612 mm × 400 mm × 300 mm. Centrally, at the bottom
of the process chamber, a plate made of polyether ether ketone with a base area
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of 200 mm × 200 mm was installed as product support and connected to a
PW4MC3/2 kg load cell (Hottinger Brüel & Kjaer, Darmstadt, Germany). A cold
trap (UCCT, Vienna, Austria) was attached to the process chamber and set to a
temperature of -60 °C in all experiments. A NEO D 65 vacuum pump (Leybold,
Cologne, Germany) or a P 65 D vacuum pump (SASKIA, Ilmenau, Germany)
was connected to the cold trap during the experiments. Chamber pressure was
measured at the top of the process chamber with a CMR363 capacitive pressure
sensor (Pfeiffer, Aßlar, Germany). A script in Matlab R2020b (MathWorks,
Natick, MA, USA) was used to record the weight of the product as well as to
record and control the chamber pressure. A WR340 waveguide was centrally
embedded in the top of the process chamber and connected to an HY2020 SSG
(TRUMPF, Freiburg im Breisgau, Germany) via a coaxial cable. The SSG could
be set to frequencies between 2400 MHz and 2500 MHz with an accuracy of
0.01 MHz and had a maximum output power of 600 W. It was equipped with
internal sensors to detect forward and reflected power. A second script in Matlab
R2020b controlled forward power and frequency in addition to recording the
microwave properties.

4.3.3 Process characterization

A total of 24 frozen tylose gel samples were placed centrally on the product
support in a 6 × 4 arrangement at a 5 mm distance, as depicted in Figure A.3
in Section A3. A vacuum was applied to the process chamber 10 min before
microwave application. The measurement of process time started when the SSG
was activated. Process characterization was carried out to detect the frequency-
dependent energy efficiency η in the range of 2400 MHz to 2500 MHz in an
interval of 0.1 MHz. The forward power Pf ,set was set to the minimally feasible
value of 50 W. With each measurement, the forward power Pf and the reflected
power Pr were recorded. The energy efficiency η was calculated via

η = 1− Pr

Pf
. (4.1)
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This enabled the detection of RFs, which are defined as the frequencies of local
maxima in energy efficiency. The dissipated power Pd was calculated using

Pd = Pf − Pr (4.2)

as the difference between the respective powers. The calculations in Equations 4.1
and 4.2 are based on the assumption that all power not reflected to the SSG must
dissipate inside the process chamber. The power reflected by the coupling of the
coaxial cable with waveguides or dissipated by heat losses in the coaxial cable is
not considered. All process characterizations were conducted in triplicate and the
arithmetic mean of the RFs was applied in the subsequent drying experiments.

4.3.4 Drying procedure

The placement of the samples and the starting procedure of the process were
chosen as in the process characterization. Before the start of each experiment,
process parameters were set according to the specifications of the respective
experiment in the parameter study (see Section 4.3.5). These were the set chamber
pressure pc,set as well as the microwave properties of set forward power Pf,set,
control concept for the frequency, and activation ratio ron. The parameter ron
describes the ratio of the active time of the SSG ton to the total time of drying
ttotal, according to

ron =
ton
ttotal

=
ton

ton + tpause
, (4.3)

where tpause is the total inactive time of the generator. While Pf,set was kept
constant during all experiments, the value of ron was adjusted to achieve spe-
cific time-averaged power levels. This allowed for the application of a lower
time-averaged power level than determined by the minimally feasible value of
Pf,set and potential nonlinearities that may occur when Pf,set is changed directly
were avoided. Each frequency utilized was applied for 10 s with the respective
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ron governing the period during which the microwave generator emitted power.
When using multiple frequencies, the microwave application started at the lowest
frequency and worked its way up to the highest frequency before starting the next
frequency loop. The sequence of a frequency loop is shown in Figure 4.1 as an
example of an arbitrary control concept with six frequencies.

Figure 4.1: Exemplary sequence for a frequency loop of an arbitrary control concept with six frequen-
cies and ron = 0.5. Frequencies 1 to 6 are sorted in the order of ascending frequency.

Partial MFD was terminated when 20 wt% of the initially contained water mass
was removed. The initial water mass was calculated from the composition and
weight of the samples before drying. Complete MFD, conducted as a benchmark
process, was terminated when the drying rate ṁwas less than 0.25 g/h, calculated
over a period of 1 h.

The average specific dissipated power P̄d,s for each experiment was calculated
using

P̄d,s =
ron

∑n
i=1

Pd,i

n∑24
j=1 mMFD,j

(4.4)

as the product of ron with the arithmetic mean of the dissipated power Pd,i of
n applied frequencies throughout the whole process divided by the sum of the
weights of the 24 individual samples mMFD,j. The average specific forward
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power P̄f,s was calculated in analogy to Equation 4.4, while the average chamber
pressure p̄cwas calculated as the arithmeticmean of all recorded values of chamber
pressure. The average drying rate ṁav was determined using

ṁav =
∆mpow

ttotal
(4.5)

as the weight difference during power application ∆mpow divided by process
duration ttotal. Experiments in the parameter studies on frequency and pressure
were conducted in triplicate. The experiments in the parameter study on power
are single experiments since the power variations among experiments are taken
into account when evaluating the results.

4.3.5 Process parameters

Table 4.1 provides an overview of the specifications set in the experiments com-
paring the termination points between partial and complete drying as well as the
experiments of the parameter studies. Set chamber pressure pc,set was varied from
0.2 mbar to 1.0 mbar in the respective parameter study. The default value in all
other experiments was 0.5 mbar. The set forward power Pf,set of the microwaves
was 50 W for all experiments. The power applied in the parameter study on
microwave power was varied by modifying the activation ratio ron between 0.25
and 1, while 0.25 was the default value in the remaining experiments. Microwave
frequency was varied by applying different frequency-based control concepts.
The required RFs had been identified in advance by process characterization. The
frequency-based control concepts used were:

• Single Minimum Frequency (1MF) - frequency displaying the global mini-
mum of energy efficiency;

• Single Resonant Frequency (1RF) - frequency displaying the global maxi-
mum of energy efficiency;
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• Six Equidistant Frequencies (6EF) - frequencies from 2400 MHz to
2500 MHz at an interval of 20 MHz;

• SixResonant Frequencies (6RF) - frequencieswith the highest localmaxima
of energy efficiency

Table 4.1: Specifications of set chamber pressure, set forward power, activation ratio, and frequency-
based control concepts in the experiments to compare termination points and parameter
studies.

Comparison Parameter Study

Termination Pressure Power Frequency

Set chamber pressure
pc,set / mbar 0.5 0.2; 0.5; 1.0 0.5 0.5

Set forward power
Pf,set / W

50 50 50 50

Activation ratio
ron / - 0.25 0.25 0.25; 0.50;

0.75; 1.00 0.25

Frequency-based
control concept 6EF 6RF 6RF 1MF; 1RF;

6EF; 6RF

The experiments in the parameter studies on pressure and power were carried out
with 6RF, whereas the experiments to compare the termination points took place
with 6EF. In all drying experiments, the frequencies of the various control concepts
were set at the beginning of the process and kept constant throughout drying. The
set values for chamber pressure pc,set and forward power Pf,set deviated from
the averaged measured values due to process control. The measured values are
shown in Tables A.6 to A.9 in Section A3. The frequencies applied and identified
in process characterization are shown in Tables A.10 and A.11 in Section A3.
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4.3.6 Sample analysis

The individual samples were weighed on a Type 1518 balance (Sartorius, Göt-
tingen, Germany) to determine the masses before MFD mMFD,0 and after MFD
mMFD. After cutting the samples in half, they were examined for signs of
macroscopic product impairment. To assess the uniformity of drying, the resid-
ual moisture of each sample was determined gravimetrically. For this purpose,
the freeze-dried samples were dried in a drying oven T6060 (Heraeus, Hanau,
Germany) for at least 24 h at 105 °C. The weight of the samples was then deter-
mined using a precision balance LS 220A SCS (Precisa, Dietikon, Switzerland)
and taken as the dry mass mdry for the calculation of the standardized residual
moisturemH2O/mH2O,0, according to

mH2O

mH2O,0
=

mMFD −mdry

mMFD,0 −mdry
. (4.6)

4.3.7 Statistical analysis

A one-way analysis of variance (ANOVA) was used to inspect the experimental
results for statistically significant differences. First, a Shapiro–Wilk test was used
to check whether the population was distributed normally. Levene’s test was used
to test for equal variances, while Tukey’s test was used for the comparison of
the means. All significance levels were set to 0.05. Significant differences in
means are indicated by different grouping letters when all criteria for performing
an ANOVA were met.
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4.4 Results

4.4.1 Comparison termination MFD

The drying kinetics of partial and complete MFD are depicted in Figure 4.2. No
systematic differences between partial and complete drying were observed. All
experiments exhibit the highest drying rate in the initial stage of the process,
followed by a gradual decrease as drying progresses. This tendency is consistent
with the literature [11, 90]. A high reproducibility of drying kinetics is evident for
partial MFD experiments. In the case studied, it took 7.0% longer for complete
MFD to reach the termination criterion than for partial MFD. The discrepancy
might be attributed to a recalibration of the SSG before complete MFD, leading to
a slightly lower average specific forward power P̄f,s of 0.072 W/g in comparison
to an average of 0.098 W/g for partial MFD. In terms of drying kinetics, partial
MFD can therefore be considered representative of the initial part of complete
MFD, in line with the anticipated behavior.

Implementing the partial drying termination criterion to complete MFD yields
a process duration of approximately 1.9 h, corresponding to a 92.0% reduction
compared to the duration of 23.2 h for complete MFD. Therefore, partial drying
in parameter studies enables significantly higher experimental throughput, which
results in shorter development times or a more customized process due to a higher
number of tested parameter combinations. However, it is uncertain whether the
results obtained in this early stage of the drying process will be useful when
conducting a parameter study

To assess drying homogeneity, Figure 4.3 shows the standardized residual mois-
tures for complete MFD in comparison to partial MFD. For complete MFD, there
were only small variations in residual moisture in the range of 0.004 to 0.005.
In contrast to this, partial MFD resulted in residual moistures of the individual
samples ranging from 0.753 to 0.848, indicating differences in drying kinetics
among the individual samples. The narrow range for complete MFD was presum-
ably caused by a convergence of residual moisture towards equilibrium at the end
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Figure 4.2: Drying kinetics of partial MFD in comparison to complete MFD. The inset plot provides
an enlarged view of the initial two hours of MFD. The dashed lines mark the time and
mass at which complete MFD reaches the termination criteriamH2O/mH2O,0 = 0.80
and ṁ < 0.25 g/h.

of drying. Samples that reach residual moisture near equilibrium first have the
slowest drying rate at the end of the process, since only small amounts of water
remain to be removed. The resulting narrow distribution of residual moisture is
not suited for determining the drying homogeneity of the samples. In contrast to
this, partial MFD allowed drying homogeneity to be evaluated due to a broader
range of residual moisture. This is particularly relevant to evaluating the homo-
geneity of dissipated microwave power in MFD. A similar approach was used by
Assegehegn et al. [35] to determine the drying homogeneity in CFD. Drying was
terminated when the primary drying of vials with the highest drying rates was
completed. On this basis, the average drying rates for all vials were calculated
and the drying homogeneities for different process conditions could be compared.
These results support the suitability of partial drying for parameter studies, as
its drying kinetics are representative. Partial drying is particularly suitable for
studying drying homogeneity.
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Figure 4.3: Comparison of standardized residual moistures for partial and complete MFD.

4.4.2 Parameter study

4.4.2.1 Chamber pressure

The process duration of partial MFD is plotted in Figure 4.4 for the chamber
pressures investigated and the corresponding specific dissipated power. Figure A.4
in Section A3 provides the drying kinetics in detail. The decrease in average
chamber pressure from 0.87 mbar to 0.19 mbar reduced the process duration by
18.8%, indicating a correlation between a lower chamber pressure and a shorter
process duration. The differences in the arithmetic means of process duration are
statistically significant, as shown in Table 4.2. In addition to chamber pressure,
dissipated powermust be taken into account. This is because the chamber pressure
influences the frequency and energy efficiency of the applied RF, which leads to
differences in power dissipation. Furthermore, specific dissipated powers varied
at distinct chamber pressure levels due to differences in forward power among
experiments, caused by limitations of the SSG setup used. These constraints are
discussed extensively in Section 4.4.3. In the experiments of the parameter study,
higher specific dissipated power should lead to a shorter process duration [8, 11,
12, 67, 89–92]. Accordingly, a trend to shorter process durations with higher
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Figure 4.4: Process durations of MFD as a function of average chamber pressure. Bubble size
indicates the average specific dissipated power of each experiment.

dissipated power at the individual chamber pressure levels indicates the suspected
influence of the dissipated power. This is particularly visible at 0.19 mbar and
0.87 mbar in Figure 4.4. However, the correlation of chamber pressure with
process duration cannot be explained solely by differences in dissipated power
since the shortest process durations did not occur at the highest levels of dissipated
power (see Table 4.2).

Shorter process durations with lower chamber pressures contradict the literature
results for MFD. According to those results, decreases in chamber pressure led
to longer drying durations in combination with a lower product temperature [11]
or a negligible effect on drying time [89]. To investigate the causes of these con-
tradictions in detail, a one-way ANOVA of several relevant process parameters
was conducted. The corresponding results are shown in Table 4.2. The removed
water mass was almost constant at 45.1 g for all chamber pressures. In contrast
to this, the water mass removed during the 10 min of creating the vacuum before
the application of microwaves was significantly lower for the average chamber
pressure of 0.19 mbar than for the remaining pressure levels (compare Figure A.4
in Section A3). Consequently, less water had to be removed during microwave
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application, which resulted in a shorter process duration. The lower sublimation
temperature at a lower vapor pressure of ice [102] could be the cause of the dif-
ference in removed water mass before microwave application. Since the samples
were frozen outside the process chamber and heated up during handling before
MFD, their temperature presumably dropped to the temperature of sublimation
when the vacuum was applied. The temperature of sublimation can be approxi-
mated by using the chamber pressure for the vapor pressure of ice when assuming
that the atmosphere solely consists of water vapor and that mass transport resis-
tance is negligible at the initial stage of drying. For the average chamber pressures
of 0.19 mbar, 0.47 mbar, and 0.87 mbar, the sublimation temperatures are about
-36.5 °C, -27.9 °C, and -21.8 °C, respectively [102]. Some of the energy released
by cooling the samples may have provided the enthalpy of sublimation, resulting
in a loss of ice from the samples. In addition, the lower temperatures of the
samples at the lower chamber pressure presumably led to a higher energy input by
thermal radiation. Therefore, the result of a higher mass of water removed prior
to the application of microwaves with lower chamber pressure is consistent with
theoretical considerations.

Moreover, the arithmetic means of the drying rate during power application at
the average chamber pressures of 0.19 mbar and 0.47 mbar were significantly
higher than for the experiments at 0.87 mbar. This suggests higher drying rates
with a lower chamber pressure, contradicting the aforementioned literature [11,
89]. However, the relative differences in average drying rates at 0.47 mbar and
0.87 mbar in comparison to 0.19 mbar are relatively small, less than 10%. The
higher drying rate at 0.19 mbar compared to 0.87 mbar is particularly informative
since the data were obtained at similar average specific dissipated powers. The
comparable drying rates between 0.19 mbar and 0.47 mbar may be explained
by a slightly higher specific forward power and energy efficiency at 0.47 mbar,
leading to a higher specific dissipated power. The cause of the slight rise in drying
rate with increasing chamber pressure, contrary to the expectations based on the
literature, could be the relatively low applied power. Thus, the process might
have been limited by the heat transfer. Mass transfer limitations determined by
the chamber pressure might have played a negligible role only. In addition, the
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Table 4.2: Process parameters for the MFD experiments in the parameter study on chamber pressure.
The values indicate the arithmetic mean and the standard deviation of the experiments
performed in triplicate. Different letters indicate significant differences between the arith-
metic means.

Set chamber pressure
pc,set / mbar 0.2 0.5 1.0

Process duration ttotal / s 5029 ± 246C 5595 ± 60B 6196 ± 195A

Average chamber pressure
pc / mbar 0.19 ± 0.00C 0.47 ± 0.00B 0.87 ± 0.00A

Removed water total
∆m / g 45.1 ± 0.3 45.1 ± 0.1 45.1 ± 0.0

Removed water before power
application ∆mpre / g

13.4 ± 1.3A 9.0 ± 0.2B 8.9 ± 0.7B

Average drying rate during
power application ṁav / g/h 22.71 ± 0.82A 23.24 ± 0.09A 21.03 ± 0.71B

Average specific forward
power P f,s / W/g 0.051 ± 0.006A 0.060 ± 0.001A 0.051 ± 0.003A

Average energy efficiency
η / % 75.3 ± 0.5B 78.6 ± 0.8A 76.7 ± 0.3B

Average specific dissipated
power P d,s / W/g 0.038 ± 0.004B 0.047 ± 0.001A 0.039 ± 0.003B

relatively thin, porous layer during partial MFD might not be representative of the
mass transfer limitations in complete MFD. The implications for the applicability
of partial MFD are discussed comprehensively in Section 4.4.3.

To investigate the effects of chamber pressure on drying homogeneity, the residual
moisture of each sample versus chamber pressure is shown in Figure 4.5 (a).
The residual moistures are in a similar range for all chamber pressures with no
outliers, the respective minimum and maximum values being 0.747 and 0.869.
Optical observation showed no impairment of the macroscopic structure in any
sample. Thus, chamber pressure in the range of 0.19 mbar to 0.87 mbar does not
appear to have a significant effect on either drying homogeneity or the product
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structure in partial MFD of tylose gel with the set microwave properties. For each
chamber pressure, the data points accumulate around three residual moistures at
0.76, 0.80, and 0.85. This may be explained by the dependency of the residual
moisture on the position of the samples, as depicted in Figure 4.5 (b). The drying
state of the samples differs since the power dissipation in MFD is inhomogeneous
[137]. In addition to the energy input by microwaves, thermal radiation could
also occur from the uncooled walls of the process chamber. Samples at the edges
and corners of the arrangement are likely to be more exposed to thermal radiation
due to the larger exposed surface. Accordingly, samples in the center of the
arrangement generally exhibit the highest residual moisture, followed by samples
at the edges and the corners of the arrangement. This is consistent with the
observed faster drying of edge vials in CFD, associated with additional energy
input due to thermal radiation [142]. Deviations from the expected residual
moistures are presumably caused by a difference in dissipated microwave power
between samples, as reflected by samples 3 and 4, which have relatively low
residual moistures. Nonetheless, the effects of thermal radiation seem to be
predominant over the effects of the pattern of the electromagnetic field during the
examined part of MFD.

4.4.2.2 Microwave power

In the present study, the average forward power was varied by the activation
ratio. However, the activation ratio affected the power level of the generator, as
will be outlined in Section 4.4.3. To account for this phenomenon, the effect of
microwave power is evaluated via the average specific dissipated power, as the
product of energy efficiency and average specific forward power. Note that the
value of the average specific dissipated power does not correlate linearly with the
activation ratio, i.e., the individual activation ratios do not occur sequentially with
increasing average specific dissipated power. The exact values of the activation
ratio and the specific forward power are given in Table A.5 in Section A3.

The influence of the average specific dissipated microwave power on process
duration is obvious from Figure 4.6. The average specific dissipated power here
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Figure 4.5: (a) Standardized residual moisture as a function of the average chamber pressure. Data
sets consist of experiments in triplicate with 24 samples each. (b) Standardized residual
moisture plotted over sample position for investigated average chamber pressures. The
sample position k describes the placement of the samples, as depicted in Figure A.3 in
Section A3. Different shapes mark individual experiments and dashed lines mark the
transition between rows of samples.

correlates approximately linearly with the average forward power since the average
energy efficiency was relatively constant at 77.7% to 80.3%. In Figure 4.6,
the higher average specific dissipated power correlates with a shorter process
duration. For instance, the process duration dropped by 46.7% when the average
specific dissipated microwave power increased from 0.048W/g to 0.143W/g. The
observed correlation between the higher microwave power and shorter process
duration in partial MFD is in agreement with the literature on complete MFD [8,
11, 12, 67, 89–92]. Therefore, partial MFD seems to be suitable for qualitatively
studying the effect of microwave power. The resulting drying kinetics at the
investigated power levels are shown in detail in Figure A.4 in Section A3.

In Figure 4.6, isenthalpic lines are plotted next to the experimental data. The red
line corresponds to the enthalpy of sublimation, while the blue line additionally
accounts for the enthalpies for heating the dry product matrix and water vapor
to ambient temperature. All data points should be located in the area colored
gray between the isenthalpic lines when assuming that energy was supplied by
microwaves only and all energy was utilized to supply the enthalpy of sublimation
or to heat the product. These assumptions are not satisfied, since no data point
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4 A time-saving approach to parameter studies in MFD

Figure 4.6: Process duration of MFD as a function of the average specific dissipated power. The red
line indicates the time at which the average required enthalpy of sublimation is supplied
by microwaves. The blue line additionally accounts for the average energy required for
heating the dried product matrix and water vapor to room temperature, which is supplied
by microwaves only.

is located within the gray area. At low power levels, less electromagnetic energy
was dissipated in the process chamber than required for sublimation. At medium
to high power, more energy was dissipated in the process chamber than required
to heat the water vapor and dry product matrix in addition to providing the
sublimation enthalpy. These observations suggest at least two mechanisms of
energy transfer. The presence of some points below the curve of sublimation
enthalpy indicates that there is another source of energy apart from microwaves
contributing to the enthalpy of sublimation. One possible mechanism is thermal
radiation from the uncooled walls of the process chamber. With low dissipated
power, lower temperatures on the product surface might have contributed to an
increased energy transfer by thermal radiation. At medium and high dissipated
power, more energy dissipated in the process chamber than theoretically required
for sublimation as well as for heating the samples and water vapor. This suggests
that electromagnetic energy did not dissipate in the samples but elsewhere, e.g.,
in the product support or gaskets. In addition, it is known that microwave power
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losses may occur in resonators due to induced currents in the walls of the process
chamber [143]. Furthermore, it might be necessary to supply additional latent
enthalpy to remove water from the samples, e.g., for the desorption of unfrozen
water, which is known to be present in tylose gel [126].

To evaluate drying homogeneity, the standardized residual moistures of the dried
samples are depicted as a function of the average specific dissipated power and as
a function of sample position in Figure 4.7. The range of the residual moisture
is approximately constant with average specific dissipated powers, ranging from
0.743 to 0.872 at <0.075 W to 0.741 to 0.875 at >0.125 W/g. These similar
ranges can be explained by the same patterns of the electromagnetic field, which
are not affected by microwave power. In contrast to frequency, microwave power
only affects the amplitudes of the electromagnetic field. As with the parameter
study on chamber pressure, the samples in the center of the arrangement in
Figure 4.7 (b) have the highest residual moisture contents. Presumably, this is
also due to the effect of thermal radiation. However, there are outliers in residual
moisture at positions 1, 3, and 4 at a specific dissipated power >0.075 W/g. At
>0.125 W/g, these outliers appear to be more frequent, although this statement is
not conclusive due to the small number of outliers. Optical observations showed
that these outliers were structurally impaired samples, as depicted in Figure A.6
in Section A3. The formation of relatively large pores inside the samples was
presumably caused by the melting of the samples. Liquid water absorbs more
microwave power than ice. The increased uptake of energy following melting
probably led to the buildup of vapor pressure inside the samples. This impaired
the macroscopic structure when the product matrix could no longer withstand
the pressure gradient. This mechanism of product impairment is referred to as
puffing. Puffing correlated with a relatively low residual moisture. This was
probably caused by the relatively high amount of dissipated energy due to melting
and the formation of large pores inside the samples.
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Figure 4.7: (a) Standardized residual moisture as a function of the average specific dissipated power
for experiments in the parameter study on microwave power. (b) Standardized residual
moisture plotted as a function of the position of the samples, grouped by the levels of
average specific dissipated power. The sample position k indicates the placement of the
sample in analogy to Figure 4.5 (b). Dashed lines mark the transition between rows of
samples, while different shapes indicate individual experiments. Blank symbols mark
samples with an impaired structure by puffing.

4.4.2.3 Microwave frequency

The results below complement already published data [137] to enable a compar-
ison with the other parameters studied. To evaluate the effects of frequency on
MFD, Figure 4.8 shows the process durations for the applied frequency-based
control concepts with the bubble size reflecting the average specific dissipated
power. In addition, Figure A.7 in Section A3 displays the drying kinetics in
detail. The control concepts 1RF and 6RF have the shortest process durations in
a comparable range, followed by 6EF and 1MF.

The results from a one-way ANOVA in Table 4.3 confirm significant differences
in average drying duration between the control concepts 1MF, 6EF, and 6RF,
while the difference between 6RF and 1RF is not significant. Compared to the
most time-consuming control concept 1MF, the application of 6RF shortened
the average process duration by 51.2%. In contrast to the parameter study on
chamber pressure, both the total water mass removed and the water mass removed
before microwave application remained relatively constant in all experiments. The
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Figure 4.8: Process durations of MFD versus the applied frequency-based control concept. Bubble
size reflects the average specific dissipated power of each experiment.

average chamber pressure was also constant, as expected. The average drying rates
during power application differed visibly from 15.03 g/h for 1MF to 39.97 g/h
for 6RF, although no statistical significance could be calculated since not all
prerequisites for an ANOVA were fulfilled. Nevertheless, these results underline
the tremendous influence of the applied frequencies on the drying rate.

The forward power of the SSG in the present study was dependent on frequency,
leading to average specific forward powers of 0.063W/g for 1MF up to 0.111W/g
for 6RF. These differences could not be fully resolved within the scope of this
work. For instance, different forward powers may have been the cause of the
slightly shorter process duration of 6RF compared to 1RF, despite the higher
average energy efficiency of 1RF. Further details on the limitations of the exper-
imental setup can be found in Section 4.4.3. Nevertheless, the statements made
on the influence of frequency remain valid when the processes are evaluated in
terms of energy efficiency or specific dissipated power. The differences in aver-
age energy efficiency are in the range of 24.6% for 1MF to 92.4% for 1RF. This
large range of energy efficiency can be explained by the frequency dependence
of modes, which are associated with specific patterns of the electromagnetic field
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inside the process chamber. The different modes present with each control con-
cept influence the interaction of the samples in the process chamber with the
electromagnetic field, presumably causing differences in energy efficiency. The
excitation of RFs in 1RF and 6RF was associated with a particularly high energy
efficiency from 83.6% to 92.4%. The possibility of increasing energy efficiency
with targeted frequency control has also been demonstrated in microwave-assisted
heating [18, 19, 21, 135]. The energy efficiency, in turn, determines the specific
dissipated power, which correlates with the drying rate. The same correlation of a
higher drying rate with increasing dissipated power was observed in the parameter
study on microwave power.

The application of frequency-based control concepts has significant effects on
drying homogeneity in MFD. This is shown by previously published data [137],
where a partial MFD was conducted using the experimental setup and control
concepts of the present study. To complement the data already published, the
residual moisture is plotted versus the sample position and the frequency-based
control concept in Figure 4.9. Even though the typical patterns of residual mois-
ture associated with thermal radiation are recognizable for all control concepts,
differences can be found between the control concepts. The application of multi-
ple frequencies instead of one frequency resulted in increased drying homogeneity
at similar dissipated power, namely 1MF compared to 6EF and 1RF compared to
6RF. Puffing occurred in the experiments at 1RF exclusively, although the dissi-
pated microwave power was lower than for 6RF. This indicates a more uniform
average power dissipation over time when multiple frequencies are used. These
results are consistent with the literature on microwave-assisted heating, which
shows higher heating homogeneity for targeted excitation of multiple frequencies
[19, 21, 135]. Frequency, hence, is the only parameter investigated that results in
a substantially increased drying homogeneity.
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Figure 4.9: Standardized residual moisture plotted against the position of the samples for the control
concepts (a) 1MF, (b) 1RF, (c) 6EF, and (d) 6RF. Blank symbols mark samples with an
impairedmacroscopic structure by puffing. The sample position k describes the placement
of the sample in analogy to Figure 4.5 (b). Dashed lines mark the transition between rows
of samples, while different shapes indicate individual experiments

4.4.3 Limitations and future work

The proposed approach of utilizing partial MFD in parameter studies enables
tremendous time savings for the evaluation of process parameters like chamber
pressure, microwave power, and microwave frequency regarding their influence
on drying kinetics and drying homogeneity. While results from the parameter
study on frequency and power are consistent with the expectations based on the
literature, the results of the parameter studies on chamber pressure contradicted
the expected results. Limitations of heat transfer due to low applied power or
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the relatively thin dried layer that is not representative of a complete MFD are
possible causes of the discrepancies, as discussed in Section 4.4.2.1.

Complete MFD would allow for the evaluation of the final product quality. This
is inherently impossible for partial MFD since the samples are still partly moist.
During MFD, however, the DPs of the product change significantly, causing shifts
in the frequency-dependent energy efficiency and the frequency of resonant modes
[137]. In the present study, modulation of frequencies during drying was omitted,
since the shift of RFs during the initial part of primary drying was assumed to
be negligible. During complete MFD, the applied frequencies would have to be
adjusted throughout drying to ensure the excitation of desired frequencies over
the whole course of drying.

Future work on partial MFD should focus on adjusting the termination criterion
to investigate whether the expected results can be obtained for the influence of
chamber pressure. Extending the process duration by applying a lower residual
moisture content as a termination criterion, e.g., 60 wt% or 70 wt%, could be a
solution. To test the universal suitability of partial MFD for parameter studies,
its application to other products and parameter spaces should be investigated. In
a broader context, partial drying could also be evaluated for other microwave-
assisted drying processes. Additionally, complete MFD experiments with modu-
lation of microwave frequency should be conducted to enable the evaluation of
product quality. Various frequency-based control concepts should be compared
since this study has shown that frequency is an influential parameter affecting
drying kinetics, energy efficiency, and drying homogeneity. MFD should also be
compared to CFD to ensure its competitiveness with the established process in
terms of product quality and process duration.

In the present work, the forward microwave power varied considerably among
experiments, as can be seen in Tables A.6 to A.9 in Section A3. A prominent
example from the parameter study on microwave power is the decreasing forward
power when the activation ratio increased. Presumably, this can be attributed
to a temperature rise in the SSG with low pause times. This could not be
prevented due to a lack of control based on the measurement of reflected power
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and forward power. Recalibrations of the SSG between parameter studies are
another possible cause of deviations. These inconsistencies in forward power
may conceal the influence of chamber pressure and frequency in the respective
parameter studies. To prevent these inconsistencies, the effects of fluctuations in
average specific dissipated microwave power, which is directly linked to specific
forward power, were taken into account in all experiments. For future studies, it
would be desirable to achieve more equal forward power between experiments,
e.g., through frequency-dependent calibration or adaptive power control. Lastly,
future work should focus on using the developed framework for high-throughput
experiments in MFD to optimize the process by varying multiple variables.

4.5 Conclusions

Partial MFD is suggested as an approach to a time-efficient process design by
increasing the throughput of experiments in parameter studies. Experiments
were terminated when 20 wt% of the initial water content was removed from the
samples. This would lead to a 92.0% reduction in the process duration compared
to complete MFD. As expected, partial MFD exhibited drying kinetics similar to
the initial phase of complete MFD. Moreover, the early termination enabled an
investigation of drying homogeneity, which could not be determined when drying
the product completely. While the influence of process parameters on drying
kinetics and drying homogeneity can be evaluated with the proposed approach,
product quality cannot, as the samples are partly moist.

To verify the applicability of the proposed approach, parameter studies on cham-
ber pressure, microwave power, and microwave frequency were carried out and
compared to results from the literature. A reduction in process duration of 18.8%
was observed with a decrease in average chamber pressure from 0.87 mbar to
0.19 mbar. The difference in process duration can be attributed to the removal
of a higher mass of water before microwave application and higher drying rates
during microwave application at a lower chamber pressure. The latter results are
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not in line with the literature, where a decrease in drying time with chamber pres-
sure due to a lower product temperature or no significant correlation was found.
Moreover, higher microwave power up to the average specific dissipated power of
0.143 W/g led to a 46.7% shorter process duration in comparison to 0.048 W/g.
A targeted adjustment of microwave frequency through control concepts had a
significant influence on the process duration, reducing it by up to 51.2% in com-
parison to the longest process. One cause is the frequency-dependent energy
efficiency, which influenced the specific dissipated power. The application of RFs
exhibited the highest energy efficiencies ranging from 83.6% to 92.4%. These
results for power and frequency are qualitatively consistent with the literature.

Generally, drying homogeneity was not influenced substantially by chamber pres-
sure or microwave power, although outliers in residual moistures were observed
in the parameter study on power for a specific dissipated power >0.075 W/g.
The respective samples showed structural impairments presumably caused by the
melting of the samples during MFD. However, drying homogeneity was increased
when applying multiple frequencies at similar levels of specific dissipated power,
as shown in a previous study [137].

Partial MFD produced the expected results regarding the influence of microwave
properties. This underlines the general suitability of the approach proposed for
investigating the influence of process parameters in a time-efficient manner. The
expected influence of chamber pressure could not be observed, presumably due to
low input power and limitations throughmass transfer occurring during later stages
of drying. Partial drying is not limited to MFD but may be applied to a wide range
of drying processes. The achieved time savings could play an important role when
investigating the simultaneous adaptation of multiple process parameters by using
solid-state technology. Targeted adaptation of microwave frequency had the most
pronounced effect on energy efficiency and could be utilized to increase drying
homogeneity. For future work, selective adjustment of frequency during drying
based on measurement of forward and reflected power seems to be a particularly
promising approach.
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5.1 Abstract

In microwave-assisted processes, solid-state microwave technology enables con-
trol of the electromagnetic field,which can be used for process intensification. This
work investigates the impact of real-time frequency adjustment on microwave-
assisted freeze-drying (MFD). Frequency-based control concepts were applied in
experiments with tylose gel as a food model product in a laboratory-scale plant.
By applying energy-efficient resonant frequencies based on feedback related to
product state, the drying time was reduced by 24.2% compared to conventional
freeze-drying (CFD) due to increases in energy efficiency. Comparable tem-
perature profiles, residual moistures, and ascorbic acid retentions to CFD were
achieved. However, structural degradation occurred with MFD in up to 10.4% of
the samples. The degradation could be counteracted by more refined frequency
and power application. In summary, this work demonstrates the high potential of
frequency-based control for MFD process intensification.

5.2 Introduction

In process engineering, microwaves represent an alternative approach to energy
supply, which can be used for process intensification. Contrary to convection, con-
duction, and thermal radiation in conventional thermal processing, the generation
of heat via microwaves results from the interaction of the processed materials
with an electromagnetic field [54]. The respective dielectric properties (DPs)
characterize these interactions. Microwave application is associated with several
advantages, such as selective heating, volumetric heating, and reduced process
times [41]. In the context of food process engineering, the use of microwaves has
been investigated for a variety of processes, such as freeze-drying (FD) [11, 137],
vacuum drying [144, 145], heating [19, 21, 24], frying [146], and defrosting [20].

In recent years, solid-state generators (SSGs) have emerged in the context of pro-
cess engineering. Literature reports their use for the generation of microwaves
in various microwave-assisted processes [14, 18, 24, 27, 115, 140, 147–149].
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Unlike conventionally used magnetrons, SSGs allow precise control of the elec-
tromagnetic field by modulating the microwave power, microwave frequency, and
phase shift between SSGs [17]. The additional degrees of freedom in controlling
the electromagnetic field can be used to optimize processes [150]. Adjusting
the frequency proved to be particularly promising in this context. Applying
frequency sweeps increased heating uniformity in microwave-assisted heating
processes [132, 139]. More elaborate schemes of targeted frequency control,
informed by preliminary experiments, resulted in increased energy efficiency
[21, 24, 135] and temperature homogeneity [19, 21, 24, 135]. High energy effi-
ciency was achieved by applying individually energy-efficient frequencies and the
excitation of multiple frequencies increased temperature homogeneity. In some
studies, the frequencies were intentionally selected based on the corresponding
heating pattern so that hot and cold spots would compensate each other during
processing [21, 135]. A trade-off between energy efficiency and temperature ho-
mogeneity was found when modulating the electromagnetic field [21, 115]. Only
one of the two parameters could be maximized. Some authors suggest control
concepts to achieve a high performance regarding both parameters [21, 24]. All
of these control concepts for frequency are determined before the start of the
experiment. Therefore, the applied frequencies are not affected by any real-time
feedback related to the product state.

The mentioned control concepts are limited in their applicability to processes
where the product state undergoes significant changes over time, arising from the
substantial effort required to base control concepts for these processes solely on
prior experiments. The changes in product state occur mandatorily in microwave-
assisted processes where phase transitions are an explicit goal, such as drying,
defrosting, or pyrolysis. In these processes, a shift of frequencies with a local
maximum in energy efficiency, so-called resonant frequencies (RFs), over process
time was observed in monomodal cavities [27, 148]. These shifts were associ-
ated with changes in product state, presumably correlated with changing DPs.
Simulation-based preliminary work on microwave-assisted freeze-drying (MFD)
in a multimodal cavity showed that multiple RFs shifted to higher frequencies
[137]. It is considered possible to increase both energy efficiency and power
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input homogeneity in MFD by applying multiple RFs, as it has been shown for
microwave-assisted heating. The shifts in RFs, however, pose a challenge to their
application throughout MFD, as frequency adjustment is required as a function
of the product state. As far as the authors know, there has been no study of
process control using frequency adjustment of RFs during the thermodynamically
complex process of MFD based on real-time feedback related to product state.
The approach would allow for targeted frequency adaption despite the substantial
changes in product state. This extends the applicability of the approach to various
processes and products without requiring excessive prior experiments.

This work investigates the effects of real-time frequency adjustment on the MFD
process and selected product properties. The applied frequency-based control
concepts are based on feedback related to the product state. The results are
compared to conventional freeze-drying (CFD) as a benchmark. The experiments
are conducted in a laboratory-scale dryer with tylose gel acting as a food model
product. In MFD, microwave control is implemented using algorithms that adjust
the microwave frequency based on product state. While focussing on control
concepts with frequency adjustment during drying, control concepts with constant
frequencies are also investigated as benchmarks. Targeted frequency adjustment is
expected to increase energy efficiency throughout MFD, as shown for microwave-
assisted heating. The resulting higher dissipated power may lead to an increase in
product temperature and drying rate. Regarding product properties, there should
be no discernible effect on residual moisture, provided that the termination criteria
are selected appropriately for complete drying. Higher product temperature could
lead to a decrease in thermally unstable compounds. Higher dissipated microwave
power above a threshold is expected to cause more macroscopic impairment of
the product, as observed in previous work for the initial stage of MFD [150].
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5.3 Materials and methods

5.3.1 Model product

Tylose gel cuboids with ascorbic acid (AA) as a tracer substance served as a
food model product. The sample preparation was identical to the procedure de-
scribed in a previous paper [137]. In brief, tylose gel composed of 76.23 wt%
demineralized water, 23.77 wt% tylose MH1000 (Kremer Pigmente, Aichstet-
ten, Germany), and 1.00 wt% L-(+)-AA (Carl Roth, Karlsruhe, Germany) was
produced. Then, cuboids of tylose gel were molded in dimensions of around
25 mm × 25 mm × 10 mm with a weight of 12.50 ± 0.05 g each and frozen at
-30 °C for a minimum of 14 h.

5.3.2 Freeze-drying system

Figure 5.1 shows a schematic view of the laboratory-scale FD system and a
depiction of the process chamber. The stainless steel process chamber had inner
dimensions of 612 mm × 400 mm × 300 mm. A custom-made cold trap (UCCT,
Vienna, Austria) and a NEO D 65 vacuum pump (Leybold, Cologne, Germany)
were connected in series to the process chamber. The cold trap temperature and
the chamber pressure were set to -60 °C and 0.5 mbar in all experiments. An
HY2020 SSG (TRUMPF, Freiburg, Germany) was connected via a coaxial cable
to a waveguide port centrally embedded in the top of the process chamber. The
SSG could generate microwaves of up to 600 W in power and frequencies from
2400MHz to 2500MHz at intervals of 0.01MHz. Based on qualitatively validated
electromagnetic simulations, we inferred a relatively uniform distribution of the
power associatedwith the dissipation of the electromagnetic field among the tylose
samples, particularly when multiple frequencies are applied [137]. For CFD, a
custom-built modular heat exchanger was placed in the process chamber as a
product support. An AC200 thermostat (Thermo Fisher Scientific, Henningsdorf,
Germany) could be set to -5 °C to 70 °C to regulate shelf temperature. The sensors
used were a CMR363 capacitive pressure sensor (Pfeiffer, Aßlar, Germany), three
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Figure 5.1: (a) Schematic representation of the laboratory-scale MFD setup. m – load cell, P –
sensor microwave power, pC – capacitive pressure sensor, ϑi – fiber optic temperature
sensors. (b) Process chamber with no peripheral devices connected.

FOS-TG fiber optic temperature sensors (Rugged Monitoring, Quebec, Canada),
and a PW4MC3/2 kg load cell (Hottinger Brüel & Kjaer, Darmstadt, Germany).
Moreover, the internal sensors of the SSG for forward power and reflected power
were used. The PW4MC3/2 kg load cell was connected to a product support made
of polyether ether ketone, which was placed centrally at the bottom of the process
chamber and could be used for MFD only. Scripts in Matlab 2020b (MathWorks,
Natick, USA) were used to store the recorded process parameters and control the
power and frequency of the microwaves throughout drying.

Calibrationwas performed for all sensors. FOS-TG sensors underwent three-point
calibrations using a Pt-25 platinum resistance thermometer MKT25 (Rosemount,
Shakopee, USA). The PW4MC3/2 kg load cell was calibrated using calibration
weights, covering product weights up to 300 g. The SSG and the CMR363
pressure sensor were acquired in a calibrated state during the construction of the
system.

5.3.3 Process characterization

Process characterization of MFDwas conducted to determine the initial RFs. RFs
are defined here as the frequencies with a local maximum in energy efficiency.
Twenty-four frozen cuboids of tylose gel were placed centrally on the product
support with a spacing of 5 mm, as depicted in Figure 5.2. Fiber optic temperature
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Figure 5.2: Placement of samples on product support for MFD. Samples equipped with fiber optic
temperature sensors are marked in red and samples for determination of ascorbic acid
content are marked in yellow. The samples in the bottom row are adjacent to the front
door of the process chamber. The samples were placed centrally on the heat exchanger in
the same arrangement for CFD.

sensors were positioned centrally in samples 4, 6, and 10, in which holes were
drilled during sample preparation. Subsequently, the process chamber was sealed
airtight and the valve to the vacuum pump was opened. The application of
microwaves started 10 min after the vacuum application. A frequency sweep in
the range of 2400 MHz to 2500 MHz was performed with an interval of 0.1 MHz
and the minimally feasible set forward power of 50 W. From the reflected power
Pr and forward power Pf monitored by the SSG, the energy efficiency η was
calculated by η = 1− Pr/Pf . The results of an exemplary frequency sweep are
shown on the left in Figure 5.3. All process characterizations were repeated three
times. The final RFs were calculated as the arithmetic means of the three RFs
obtained.

5.3.4 Drying procedure

For MFD, the starting procedure and the placement of samples were identical
to the process characterization described in Section 5.3.3. The application of
microwaves marked the start of the process time. The process specifications set
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Figure 5.3: Flowchart of frequency adjustment during MFD experiments in the context of process
characterization.

for all experiments were a forward power of 50 W and an activation ratio of
0.5. The latter describes the time ratio the SSG was active when applying each
frequency for 10 s. When multiple frequencies were used, the frequencies were
applied in a loop in ascending order. The following frequency-based control
concepts were investigated.

• Single Constant Frequency (1CF) – constant frequency of 2420 MHz,

• SixEquidistant Frequencies (6EF) – six constant frequencies from2400MHz
to 2500 MHz in an interval of 20 MHz,

• Six Minimum Resonant Frequencies (6RFmin) – six RFs displaying the
lowest energy efficiencies, purposefully adjusted during MFD, and

• Six Maximum Resonant Frequencies (6RFmax) – six RFs displaying the
highest energy efficiencies, purposefully adjusted during MFD.

The primary focus of the investigations was on the control concepts 6RFmin and
6RFmax, which implemented real-time modulation of the microwave frequency
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based on the product state. Previous electromagnetic simulations have demon-
strated the potential benefits of similar control concepts based on applyingmultiple
RFs [137]. The remaining control concepts, 1CF and 6EF, maintained constant
frequencies throughout the drying process, allowing comparisons with bench-
mark processes. Specifically, 6EF was selected for its equivalence in the number
of applied frequencies to 6RFmin and 6RFmax, while 1CF represents the most
straightforward application of microwave frequency. Furthermore, the substantial
difference in energy efficiency between 6RFmin and 6RFmax enabled the assess-
ment of the impact on energy efficiency or dissipated power within the control
concepts employing real-time frequency modulation. MFD was terminated when
the drying rate ṁ was less than 0.25 g/h, calculated over 1 h.

The specifications for CFD were established in preliminary experiments using
the criteria of complete and fast drying without compromising product quality.
The thermostat temperature was initially set to -5 °C as the minimally viable
temperature to prevent the melting of the samples due to contact with the hot
shelf. The samples were placed centrally on the heat exchanger with the sample
and temperature sensor positions shown in Figure 5.2. Following a vacuum
application for 10 min, the thermostat was set to 70 °C, indicating the start of
the process time. When all temperature sensors reached a temperature difference
of less than 2 K/h over 20 min, the process was extended by 20% of the current
process duration before termination. All drying experiments were conducted at
least in duplicate.

5.3.5 Control algorithm frequency

The applied frequency-based control concepts can be subdivided into control
concepts with constant frequencies, 1CF and 6EF, and concepts with frequency
adjustment throughout drying, 6RFmin and 6RFmax. An approach to real-time
frequency adjustment was developed for 6RFmin and 6RFmax to enable the fre-
quent update of RFs throughout drying in a time-saving manner. The concept is
based on the shift of RFs to higher frequencies during MFD [137] and is depicted
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schematically in Figure 5.3. The initial RFs, as determined in process characteri-
zation, were provided as inputs to the control algorithm. At the beginning of the
process, the frequency range around all RFs was screened locally for maximum
energy efficiency. The range was -0.5 MHz to +0.5 MHz around each RF at
an interval of 0.1 MHz. The frequencies of maximum energy efficiency were
stored as the new RFs. Subsequently, the most recent RFs were selected for the
drying process. The six RFs with the lowest energy efficiency were applied for
the control concept 6RFmin, while the six RFs with the highest energy efficiency
were used for 6RFmax. Every 20 min, the screening and application of updated
RFs were repeated analogously to the beginning of the process.

5.3.6 Sample analysis

5.3.6.1 Structure

An X-ray microscope Xradia 520 Versa (Carl Zeiss, Oberkochen, Germany) was
employed to visualize the sample structure in µ-CT. Details on the microscope,
the schematic experimental setup, and the principles of µ-CT can be found in
the literature [151]. Exemplary specimens of intact and impaired samples were
placed on the sample holder. For image capture, the imaging mode was set to
tomography, the optical magnification to 0.4, the exposure time to 1 s, and the
binning to 1. The source settings for voltage and power were 80 kV and 2 W,
respectively.

5.3.6.2 Residual moisture

The weights of the samples after drying mFD were determined using a balance
type 1518 (Sartorius, Göttingen, Germany). Following FD, the samples were cut
in half and examined for macroscopic structural impairment. Samples 16, 22, and
24 were set aside for later determination of AA retention. The remaining samples
were placed in a T6060 drying oven (Heraeus, Hanau, Germany) at 105 °C for
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at least 24 h. Subsequently, the samples were weighed using an LS 220A SCS
precision balance (Precisa, Dietikon, Switzerland). The respective weight was
used as the dry massmdry to calculate the dry basis residual moistureXres with
Xres = (mMFD −mdry)/mdry.

5.3.6.3 Ascorbic acid retention

Analysis of AA retention was performed according to [152]. For this purpose,
samples 16, 22, and 24 were ground using a coffee grinder M 55 (Petra Deutsch-
land, Ense, Germany) and then classified with a sieve into particles smaller than
1 mm. A Precisa LS 220A SCS precision balance was used to weigh a sample
mass corresponding to 0.013 g AA in the undried state. The weighed sample was
mixed with 50 mL of double-distilled water and stirred for 30 min at 200 rpm
using a PC-420D magnetic stirrer (Corning, Corning, USA). The resulting sus-
pension was homogenized with an ULTRA-TURRAX T 25 (IKA-Werke, Staufen
im Breisgau, Germany) using an S 25 N - 18 G dispersing tool (IKA-Werke,
Staufen im Breisgau, Germany) at 5000 rpm for 2 min. Subsequently, 2 mL of a
1 wt% starch solution (Carl Roth, Karlsruhe, Germany), 2 mL of a 2-M potassium
iodide solution (Carl Roth, Karlsruhe, Germany), and 6 mL of 1-M sulfuric acid
were added. The mixture was stirred at 280 rpm with a magnetic stirrer, while a
0.001-M potassium iodate solution (Carl Roth, Karlsruhe, Germany) was titrated
dropwise until the equivalence point was reached. This was reflected by a color
change of the liquid to red-violet. The titration volume was converted into the
corresponding mass mAA and retention mAA/mAA,0 of AA using the equation
mAA = 3VIO−

3
cIO−

3
M̃AA. Here, VIO−

3
and cIO−

3
are the volume and molar con-

centration of the iodate solution, while M̃AA is the molar mass of AA. The initial
mass of AA mAA,0 was calculated from the mass of the weighed sample and the
composition of the tylose gel. Since the potassium iodide solution is sensitive to
light, it had to be prepared immediately before the experiment and then shielded
from light. The determination was done in triplicate for each sample.
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5.4 Results and discussion

5.4.1 Influence of frequency control on MFD

5.4.1.1 Energy

Targeted frequency application in microwave-assisted heating increased energy
efficiency, resulting in a higher average product temperature [24]. For the initial
stage of MFD, targeted frequency application was linked to increased energy
efficiency [150]. Figure 5.4 (a) shows the energy efficiency as a function of time
to evaluate the transferability of these results to completeMFD. In all experiments,
energy efficiency tended to decrease during drying. Applying 6RFmax and 6RFmin

yielded the highest energy efficiencies throughout drying, averaging 64.63% and
43.62%, respectively. The 6EF and 1CF control concepts followed in descending
order with 40.12% and 37.49%, respectively. Targeted application of frequencies
by real-time adjustment throughout MFD with 6RFmax led to an absolute increase
in energy efficiency of 24.51% compared to 6EF. With 6EF, the same number of
frequencies was applied but kept constant throughout drying.

Figure 5.4: (a) Energy efficiency as a function of process time for the applied control concepts in
MFD. (b) Energy efficiency as a function of dry basis moisture. The energy efficiency
of the frequency loops in 6EF, 6RFmin, and 6RFmax was calculated as the average of the
individual frequencies.

138



5.4 Results and discussion

Periodic jumps in energy efficiency occurred for the control concepts with fre-
quency adjustment, 6RFmin and 6RFmax. The jumps occurred at intervals of
20 min, immediately after the search for RFs. While relatively small jumps are
probably caused by slight frequency adjustments, more pronounced jumps are
related to applying a modified set of RFs. The latter occurred when local maxima
in energy efficiency were lost or redetected around previously applied RFs. The
replacement of previously applied RFs with different RFs of notably higher or
lower energy efficiency presumably led to the more pronounced jumps in energy
efficiency.

Figure 5.4 (b) shows the average energy efficiency as a function of dry basis
moisture to emphasize the dependence of energy efficiency on product state.
Using 6RFmax generally resulted in the highest energy efficiency throughoutMFD,
particularly at amoisture content of less than 2.5 g/g. On the other hand, the overall
energy efficiency reached by 6RFmin was similar to those of control concepts
without frequency adjustment.

A comparison of 6RFmax and 6RFmin shows that RF application can adjust the
energy efficiency over a wide range throughout the drying process. This is
particularly advantageous at low moisture content towards the end of drying.
At this stage, energy efficiency is lowest when constant frequencies are used in
1CF and 6EF. The particularly low energy efficiency is probably due to the low
DPs of the dried tylose gel compared to the frozen state [137]. The flexible
solid-state technology may be used in further fine-tuning to adjust the energy
efficiency between the values of 6RFmin and 6RFmax intentionally using different
combinations of RFs. For example, using the highest possible number of RFs may
result in a highly uniform drying process. Further increases in energy efficiency
are also possible by higher weighting of highly energy-efficient RFs via a more
prolonged activation of these frequencies.

Compared to the average energy efficiency of 43.6% of MFD with 6RFmin, the
process with 6EF reached a similar value of 40.1%. This corresponds to a
relative deviation of 8.7%. Process duration varied between 16.32 h for the
6RFmin process and 18.97 h for the 6EF process, corresponding to a deviation
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of 14.0% (see Section 5.4.1.3). This discrepancy can be explained partly by
varying forward powers at different frequencies since multiplying forward power
by energy efficiency gives the dissipated power. Literature shows the correlation of
the dissipated power with the heating power in microwave-assisted heating [153]
and with the drying kinetics inMFD [150]. Unfortunately, the SSG used delivered
a frequency-dependent forward power, contributing to different power dissipation
in the experiments. Figure 5.5 shows the dissipated power nominated to the sample
weight at the start of MFD in dependence on process time. The differences in
the relative positions among the experiments between Figures 5.5 and 5.4 (a)
can be attributed to variations in forward power during the experiments. Aside
from energy efficiency, forward power is the sole parameter influencing dissipated
power (see Section 5.3.3).

Figure 5.5: Dissipated power standardized to the sample mass at the start of MFD as a function of
process time for the applied control concepts in MFD. The specific dissipated power of
the frequency loops in 6EF, 6RFmin, and 6RFmax was calculated as the average of the
individual frequencies.

To further investigate the interactions amongmicrowave parameters, Table 5.1 lists
the average specific forward power, average energy efficiency, and average specific
dissipated power for all experiments. Both specific dissipated power and energy
efficiency vary for the control concepts. The specific forward power is comparable
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Table 5.1: Average values of the microwave-related process parameters of all MFD experiments. The
parameters were averaged over all frequencies and the entire process time.

Control
Concept

Average Specific
Forward Power
Pf,s,proc / W/g

Average Energy
Efficiency ηproc / %

Average Specific
Dissipated Power
Pf,s,proc / W/g

1CF 0.135; 0.137; 0.143 37.1; 37.6; 37.7 0.050; 0.052; 0.054
6EF 0.126; 0.133; 0.140 39.6; 40.8; 40.1 0.052; 0.057; 0.059
6RFmin 0.173; 0.188 43.3; 44.0 0.073; 0.079
6RFmax 0.181; 0.180 64.9; 64.3 0.112; 0.109

between 1CF and 6EF and between 6RFmin and 6RFmax. Consequently, the
difference in forward power must be considered when analyzing the impact on the
process, especially when comparing the two groups of adjusted and non-adjusted
control concepts. For instance, the different process durations of 6RFmin and
6EF at similar energy efficiency are caused by differences in the forward power.
Despite these limitations, the apparent difference in energy efficiency between
6RFmax and the remaining control concepts reveals that microwave frequency
influences the conversion of electromagnetic energy into heat, thereby affecting
the drying process.

5.4.1.2 Sample temperature

Higher dissipated microwave power is expected to lead to increased temperatures
of the samples. Figure 5.6 shows the temperature of sample 6 in the corner of
the arrangement (see Figure 5.2) as a function of process time. Sample 6 was
chosen, as this sample reached the highest temperature of samples 4, 6, and 10,
as depicted in Figure A.8 in the Appendix. The presumable cause is thermal
radiation from the walls of the process chamber, as was indicated in previous
work [150]. Only one experiment of each process is shown for the sake of
clarity. Figure A.9 in the Appendix shows the reproducibility of the temperature
curves. The samples in CFD showed the most considerable deviations among
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Figure 5.6: Temperature of sample 6 as a function of process time forMFDandCFDexperiments. One
experiment is shown for each process. The solid lines mark the temperatures measured
inside the samples. The dash-dotted line marks the thermostat temperature in CFD.

experimental repetitions, presumably due to the varying contact area between
the slightly uneven samples and the heat exchanger. The temperature curves are
typical for MFD [11, 14]. The temperature initially increases relatively quickly
as soon as microwave power is applied. A phase of slowly increasing temperature
follows due to the energy required to supply the latent enthalpy of sublimation.
After that, the rate of temperature change increases, as the decreasing sublimation
requires less energy before the dry samples reach an equilibrium temperature. In
this state, the dissipated microwave power and heat losses due to thermal radiation
and conduction are approximately equivalent.

Periodic temperature jumps were observed when the frequencies were adjusted in
6RFmin or 6RFmax, mirroring the observed jumps in energy efficiency. Therefore,
the increase in energy efficiency led to a higher power loss inside the samples.
The power was not just dissipated elsewhere, e.g., in the coaxial cable or as wall
losses.

The dissipated power, standardized to the mass of the samples at the start of
MFD and averaged over the respective experiments, increases in the order of 1CF,
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6EF, 6RFmin, and 6RFmax and amounts to 0.052 W/g, 0.056 W/g, 0.076 W/g, and
0.111 W/g, respectively. Following expectations, higher specific power dissipa-
tion correlated with higher product temperature throughout MFD, as shown in
Figure 5.6. The maximum sample temperatures of all MFD experiments were
23.7 °C, 29.0 °C, 33.6 °C, and 43.8 °C for 1CF, 6EF, 6RFmin, and 6RFmax, respec-
tively. Hence, maximum temperature is also correlated with specific dissipated
power. However, the maximum temperature occurred in the final phase of MFD
in all experiments. Therefore, it is expected only to be influenced by the power
dissipation at this stage. The maximum temperature for CFDwas 44.0 °C, slightly
higher than the 43.8 °C for MFD with 6RFmax. Thus, heat-sensitive products can
be treated with both CFD and MFD due to a similar temperature stress. Final
drying at lower temperatures becomes feasible when the specific dissipated power
is reduced at this stage, as evidenced by the behavior observed with the other
MFD control concepts.

5.4.1.3 Drying kinetics

An increase in power dissipation is expected to result in higher drying rates during
MFD, as observed for its initial stage [150]. The assumption underlying this
dependence is that the process is at least partly limited by heat transfer. Figure 5.7
illustrates the drying rate normalized to the dry mass of the samples over time.
All kinetics show the highest drying rate in the initial stages, followed by a decline
over process time. This drying kinetics behavior is qualitatively consistent with
the MFD of banana slices [92] and lactic acid bacteria [11].

As expected, 6RFmax shows the highest drying rates, as it is the process with
the highest average specific dissipated power (see Table 5.1). The dotted lines
in Figure 5.7 indicate the process duration at which MFD and CFD termination
criteria were met. Completion of CFD took 15.41 h on average. The only
MFD process with a shorter duration was 6RFmax at 11.68 h. 1CF, 6EF, and
6RFmin resulted in longer durations of 24.47 h, 18.97 h, and 16.32 h, respectively.
Consequently, 6RFmax reduced process time by 24.2% compared to CFD and
38.4% compared to 6EF, where the same number of frequencies was applied
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Figure 5.7: Drying rate standardized to the dry mass of the samples as a function of the process time
of MFD for the applied frequency-based control concepts. Dashed lines mark the average
duration of the drying process for MFD and CFD, while solid lines in the corresponding
colors show the respective drying kinetics.

but kept constant throughout drying. Thus, MFD was successfully intensified
via frequency modulation to reach drying times below the benchmark process of
CFD.

The periodic jumps in drying rate for 6RFmax and 6RFmin indicate that the in-
creased energy efficiency with each frequency adjustment directly translated into
an increase in mass transfer. The relationship between energy efficiency, product
temperature, and drying rate based on the reoccurring fluctuations of all three
parameters with frequency adjustment every 20 min is apparent. In the literature,
higher sample temperatures in MFD can also be associated with a higher drying
rate [11].

144



5.4 Results and discussion

5.4.2 Influence of frequency control on product
properties

5.4.2.1 Structure

Previous work on partial MFD revealed structural impairments in some samples
[150]. Complete MFD in this work led to the same effect in several samples.
Figure 5.8 (a) shows tomographic images of exemplary samples with and without
structural impairment. In the following, these are referred to as intact and puffed.
The term puffed in this context refers to the inner structure of the samples. The
sample volume is not influenced by puffing. The intact sample shows the typical
lamellar structure of a freeze-dried product, as detected in carrots [154]. The same
lamellar structure is visible in the outer layer of the puffed sample. In contrast,
the interior of the puffed sample is characterized by relatively large pores with
optically dense structures in between, typical of puffed products, e.g., puffed rice
[155]. Figure 5.8 (b) displays a 3D segment of the puffed sample, illustrating the
structural variances within the sample.

Figure 5.8: (a) Tomographic images of dried tylose gel samples in the intact and puffed state. (b)
Segment from the 3D reconstruction of a puffed tylose gel sample.

The puffed structure is probably caused by themelting of frozenwater in individual
samples due to high dissipated microwave power during MFD. The emergence
of liquid water leads to even higher dissipated power in the samples since it has
relatively high DPs compared to ice. This effect is reflected by the jump in energy
efficiency during one MFD experiment with 1CF at a moisture content of about
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2.5 g/g, possibly due to a melted sample (see Figure 5.4 (b)). Accordingly, the
drying rate in this experiment increased (see Figure 5.7) and puffing with 1CF
occurred only in this experiment. The resulting increase in vapor pressure inside
the sample probably caused the formation of the large pores. The same principle of
sudden evaporation and expansion of water inside thematerial is used in explosion
puffing drying, which results in a similar structure [156]. In the present work,
the freeze-dried outer layer was too rigid to be affected by the pressure gradient.
Consequently, the volume was not increased. Only the structure of the inner
thawed layer was affected before the vapor could escape and drying progressed.

The ratios of puffed samples from CFD and MFD are shown in Table 5.2. There
was no puffing in CFD, whereas puffing occurred in at least one MFD experiment
for each control concept. Drying with 6RFmax resulted in the highest average
puffed sample ratio of 10.4%, with puffing occurring in every experiment. The
results are consistent with the proposed mechanism for puffing, as 6RFmax also
exhibits the highest average dissipated specific power (see Table 5.1). The puffing
of the samples was reduced when RFs with lower energy efficiency were applied
in 6RFmin. Puffing may also be reduced by varying the weights of individual
frequencies applied or reducing the microwave power. However, these measures
are likely to involve trade-offs regarding process performance.

Table 5.2: Ratio and average ratio of puffed samples of all FD experiments. One occurrence of puffing
in 24 samples corresponds to a puffed sample ratio of approximately 4.2%.

Process CFD
MFD
1CF

MFD
6EF

MFD
6RFmin

MFD
6RFmax

Puffed Sample
Ratio y / %

0.0; 0.0;
0.0

0.0; 8.3;
0.0

0.0; 4.2;
0.0

8.3; 4.2 12.5; 8.3

Average Puffed
Sample Ratio

ȳ / %
0.0 2.8 1.4 4.2 10.4
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5.4.2.2 Residual moisture

If similar air humidity is assumed, all samples should have similar residual mois-
ture content after drying. Figure 5.9 provides an overview of the dry basis residual
moisture for the individual samples from all FD processes. The residual mois-
ture of all samples is below 0.020 g/g except for one sample from 6EF, in which
moisture is 0.029 g/g. The residual moisture ranges without statistical outliers
are relatively similar for all processes, ranging from 0.005 g/g to 0.012 g/g with
6RFmax up to 0.004 g/g to 0.018 g/g with 1CF. The overlaps in the ranges of
all processes indicate similar product stabilities for samples processed with CFD
and MFD. The obtained values of residual moisture are comparable to those in
the literature. These are dry basis residual moistures for CFD of strawberries of
minimally 0.00 g/g to 0.01 g/g [3], around 0.05 g/g for MFD of apple chips [136],
approximately 0.005 g/g to 0.025 g/g for MFD of various pharmaceutical model
formulations [14], and the targeted value of 0.048 g/g for starter cultures [11].

Figure 5.9: Dry basis residual moisture of samples from CFD and MFD with the applied control
concepts. The samples of each experiment within the various processes are shown in a
different shade of gray.
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Even though there are no notable differences in residual moisture among the
control concepts, there seem to be deviations between the experiments for in-
dividual control concepts. These deviations are particularly apparent for 1CF,
where the residual moistures of two experiments are clustered around 0.013 g/g
and the residual moistures of the third experiment are clustered around 0.005 g/g.
The accumulations might be caused by air humidity fluctuations or puffing in
the experiment with lower residual moisture. However, the residual moisture of
puffed samples did not systematically deviate from the values of intact samples,
as observed in the samples from 6RFmax. Only one puffed sample at 6EF shows
a much higher residual moisture than its intact counterparts.

5.4.2.3 Ascorbic acid retention

Higher product temperature could decrease AA content, as AA is a typical heat-
sensitive nutrient [157]. Figure 5.10 depicts the AA retention in samples 16,
22, and 24 of all drying processes. All AA retentions of MFD are in the range
of 86.4% to 99.3%, with most values lying above 90%. CFD shows an AA
retention of 88.1% to 94.8%. The ranges of the MFD processes overlap with
the CFD range. The only exception is the control concept 1CF, which shows a
higher retention of 96.0% to 98.1%. Thus, all MFD processes exhibit high AA
retention, comparable to or higher than the retention with CFD. The scattering of
AA retention seems to be higher in the individual experimental setups of MFD
and CFD than among them. The expected correlation of lower AA retention with
higher product temperature was not observed. The detected AA retentions are
in a range similar to the values in the literature. AA retentions of approximately
65% to 85% were observed for CFD and MFD of foamed raspberry puree with
different formulations at microwave power levels from 1.0 W/g to 2.0 W/g at
0.1 mbar and 30 °C maximum product temperature [12]. Unblanched potato
slices dried at 1.0 mbar showed AA retentions of about 92.5% for CFD at a shelf
temperature of 55 °C and 94.4% for MFD with a microwave power of 1.6 W/g
[107]. In contrast, CFD with a maximum product temperature of 55 °C had a
notably higher AA retention of 80.3% than the 43.7% observed for MFD with
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Figure 5.10: Ascorbic acid retention of samples 16, 22, and 24 from the conducted experiments in
MFD and CFD. The samples of each experiment within the various processes are shown
in a different shade of gray.

2 W/g, both at 1.0 mbar [158]. These results indicate local overheating during
MFD, as observed for foamed raspberry puree at 2 W/g microwave power [12].

Regarding the degradation pathway, AA can react reversibly with oxygen to dehy-
droascorbic acid, which degrades irreversibly to 2,3-diketogulonic acid, followed
by further degradation [159]. An investigation of the effect of oxygen concen-
tration on the degradation kinetics of AA in malate buffer revealed no influence
at temperatures of 50 °C and 60 °C [160]. At temperatures of 70 °C to 90 °C,
however, higher degradation rates were detected with increasing oxygen concen-
tration. These results underline the product-friendly nature of all FD processes
investigated with a product temperature below 44.0 °C (compare Section 5.4.1.2)
and the exclusion of oxygen at 0.5 mbar.

5.4.3 Limitations and future work

The forward power of the SSG was, unfortunately, frequency-dependent. As a
result, the forward power could not be kept constant among the control concepts.
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The variations in forward power were corrected by considering the dissipated
power. In future experiments, the forward power should be controlled precisely
via a feedback control based on the power emitted to enable direct comparison of
all experiments. An additional limitation is the application of different termination
criteria for MFD and CFD. While the termination criterion of MFD is based on
the weight of the samples, CFD is terminated when all samples have reached
their temperature plateau. The solution would be to apply the same termination
criterion to both processes, e.g., by means of a comparative pressure measurement
[96]. Note that the temperature measured inside the samples is not the sublimation
temperature because a dried layer forms between the fiber optic temperature sensor
and the sublimation front during MFD. To evaluate the temperature stresses in
more detail, the literature suggests combining the use of marker substances with
thermal imaging [72].

Regarding product analysis, it must be noted that handling the hygroscopic samples
at varying humidity could have influenced the residual moisture. Additionally, the
equivalence points for AA retention were detected by visual perception rather than
bymore precise automatedmethods and the experimental procedure lasted several
hours, which may have caused degradation of AA during the measurements.

Process control strategies based on the control concepts investigated should be
transferred to industry-relevant products in future work. The most promising
control strategy seems to be the application of RFs with real-time adjustment.
In preliminary MFD experiments with potatoes, puffing did not occur under
process conditions similar to those in this work. These results suggest that tylose
gel might be especially prone to puffing due to the rigid outer layer formed
during MFD. Moreover, the investigated control concepts could be refined to
shorten the process time or prevent puffing. This might be achieved by using
more elaborate algorithms, such as genetic algorithms, or the combination with
additional sensor data, like a frequency control based on the recorded product
temperature or weight. Future work could also involve incorporating multiple
SSGs in the MFD system, enabling the investigation of microwave application
with a phase shift or simultaneous use of multiple frequencies. Scaling up MFD
is another interesting line of work to investigate its competitiveness with CFD and
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tackle a major challenge to its industrial application. Additionally, hybrid FD,
where energy input frommicrowaves is combined with conventional heat transfer,
could be explored experimentally. This combination could lead to synergistic
effects between rapid microwave heating and compensatory thermal heat transfer
that cools the samples when their temperature rises above the shelf temperature.
Lastly, the underlying control strategies could be transferred to other microwave-
assisted processes like heating or defrosting.

5.5 Conclusions

The present work demonstrates the advantages of frequency adjustment during
drying for MFD based on feedback related to product state. The application of
multiple energy-efficient RFs in the 6RFmax control concept resulted in an av-
erage energy efficiency of the conversion of electromagnetic energy into heat of
64.63%, which was an increase by an absolute value of 24.51% compared to the
application of constant frequencies with 6EF. The highest temperature recorded
among all MFD experiments, at 43.8 °C, was comparable to the maximum tem-
perature of 44.0 °C in CFD. The specific forward power in the MFD experiments
was frequency-dependent. Therefore, it varied among the control concepts. Nev-
ertheless, the maximum energy efficiency for 6RFmax corresponded to the highest
average specific dissipated power and, consequently, to the highest drying rate.
These process conditions caused a process duration of 11.68 h for MFD with
6RFmax, a reduction of 24.2% compared to CFD and 38.4% compared to MFD
with 6EF. The effects of frequency adjustment on energy efficiency, product tem-
perature, and drying rate were reflected by fluctuations of the parameters when
RFs were adjusted every 20 min.

Similar residual moisture contents and AA retentions compared to CFD were
obtained with all MFD control concepts. The product properties fell within the
typical range observed for FD of food products, with dry basis residual moisture
ranging from 0.002 g/g to 0.029 g/g and AA retention ranging from 86.4% to
99.3%. Structural impairment due to puffing was observed for MFD with all
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control concepts and affected up to 10.4% of the samples. The number of puffed
samples could be reduced by applying frequencies with lower energy efficiency
or reducing microwave power. In contrast, no puffing occurred during CFD.
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6 General discussion and outlook

This thesis aimed to investigate microwave-assisted freeze-drying (MFD), focus-
ing on the targeted modulation of the electromagnetic field to increase energy
efficiency, increase drying homogeneity, and shorten process duration. At the
same time, the product quality of MFD should be comparable to that of con-
ventional freeze-drying (CFD). The main findings of the thesis presented in this
chapter follow the structure introduced in Section 1.5: (I) Process development,
(II) Process understanding, and (III) Process intensification.

The foundation for the investigation of MFD was laid in part (I) Process develop-
ment with the construction of a laboratory-scale drying system for MFD and CFD
with subsequent commissioning experiments in Chapter 2. Promising control
concepts for MFD were developed in Chapter 3. The control concepts utilize
multiple resonant frequencies (RFs) and were developed based on the literature
on microwave-assisted heating.

Subsequently, part (II) Process understanding provided a deeper insight intoMFD.
The effects of the frequency-based control concepts developed from the electro-
magnetic simulations were qualitatively validated in the experiments in Chapter 3,
showing the opportunities and limitations in the applicability of the simulations.
The partial drying approach was used in Chapter 4, terminating MFD before
the completion of drying to facilitate parameter studies on microwave frequency,
microwave power, and chamber pressure.

In part (III) Process intensification, control concepts based on real-time adjustment
of microwave frequency were investigated in Chapter 2 and Chapter 5. A control
concept based on the application of multiple RFs throughout MFD was compared
to CFD andMFDwith alternative control concepts. The processes were compared
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in terms of process parameters, such as energy efficiency and process duration, as
well as product properties, like compound retention and macroscopic structure.

6.1 Process development

Process development involved the construction of a laboratory-scale plant de-
signed to enable MFD and CFD in a single experimental setup. The construction
details and considerations that lead to the decisions in plant design are detailed
in Chapter 2. The plant construction features a solid-state microwave generator
(SSG), allowing for fast electrical control and measurement of the microwave pa-
rameters frequency and power. In addition, temperature sensors, pressure sensors,
and a load cell are installed for detailed online monitoring of experiments. When
designing the system, attention was paid to its expandability to enable flexible
adaptations to future requirements.

The successful MFD and CFD commissioning experiments in the constructed
drying plant demonstrated the progression of the process parameters sample tem-
perature, chamber pressure, and sample weight in line with the literature. These
results confirmed Hypothesis H2.1, which states that these process parameters are
in accordance with expectations from the literature. TheMFD commissioning ex-
periment proved the suitability of the system for performing experiments with the
application and monitoring of microwaves. One system limitation is the observed
uneven distribution of forward power among the applied frequencies. Despite this
limitation, calculating the energy efficiency as a normalized parameter enables an
analysis of the process independent of the forward power. Energy efficiency in
this work refers to the conversion of electromagnetic energy into heat.

Microwave reflections were characterized as a function of the drying state, the
presence of the processed material, and the use of a coaxial cable. These factors
influence the frequency-dependent microwave reflection, as seen in the number
of RFs and their respective energy efficiency. The observed shift of RFs to higher
frequencies with an increase in the drying state is consistent with the results from
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theMFD commissioning experiments. The predictable shift of RFs can be used in
frequency-based control concepts to apply energy-efficient RFs throughout MFD
for an energy-efficient and homogeneous process.

The development of control concepts for MFD was achieved through electromag-
netic simulations in Chapter 3. The simulations were decoupled from thermo-
dynamics by performing eleven simulations representing different drying states.
The highest energy efficiencies were achieved throughout MFD when RFs were
applied, confirming the expectation of an increased energy efficiency by the
excitation of RFs in comparison to a non-specific excitation during the entire
MFD process postulated in Hypothesis H3.1. The energy efficiency of the con-
trol concepts that applied no RFs decreased during drying. This decrease leads
to inefficient energy utilization, especially towards the end of drying. The tar-
geted application of energy-efficient frequencies throughout the entire process is
essential to achieve energy-efficient MFD. The results of the electromagnetic sim-
ulations reveal a more uniform power dissipation among samples throughout the
entire process when six frequencies are applied, compared to a single frequency.
This finding confirms Hypothesis H3.2, which postulated increased uniformity of
dissipated energy with multiple frequencies. The control concepts had a negligi-
ble effect on the energy distribution between the frozen and dried regions in the
individual samples. In summary, the application of several RFs is a promising
approach to achieving high energy efficiency and drying homogeneity in MFD.

6.2 Process understanding

The electromagnetic simulations were validated in Chapter 3 based on experi-
mental results of the energy efficiency in the range of 2400 MHz to 2500 MHz.
Quantitative disagreements were found between the results of simulations and
experiments. However, qualitative agreements were found for the comparison of
the number of RFs and the respective magnitudes of energy efficiency. Therefore,
Hypothesis H3.3, which stated that the results of the electromagnetic simulations
can be validated, cannot be confirmed. The electromagnetic simulations do not
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accurately represent the electromagnetic fields in experiments. Nevertheless, the
simulations can serve as a tool for predicting the effects of frequency modulation
in MFD due to qualitative similarities to the experiments. Experimental proof is
always required due to the limitations of electromagnetic simulations.

Qualitative agreement with the simulation results for energy efficiency and drying
homogeneity were found for the first part of MFD. The targeted application of
constant frequencies, identified as RFs at the beginning of MFD, shortened the
process duration without increasing electric power consumption.

Partial MFD was investigated in Chapter 4 as a promising approach to save time
when performing time-consuming parameter studies, ending the process before
complete drying. In this work, MFD was terminated after 20 wt% of the water
initially contained in the product had been removed. Partial MFD showed a
comparable decrease in sample mass to complete MFD and reduced the time
required for an experiment by 92%. This reduction confirmed Hypothesis H4.1,
which anticipated time savings with partial MFD of above 80%. Note that the
termination criterion of 20 wt% water initially contained was set arbitrarily.
Therefore, adjusting this criterion can lead to deviating time savings. A major
advantage of partial MFD is the capability to analyze the drying homogeneity
among the samples. The method reveals differences in the drying state among
the individual samples. This result confirms Hypothesis H4.2, which states that
partial drying enables an assessment of drying homogeneity due to a homogeneous
drying equilibrium not being achieved. On the other hand, partial MFD does not
allow an assessment of product quality because of incomplete drying.

Hypothesis H4.3 states that partial MFD is adequate to qualitatively examine the
impact of microwave frequency, microwave power, and chamber pressure on the
MFD process. Reducing the chamber pressure in partialMFD resulted in a shorter
process duration, caused by the removal of more water prior to microwave appli-
cation and higher drying rates. The latter contradicts the results in the literature.
The application of energy-efficient RFs increased energy efficiency. Increasing
the microwave power and the targeted application of RFs both resulted in a reduc-
tion in process duration, as was expected from the literature. The application of
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several microwave frequencies led to an increase in drying homogeneity at simi-
lar levels of specific dissipated power. The chamber pressure and the microwave
power did not influence the drying homogeneity. Outliers to low residual moisture
at high microwave power were the only exceptions. The corresponding samples
showed internal structural damage due to the formation of large pores, which was
probably caused by the melting of the samples during MFD.

In summary, the investigation of partial MFD validated the proposed method for
efficiently investigating the impact of microwave power and frequency, although
the expected influence of chamber pressure was not observed. The latter is
likely due to the fact that the initial drying phase is not representative of mass
transfer limitations during later drying stages. Thus, Hypothesis H4.3 can only
be confirmed for microwave frequency and power. However, partial MFD can
be helpful in parameter studies, depending on which parameters are varied and
which target parameters are relevant.

The investigations with partial MFD confirmed the results of the electromagnetic
simulations described in Chapter 3. The use of multiple energy-efficient RFs was
confirmed to increase both the energy efficiency and the homogeneity of drying
in the initial phase of MFD.

6.3 Process optimization

Microwave frequency emerged as a key parameter for intensifying MFD based on
the findings from Process development and Process understanding. Consequently,
Process optimization focuses on investigating the impact of frequency modulation
on MFD. The complete MFD process was examined, enabling analysis of product
properties, like compound retention and macroscopic structure, which was possi-
ble due to the fully dried product. In addition, process parameters, such as sample
temperature and chamber pressure, were monitored.

The use of multiple RFs had been shown to increase energy efficiency and drying
homogeneity. Thus, a control concept applying multiple RFs was implemented
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for MFD and evaluated against the benchmark processes of CFD and MFD with
alternative control concepts. The necessity for real-time frequency control, es-
tablished in Chapter 2, was addressed through an automated algorithm. The
software continuously searches for new RFs within a narrow range around previ-
ously applied frequencies. This approach uses a feedback-driven process control
that dynamically adapts to the changing product state.

Usingmultiple energy-efficient RFs resulted in an average energy efficiency higher
than that of maintaining constant frequencies. The maximum sample temperature
recorded among allMFDexperimentswas 43.8 °C, close to the 44.0 °Cobserved in
CFD. The specific forward power in the MFD experiments varied with frequency,
as detailed in Section 2.4.3. Thus, the forward power was not constant among
the control concepts. Nevertheless, the application of the most energy-efficient
RFs coincided with the highest average specific dissipated power, leading to the
highest drying rate. These conditions resulted in a process duration of 11.7 h
for MFD using multiple RFs, a decrease of 24.2% compared to CFD and 38.4%
compared to MFD with the same number of constant frequencies. The frequency
adjustments caused an increase in energy efficiency, sample temperature, and
drying rates. This causation is evidenced by the fluctuations of the parameters
each time the applied frequency set was modified. These results underscore the
potential for increased energy efficiency and shorter drying duration of MFD by
targeted application of energy-efficient RFs, which confirms Hypothesis H5.1.

Similar residual moisture content and ascorbic acid retention levels were achieved
across all MFD control concepts, comparable to the results observed for CFD.
These product properties corresponded to the typical ranges reported in the lit-
erature for freeze-drying (FD) of food products. However, structural damage
as the formation of large pores was observed in up to 10.4% of the samples
across all MFD control concepts, while no such impairment was observed for
CFD. Hypothesis H5.2 states that the quality of the products obtained from MFD
with the application of energy-efficient RFs is similar or superior to the products
from CFD. This hypothesis is only partially confirmed concerning compound
retention and residual moisture levels. The incidence of structurally impaired
samples could be minimized through adapted frequency control or a reduction
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in microwave power. In conclusion, MFD using RFs continues to show promise
as a rapid and energy-efficient alternative to CFD as a fast and energy-efficient
process.

6.4 Future outlook

This work explored opportunities for targeted microwave application duringMFD
on the basis of understanding the changes in the microwave field during the
process. Particular emphasis was placed on investigating frequency control to
increase energy efficiency, increase drying homogeneity, and shorten the process
duration. The application of RFs with real-time adjustment based on the product
state achieved all these criteria compared to other control concepts. Furthermore,
the product quality achieved with MFD was comparable to that of CFD, apart
from structural damage in some samples.

Future work could explore refinements in control concepts that apply RFs to
achieve further reductions in process duration or increase drying homogeneity to
minimize structural damage. Themodification could involve usingmore advanced
algorithms, such as genetic algorithms, or artificial intelligence to optimize control
concepts based on a large experimental data set. Integrating additional input
variables could increase the flexibility of control concepts. For example, dynamic
microwave adjustments could be implemented based on combined measurements
of microwave reflections, sample temperature, and sample weight. Furthermore,
process monitoring based on the microwave field could be investigated, as it was
demonstrated that the drying state impacts microwave reflections.

Electromagnetic models can be used to efficiently identify advantageous control
concepts despite the increase in the number of input variables and the adjustable
microwave properties. Due to the limitations of electromagnetic models shown
in this work, it is essential to experimentally validate the identified advantageous
control concepts.
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The design of the constructed MFD system enables future investigations with
modified experimental setups. The installation of multiple SSGs would allow
studies on the effects of phase shifts between the emitted microwaves. Using mul-
tiple SSGs would also enable the simultaneous application of several frequencies
or varying power distributions between the SSGs. In addition, an extended sensor
network could provide further input variables for process control. For example,
infrared cameras would allow an observation of the locally resolved surface tem-
perature distribution. Furthermore, the plant could be modified to enable hybrid
FD techniques using microwaves and conventional heating simultaneously, which
may have synergistic benefits and facilitate thermal control during drying.

The applicability of optimized MFD processes for drying industrially relevant
products must be investigated to transfer the promising results to application.
For example, the MFD of high-value foods or active pharmaceutical ingredients
should be investigated. The scale-up of MFD is another major challenge for its
industrial application, which must be addressed. Partial MFD could be used
for time-efficient, product-specific process design in the scale-up process while
enabling evaluation of drying homogeneity. However, attention must be paid to
its limitations, as the behavior of the process parameters at the drying start may
not be representative for the entire process.
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Figure A.1: Calibration curves of the three fiberoptic temperature sensors used in the FD commis-
sioning experiments.

Figure A.2: Calibration curve of the load cell used in the MFD commissioning experiment.
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Table A.1: Frequencies utilized in the electromagnetic simulations depending on the drying state for
the control concepts 1MF and 6EF.

Frequency f / GHz
1MF 6EF

Drying state z / % f1 f1 f2 f3 f4 f5 f6

0 2.4255 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000
10 2.4263 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000
20 2.4272 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000
30 2.4283 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000
40 2.4296 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000
50 2.431 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000
60 2.4326 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000
70 2.4343 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000
80 2.4362 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000
90 2.4455 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000
100 2.4418 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000
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Table A.2: Frequencies utilized in the electromagnetic simulations depending on the drying state for
the control concepts 1RF and 6RF.

Frequency f / GHz
1MF 6EF

Drying state z / % f1 f1 f2 f3 f4 f5 f6

0 2.4133 2.4071 2.4133 2.4438 2.4541 2.4698 2.4789
10 2.4135 2.4100 2.4135 2.4444 2.4566 2.4701 2.4793
20 2.4127 2.4127 2.4452 2.4523 2.4587 2.4704 2.4797
30 2.4134 2.4012 2.4134 2.4459 2.4607 2.4706 2.4802
40 2.4627 2.4036 2.4141 2.4468 2.4627 2.4708 2.4806
50 2.4646 2.4063 2.4147 2.4478 2.4646 2.4710 2.4811
60 2.4664 2.4153 2.4490 2.4531 2.4664 2.4712 2.4813
70 2.4681 2.4158 2.4504 2.4531 2.4681 2.4714 2.4813
80 2.4698 2.4163 2.4521 2.4534 2.4698 2.4715 2.4818
90 2.4713 2.4002 2.4532 2.4542 2.4713 2.4717 2.4823
100 2.473 2.4014 2.4533 2.4566 2.4718 2.473 2.4829
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Table A.3: Energy efficiencies of the frequencies utilized in the electromagnetic simulations in de-
pendence on the drying state for the control concepts 1MF and 6EF.

Energy efficiency η / %
1MF 6EF

Drying state z / % f1 f1 f2 f3 f4 f5 f6

0 13.22 59.52 17.43 28.55 39.93 57.71 28.51
10 11.93 58.71 17.19 22.29 53.54 56.26 23.10
20 10.90 62.66 18.35 17.83 75.28 54.74 18.62
30 10.03 53.56 19.52 14.64 82.91 52.86 15.46
40 9.20 40.05 18.58 12.50 58.88 50.48 12.97
50 8.39 33.48 21.87 12.01 35.96 47.66 11.07
60 7.53 33.69 27.30 15.29 24.10 43.92 9.51
70 6.57 43.18 16.36 12.16 18.54 39.10 8.19
80 5.48 71.91 11.52 6.57 16.53 33.44 7.14
90 4.28 96.18 8.31 4.36 17.81 26.76 5.93
100 3.05 41.30 6.35 3.10 26.52 18.92 4.43
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Table A.4: Energy efficiencies of the frequencies utilized in the electromagnetic simulations in de-
pendence on the drying state for the control concepts 1RF and 6RF.

Energy efficiency η / %
1RF 6RF

Drying state z / % f1 f1 f2 f3 f4 f5 f6

0 99.27 93.43 99.27 80.95 77.68 54.47 60.12
10 98.88 96.01 98.88 76.01 78.50 54.36 57.20
20 99.96 99.96 70.58 28.40 81.91 54.78 54.86
30 96.49 56.19 96.49 64.91 85.63 55.26 52.94
40 89.11 48.31 87.68 59.54 89.11 56.30 51.35
50 92.20 41.04 79.15 55.75 92.20 57.49 50.35
60 94.81 72.90 54.73 38.04 94.81 59.63 50.08
70 96.93 67.92 58.42 35.98 96.93 63.72 52.55
80 98.46 61.95 69.35 39.48 98.46 74.28 60.23
90 98.93 98.31 88.95 81.37 98.93 98.78 73.71
100 99.72 91.67 58.94 98.89 57.39 99.72 91.68
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Table A.5: Frequencies and respective energy efficiencies utilized in the control concepts in the
experiments with the laboratory-scale MFD system. The respective energy efficiencies
and frequencies were determined as the arithmeticmeans from the process characterization
by a frequency sweep in triplicate.

1MF 6EF
f1 f1 f2 f3 f4 f5 f6

Frequency
f / GHz

2.4322 2.4000 2.4200 2.4400 2.4600 2.4800 2.5000

Energy effi-
ciency η / %

23.93 23.70 60.57 63.22 61.00 62.53 58.17

1RF 6RF
f1 f1 f2 f3 f4 f5 f6

Frequency
f / GHz

2.4498 2.4498 2.4562 2.4652 2.4664 2.4725 2.4748

Energy effi-
ciency η / %

94.15 94.15 71.66 91.52 92.5 83.15 85.81
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Figure A.3: Schematic top view of the arrangement of the 24 samples of tylose gel (white) on the
product support (blue).

Table A.6: Average forward power and average chamber pressure in the experiments comparing
termination criteria.

Experiment
Average forward
power Pf / W

Average chamber
pressure pc / mbar

Partial drying - run 1 28.57 0.47
Partial drying - run 2 29.22 0.47
Partial drying - run 3 28.34 0.46
Complete drying 20.61 0.50
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Table A.7: Average forward power and average chamber pressure in the experiments of the parameter
study on chamber pressure.

Experiment
Average forward
power Pf / W

Average chamber
pressure pc / mbar

pc,set = 0.2 mbar - run 1 16.86 0.19
pc,set = 0.2 mbar - run 2 13.52 0.19
pc,set = 0.2 mbar - run 3 15.03 0.19
pc,set = 0.5 mbar - run 1 17.36 0.47
pc,set = 0.5 mbar - run 2 18.02 0.47
pc,set = 0.5 mbar - run 3 17.90 0.47
pc,set = 1.0 mbar - run 1 14.26 0.87
pc,set = 1.0 mbar - run 2 16.17 0.87
pc,set = 1.0 mbar - run 3 14.59 0.87
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Table A.8: Average forward power and average chamber pressure in the experiments of the parameter
study on microwave power.

Experiment
Average forward
power Pf / W

Average chamber
pressure pc / mbar

ron = 0.25 - run 1 17.36 0.47
ron = 0.25 - run 2 18.02 0.47
ron = 0.25 - run 3 17.90 0.47
ron = 0.50 - run 1 42.02 0.47
ron = 0.50 - run 2 46.21 0.46
ron = 0.50 - run 3 24.64 0.47
ron = 0.75 - run 1 42.49 0.47
ron = 0.75 - run 2 53.15 0.47
ron = 0.75 - run 3 48.17 0.47
ron = 0.75 - run 4 36.74 0.47
ron = 1.00 - run 1 35.13 0.47
ron = 1.00 - run 2 46.83 0.47
ron = 1.00 - run 3 46.88 0.47
ron = 1.00 - run 4 40.64 0.47
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Table A.9: Average forward power and average chamber pressure in the experiments of the parameter
study on microwave frequency.

Experiment
Average forward
power Pf / W

Average chamber
pressure pc / mbar

1MF - run 1 19.00 0.46
1MF - run 2 18.14 0.47
1MF - run 3 18.31 0.46
1RF - run 1 27.53 0.45
1RF - run 2 28.05 0.47
1RF - run 3 26.59 0.47
6EF - run 1 28.57 0.47
6EF - run 2 29.22 0.47
6EF - run 3 28.34 0.46
6RF - run 1 32.95 0.47
6RF - run 2 33.31 0.47
6RF - run 3 31.25 0.47
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Table A.10: Applied frequencies during the parameter studies on chamber pressure and microwave
power.

Set chamber
pressure pc,set / W

0.2 0.5 1.0

Frequency f1 / MHz 2441.3 2449.6 2449.6
Frequency f2 / MHz 2450.0 2456.2 2456.1
Frequency f3 / MHz 2456.3 2467.3 2464.6
Frequency f4 / MHz 2468.4 2470.7 2472.5
Frequency f5 / MHz 2470.2 2475.1 2475.2
Frequency f6 / MHz 2475.9 2497.2 2497.1

Table A.11: Applied frequencies during the parameter study on microwave frequency.

Control concept 1MF 1RF 6EF 6RF

Frequency f1 / MHz 2432.0 2449.8 2400.0 2449.7
Frequency f2 / MHz - - 2420.0 2456.2
Frequency f3 / MHz - - 2440.0 2465.2
Frequency f4 / MHz - - 2460.0 2466.4
Frequency f5 / MHz - - 2480.0 2472.5
Frequency f6 / MHz - - 2500.0 2474.8
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Figure A.4: Drying kinetics for experiments of the parameter study on chamber pressure. The values
in the legend represent the average chamber pressure and the average specific dissipated
power for the experiments.
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Figure A.5: Drying kinetics for experiments of the parameter study on microwave power. The powers
in the legend are the average specific dissipated power for every experiment.

Figure A.6: Exemplary pictures of tylose gel samples in gray-scale: Intact sample (left), puffed sample
(right). While both samples show a fine-pored structure in the dried outer layer, large
pores in the center of the sample can only be observed for the puffed sample.
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Figure A.7: Drying kinetics for the frequency-based control concepts in the parameter study on
microwave frequency. The legend contains the frequency-based control concepts and the
average specific dissipated powers for every experiment.

175



A Appendix

A4 Supplementary material chapter 5

Figure A.8: Temperature of samples 4, 6, and 10 as a function of process time from MFD and CFD
experiments depicted in Figure 5.6. For each color, the samples are displayed in the order
10, 4, and 6 from the darkest to the lightest shade.
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Figure A.9: Temperature of sample 6 as a function of process time for MFD and CFD experiments.
The darkest shades of each color are the experiments shown in Figure 5.6.
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