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haben.
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Ebenso möchte ich mich bei meinen Kooperationspartnern bedanken. Bei Nadine van der Schoot
vom Zentrum für Brennstoffzellentechnik Duisburg, die durch Ihre hervorragende Arbeit entscheiden
zum Gelingen der Untersuchungen der Direkt-Methanol-Brennstoffzelle beigetragen hat. Darüber hin-
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ABSTRACT

Maßing, Julian, , Universität der Bundeswehr München, 23.04.2019. .

In recent years, the great potential of microfluidic devices for the design and implementation of more
efficient and cost effective processes in various scientific and engineering disciplines has lead to a rapid
growth of the field. In many microfluidic systems, convective heat transfer and the complex interaction
between a fully three-dimensional flow field and the superimposed temperature field play a major role.
A better understanding of these phenomena is a key factor for future developments e.g. in the fields of
biotechnology, transportation engineering, process engineering, electrochemical energy conversion, heat
transfer solutions and many more. As the application of numerical simulations becomes difficult in the
case of complex geometries, unknown boundary conditions and multi physics phenomena, highly resolved
and accurate measurements of the velocity and temperature field are needed. In this work, novel optical
measurement techniques are introduced and validated which enable the simultaneous determination of the
three-dimensional temperature field and the three components of the three-dimensional velocity field in
microfluidic applications. Two tracer particle based approaches of determining the temperature distribution
in transparent fluids are analyzed. On the one hand, the signal intensity of individual luminescent polymer
seeding particles is correlated to temperature. On the other hand, the temperature sensitive luminescence
lifetime of the particles is evaluated. The velocity field can be calculated simultaneously from the flow-
induced shift of individual tracer particle images in time. To acquire the depth information, the well-
established astigmatism particle tracking velocimetry technique is employed. With this method, systematic
errors caused by volume illumination and the reduced spatial resolution due to ensemble averaging as
typical in micro particle image velocimetry or laser-induced fluorescence can be avoided. The techniques
offer an exceptionally high spatial resolution and accuracy over a wide range of velocity and temperature
scales.

The lifetime based technique is applied to investigate two research topics of current interest from the
field of electrochemical energy conversion. In the first study, a novel simple and effective heating system
for microfluidic direct methanol fuel cells is characterized experimentally. A semi-conductive indium tin
oxide heating layer of nanometer thickness is applied to the anode and cathode cover plates and subjected
to a short boost of high electrical power. Within only 25 s, temperatures of up to 70 ◦C can be reached in
the vicinity of the membrane, which is verified by lifetime based temperature measurements in the anode
flow field. With this system the start up time of the cell necessary to reach approx. 95 % of its maximum
output power can be reduced to less than 5 min, thus overcoming the well known problem of long start up
times of this type of fuel cells. Furthermore, deeper insight into the role of the convective heat transfer in
the anode and cathode flow field is given. The experimental results prove a significant cooling effect of the
liquid anode flow, whereas the effect of the gaseous cathode flow is negligible. Finally, various possible
future improvements are identified to increase the efficiency of the heating system.

In the second study, the origin of strong electrolyte flow during water electrolysis is investigated, that
arises at the interface between electrolyte and hydrogen bubbles evolving at microelectrodes. This so
called Marangoni convection was unveiled only recently and is supposed to be driven by shear stress at
the gas-liquid interface caused by thermal and concentration gradients. The present work firstly allows
a quantification of the thermocapillary effect and discusses further contributions to the Marangoni con-
vection which may arise also from the electrocapillary effect. Hydrogen gas bubbles are electrolytically
generated at a horizontal Pt microelectrode in a 1 M H2SO4 solution. Simultaneous measurements of the
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velocity and the temperature field of the electrolyte close to the bubble interface are performed. Addition-
ally, corresponding numerical simulations of the temperature distribution in the cell and the electrolyte
flow resulting from thermocapillary stress only are performed. The results confirm significant Ohmic
heating near the microelectrode and a strong flow motion driven along the interface away from the mi-
croelectrode. The results further show an excellent qualitative match between simulation and experiment
for both the velocity and the temperature field within the wedge-like electrolyte volume at the bubble foot
close to the electrode, thus indicating the thermocapillary effect as the major driving mechanism of the
convection. Further away from the microelectrode, but still below the bubble equator, however, quantita-
tive differences between experiment and simulation appear in the velocity field, whereas the temperature
gradient still matches well. Thus, additional effects must act on the interface, which are not yet included
in the present simulation. The detailed discussion tends to rule out solutal effects, whereas electrocapillary
effects are likely to play a role. Finally, the thermocapillary effect is found to exert a force on the bubble
which is retarding its departure from the electrode.
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Das große Potenzial mikrofluidischer Technologien für die Entwicklung und Implementierung effizien-
terer und kostengünstigerer Prozesse in verschiedenen naturwissenschaftlichen und ingenieurwissenschaftlichen
Disziplinen hat in den letzten Jahren zu einem raschen Wachstum in diesem Bereich geführt. In vie-
len mikrofluidischen Systemen spielen konvektive Wärmeübergangseffekte und die komplexe Wechsel-
wirkung zwischen einem vollständig dreidimensionalen Geschwindigkeitsfeld und dem überlagerten Tem-
peraturfeld eine große Rolle. Ein besseres Verständnis dieser Phänomene ist der Schlüssel für zukünftige
Entwicklungen z.B. in den Bereichen Biotechnologie, Verkehrswesen, Verfahrenstechnik, elektrochemis-
che Energieumwandlung, Wärmeübertragung und vielen mehr. Da die Verwendung von numerischen Sim-
ulationen bei komplexen Geometrien, unbekannten Randbedingungen und multiphysikalischen Phänomenen
schwierig ist, sind hochauflösende und genaue Messungen des Geschwindigkeits- und Temperaturfeldes
erforderlich. In dieser Arbeit werden neuartige optische Messtechniken vorgestellt und qualifiziert, welche
die simultane Bestimmung des dreidimensionalen Temperaturfeldes und der drei Komponenten des dreidi-
mensionalen Geschwindigkeitsfeldes in mikrofluidischen Anwendungen ermöglichen. Dabei werden zwei
Ansätze zur Bestimmung der Temperatur analysiert. Einerseits wird die Intensität des Lumineszenzsig-
nals individueller lumineszierender Polymerpartikel mit der Temperatur korreliert. Andererseits wird die
temperatursensitive Abklingzeit der Lumineszenz der Partikel ausgewertet. Aus der strömungsinduzierten
Verschiebung individueller Partikelbilder kann gleichzeitig das Geschwindigkeitsfeld berechnet werden.
Um die Tiefeninformationen der Partikel im Messvolumen zu erhalten, wird die bewährte Astigmatismus
particle tracking velocimetry Technik eingesetzt. Mit dieser Methode können systematische Fehler durch
Volumenbeleuchtung und die reduzierte räumliche Auflösung durch Ensemble-Mittelwertbildung wie bei
der Mikro-particle tracking velocimetry oder der laserinduzierten Fluoreszenz üblich vermieden werden.
Die Techniken bieten eine außergewöhnlich hohe räumliche Auflösung und Genauigkeit über eine große
Bandbreite an Geschwin- digkeits- und Temperaturskalen.

Mit Hilfe der abklingzeitbasierten Messtechnik werden zwei Forschungsthemen von aktuellem Inter-
esse aus dem Bereich der elektrochemischen Energieumwandlung untersucht. In der ersten Studie wird
ein neuartiges einfaches und effektives Heizsystem für mikrofluidische Direktmethanol-Brennstoffzellen
experimentell charakterisiert. Auf die Anoden- und Kathodendeckplatten wird eine halbleitende Indium-
Zinn-Oxid-Heizschicht von nur einigen Nanometer Dicke aufgebracht und während einer kurzen Zeit
einer hohen elektrischen Leistung ausgesetzt. In nur 25 s können so in der Nähe der Membran Tempera-
turen von bis zu 70 ◦C erreicht werden, was durch abklingzeitbasierte Temperaturmessungen im Anoden-
strömungsfeld nachgewiesen wurde. Mit diesem System kann die Startzeit der Zelle, welche benötigt wird
bis die Zelle ca. 95 % ihrer maximalen Leistung erreicht hat, auf weniger als 5 Minuten reduziert werden.
Dadurch kann das bekannte Problem der langen Startzeiten dieser Art von Brennstoffzellen überwunden
werden. Darüber hinaus wird ein vertiefter Einblick in die Rolle der konvektiven Wärmeübertragung im
Anoden- und Kathodenströmungsfeld gegeben. Die experimentellen Ergebnisse zeigen einen signifikanten
Kühleffekt der flüssigen Anodenströmung, während der Effekt der gasförmigen Kathodenströmung ver-
nachlässigbar ist. Abschließend werden verschiedene mögliche zukünftige Verbesserungen identifiziert,
um den Wirkungsgrad des Heizsystems zu erhöhen.

In der zweiten Studie wurde der Ursprung der starken Elektrolytkonvektion während der Wasserelek-
trolyse untersucht, der an der Grenzfläche zwischen Elektrolyt und Wasserstoffblasen entsteht, die sich an
Mikroelektroden entwickeln. Diese so genannte Marangoni-Konvektion wurde erst kürzlich experimentell
nachgewiesen und soll durch Gradienten der Oberflächenspannung an der Gas-Flüssigkeitsgrenzfläche
aufgrund von Temperatur- und Konzentrationsgradienten angetrieben werden. Die vorliegende Arbeit
ermöglicht zunächst eine Quantifizierung des thermokapillaren Effekts und diskutiert weitere Beiträge zur
Marangoni-Konvektion, die auch aus dem elektrokapillaren Effekt resultieren können. Wasserstoffgas-
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blasen werden elektrolytisch an einer horizontalen Pt-Mikroelektrode in einer 1 M H2SO4 Lösung erzeugt.
In diesem System werden die Geschwindigkeit und das Temperaturfeld im Elektrolyten in der Nähe der
Blasengrenzfläche simultan gemessen. Zusätzlich werden entsprechende numerische Simulationen der
Temperaturverteilung in der Zelle und der Elektrolytkonvektion, die nur aufgrund des thermokapillaren
Effektes resultieren, durchgeführt. Die Ergebnisse bestätigen eine signifikante Ohmsche Erwärmung in
der Nähe der Mikroelektrode und eine starke Strömung, die entlang der Grenzfläche von der Mikroelek-
trode weggerichtet ist. Die Ergebnisse zeigen des Weiteren eine ausgezeichnete Übereinstimmung zwis-
chen Simulation und Experiment sowohl für die Geschwindigkeit als auch für das Temperaturfeld in-
nerhalb des keilförmigen Elektrolytvolumens am Blasenfuß in der Nähe der Elektrode, was auf den
thermokapillaren Effekt als Hauptantriebsmechanismus der Konvektion hinweist. Weiter weg von der
Mikroelektrode, aber noch unterhalb des Blasenäquators, erscheinen jedoch quantitative Unterschiede
zwischen Experiment und Simulation im Geschwindigkeitsfeld, während der Temperaturgradient immer
noch übereinstimmt. Daher müssen zusätzliche Effekte auf die Grenzfläche wirken, die noch nicht in der
derzeitigen Simulation berücksichtigt wurden. In einer detaillierten Diskussion werden solutale Effekte
eher ausgeschlossen, während elektrokapillare Effekte eine Rolle spielen dürften. Abschließend wird
gezeigt, dass der thermokapillare Effekt eine Kraft auf die Blase ausübt, die ihr Ablösen von der Elektrode
verzögert.
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1 Introduction

1.1 Motivation

Microfluidics is a fast-growing technological field that combines various natural and engineering sciences
and offers great potential for biological, chemical and pharmaceutical/medical applications, since pro-
cesses that previously required an entire laboratory can now be performed on a single microfluidic chip.
These lab-on-a-chip (LOC) systems enable techniques such as DNA sequencing, protein and antibody
synthesis, chemical reaction analysis, drug production and testing and many more to be performed with
a fraction of the amount of samples or reactants previously required and with a very short processing
time (Sackmann et al. 2014). At the same time, they offer improved process control, high resolution and
sensitivity and the simple possibility of parallelization (Dressler et al. 2017). The resulting increase in
efficiency leads to a considerable reduction in costs and enables new forms of analysis, such as experi-
ments with very high throughput, the synthesis of new functional materials, the investigation of reactions
at liquid-liquid phase boundaries or investigations on individual cells (Kaminski & Garstecki 2017). Fur-
thermore, microfluidic devices are a highly efficient choice for applications were a high surface to volume
ratio is desired, e.g. heat transfer solutions, biological and chemical reactors or electrolysis cells and fuel
cells. The interest in microfluidic systems is constantly increasing both in academia and industry. With
an annual growth of over 19 %, the market for microfluidic-based products is predicted to reach a total
volume of US$ 8 billion in 2021 (Volpatti & Yetisen 2014).

In a wide variety of microfluidic applications, such as microelectronics cooling, acoustofluidics, droplet
microfluidics, on chip polymerase chain reaction, etc., convective heat transfer plays a key role (Yoshida
2005, Tullius et al. 2011, Augustsson et al. 2011, Kiebert et al. 2017, Karbalaei et al. 2016, Kopp et al.
1998, Faghri & Guo 2005). Velocity and temperature scales differ significantly between the individual
applications, ranging from a few µm/s to several mm/s and, respectively, from temperature differences
of less than 1 K to the order of 100 K. Because of the laminar nature of the flow in most microfluidic
devices, the calculation of both fields using computational simulations is possible for simple cases with
well known boundary conditions. Nevertheless, for complex geometries, unknown material properties or
multi physics phenomena, the numerical prediction of the often fully three-dimensional (3D) flow field
becomes cumbersome and experimental investigations are required.

Another increasingly important technological field that will greatly benefit from the knowledge of ve-
locity and temperature on sub-millimeter scales is the field of electrochemical energy conversion, e.g. elec-
trolyzers and fuel cells. In the light of the current effort to reduce the world wide CO2 emission caused
by the consumption of fossil fuels through the promotion of renewable energy technologies especially in
Germany (Erneuerbare Energien-Gesetz), hydrogen has attracted growing interest for long-term energy
storage to ensure the stability of the electrical grid. Hydrogen can be directly produced from the en-
ergy provided by renewabels through water electrolysis. However, the efficiency of conventional alkaline
electrolyzers is significantly reduced by hydrogen and oxygen gas bubbles that evolve at and stick to the
electrodes. The fast removal of these bubbles can increase the efficiency of the process (Nagai et al. 2003,
Vogt & Balzer 2005, Wang et al. 2014, Baczyzmalski et al. 2015, 2016, 2017, Weier et al. 2017). There-
fore, a better understanding of the nucleation, growth and detachment mechanisms of single gas bubbles
is needed. However, due to the high bubble coverage and void fraction at practical current densities, the
investigation of individual bubbles at conventional electrodes with optical techniques is nearly impossible.
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For this reason, experiments regarding the nucleation, growth and detachment of single bubbles are often
carried out at nano- or microelecrodes (Fernández et al. 2012, 2014, Luo & White 2013, Yang et al. 2015,
Karnbach et al. 2016, Yang et al. 2018, Perera et al. 2018). However, possible thermal effects caused by
significant Ohmic heating due to the high current densities close to the electrode have not yet been studied
in detail. In particular, the role of thermocapillary convection near electrogenerated hydrogen bubbles has
gained interest recently (Yang et al. 2018). Hydrodynamic forces induced by this phenomenon are likely
to retard bubble detachment Lubetkin (2002), Chen et al. (2018). In order to give a deeper insight into
this phenomenon, simultaneous measurements of the temperature and the velocity field close to the bubble
with micrometer resolution are highly desirable.

The growing interest for fuel cell technologies is also driven by their potential as an alternative for
auxiliary power units, e.g. on aircrafts (Dunn 2003), and for powering private or commercial transport
vehicles and portable technologies. Not only are fuel cells potentially pollution free, but furthermore offer
higher possible efficiencies than present combustion engines, due to the direct energy conversion without
an intermediate thermal process (Alaswad et al. 2016). Thus, the efficiency of fuel cells is not limited by
the Carnot efficiency. Furthermore, fuel cells offer significantly longer operating times and faster refueling
than battery powered solutions, which makes them a superior choice for medium to long distance transport.
For the same reason, microfluidic fuel cells are envisioned as a future power source for portable consumer
electronics, such as smart phones or tablets. In this context, liquid methanol in combination with direct
methanol fuel cells (DMFCs) is considered as a promising fuel, due to its simple storage and transport
and its high energy density Joghee et al. (2015). However, various technological challenges still have to
be overcome to facilitate the introduction of fuel cells on a large commercial scale. One important aspect
under investigation is heat transfer, as the chemical reaction and the mass transport are strongly affected
by cell temperature (Kandlikar & Lu 2009). Particularly for portable applications, the immediate heating
of the cell to its operating temperature is vital, as customers expect their devices to function without delay
after they are switched on. Thus, new heating systems have to be developed to significantly reduce the
current start up times of modern DMFCs, which are currently in the order of up to 15 min (SFC Energy
AG 2016). Therefore, a better understanding of the heat transfer mechanisms affecting cell temperature is
necessary. This requires the simultaneous measurements of the velocity and temperature field within the
flow of DMFCs are needed.

1.2 State of the art of optical temperature and velocity
measurement techniques

Due to the small channel dimensions, measurement techniques based on probes or sensors, such as hot-
and cold-wire anemometry, thermocouples or resistance thermometers, are not well suited for microfluidic
applications, as they significantly disturb the flow and are practically very challenging to introduce into
micro channels. For this reason, non-intrusive optical methods are commonly applied when measuring on
sub-millimeter scales.

Today, several well established optical measurement techniques for estimating temperature and velocity
fields exist. To investigate instantaneous or mean velocity fields, particle image velocimetry (PIV) and par-
ticle tracking velocimetry (PTV) have evolved as standard optical measurement methods in macrofluidic
as well as in microfluidic applications (Adrian 2005, Kähler et al. 2016, Raffel et al. 2018). For thermom-
etry in liquid flows, laser induced fluorescence (LIF) is a commonly used technique (Sakakibara & Adrian
1997, 2004, Natrajan & Christensen 2009, Shafii et al. 2010). Funatani et al. (2004) have combined both
techniques to simultaneously investigate the temperature and velocity fields in a turbulent buoyant plume
in water. Similarly, PIV in combination with different types of temperature sensitive particles is used for
simultaneous temperature and velocity measurements.
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1.2 State of the art of optical temperature and velocity measurement techniques

One technique which was introduced nearly 30 years ago is known as particle image thermometry (PIT)
(Kimura et al. 1988, Hiller et al. 1993). It employs thermochromic liquid crystals (TLCs) as tracers. These
particles reflect different parts of the visible spectrum of light depending on their temperature (Dabiri
2009). Thus, when the TLCs are illuminated with a white light source and imaged on a color-camera, the
color of the particle images can be related to the surrounding fluid temperature. Recently, Schiepel et al.
(2016) realized simultaneous three-dimensional velocity and temperature field measurements in turbulent
Rayleigh–Bénard convection by combining PIT with tomographic-PIV.

Other temperature sensitive particles that have been used in combination with PIV are thermographic
phosphors (Aldén et al. 2011, Abram et al. 2015, 2016), microencapsulated fluorescent dyes (Vogt &
Stephan 2012), microencapsulated temperature sensitive polymers (Cellini et al. 2017) and luminescent
polymer particles (Someya et al. 2011). In these approaches, the temperature is estimated from the par-
ticles’ temperature dependent luminescence intensity or respectively their luminescence lifetime, i.e. the
time required for the luminescence intensity to decay to 1/e of its initial value after excitation.

Another optical technique used for simultaneous temperature and velocity measurements in fluid me-
chanics is the so called molecular tagging velocimetry and thermometry (MTV&T) (Hu et al. 2010). The
working principle of the method is to excite or ’tag’ a grid of phosphorescent molecules, mixed into the
fluid, with a single laser pulse and capture two images in short succession. As the molecules have a
relatively long lifetime in the order of milliseconds, the deformation of the grid between two successive
camera images can be used to estimate the velocity field in a plane. At the same time the temperature can
be calculated via the luminescence lifetime of the molecule, which is temperature dependent.

However, all measurement techniques described so far are either purely two-dimensional or often use
multiple cameras for volumetric measurements, which is difficult to realize in microfluidics due to the lim-
ited optical access. Furthermore, the small dimensions of microchannels make the illumination with a light
sheet practically very challenging. Therefore, volume illumination is used in most cases, which can extend
over the channel’s entire depth. Thus, the cross correlation in PIV and accordingly the fluorescence signal
in LIF are significantly influenced by signals from outside of the measurement plane (Rossi et al. 2012,
Kim & Yoda 2014). Additionally, spatial averaging is imposed by the size of the interrogation windows
used in both methods. These effects cause systematic errors when strong in and out-of plane gradients
are present in the flow (Kähler et al. 2012b). By evaluating individual particle images moving with the
flow instead, as in particle tracking velocimetry, the in-plane errors can be minimized, since the spatial
resolution limit is decreased to the rms error of the detection of the particle image center. This limit is
below 0.05 pixel for many experimental conditions (Kähler et al. 2012a). However, the out-of plane error
caused by volume illumination can only be fully avoided by utilizing volumetric measurement techniques.
For microfluidics many volumetric velocity measurement techniques exist and are comprehensively re-
viewed in Cierpka & Kähler (2012). A well established method that enables the determination of all three
velocity components in three dimensions (3D3C) with only one camera is astigmatism particle tracking
velocimetry Cierpka et al. (2010). The technique relates the elliptical shape of astigmatically distorted
particle images with their depth position in the measurement volume.

Following this conclusion, Segura et al. (2013, 2015) introduced a measurement technique for microflu-
dic applications, that is based on the astigmatic imaging of individual non-encapsulated TLCs. The authors
were able to perform fully three-dimensional velocity and temperature measurements, thus overcoming the
aforementioned limitations of techniques based on window averaging. However, camera exposure times in
the order of several milliseconds were necessary to acquire sufficiently high color signals, which presently
limits the technique to slow flows or low magnifications.

In order to summarize the current state of the art, table 1.1 provides some representative examples of
the different temperature measurement techniques and their respective measurement uncertainty in the
temperature estimation found in literature.
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1.3 Goal and approach

Despite considerable progress in the development of simultaneous temperature and velocity measurement
techniques in recent years, there is still a need for a method that enables the examination of microflu-
idic flow problems and is not limited by the velocity or magnification to avoid motion blur caused by
large particle image displacements and long camera exposure times, e.g. as in measurements using non-
encapsulated TLCs. To meet these requirements, two novel techniques are proposed and qualified in this
work, that are based on the imaging and evaluation of individual luminescent polymer tracer particles sus-
pended in the flow. The methods enable volumetric measurements with only a single camera and without
errors due to depth of correlation and window averaging as in µ-PIV or µ-LIF. Furthermore it can be
used to investigate temperature differences and flow velocities over a wide range of scales with reduced
uncertainties compared to world leading measurement techniques.

For this purpose, novel polymer tracers are developed in conjunction with the Surflay Nanotec GmbH
that are doped with the two luminescent dyes perylene and europium thenoyltrifluoroacetonate (EuTTa).
The luminescence intensity and lifetime of EuTTa decreases with increasing temperature, whereas both
properties are relatively independent of temperature in the case of perylene. Thus, the temperature can be
determined from the luminescent intensity of individual particles with a ratiometric approach similar to
two-color LIF (Sakakibara & Adrian 2004). The EuTTa signal serves as the temperature sensor, whereas
the perylene signal acts as a reference that accounts for intensity artifacts, e.g. spatial and temporal vari-
ations in the illumination intensity. In order to determine the ratio of both signals, they are separated via
two different camera set-ups. The first set-up consists of a two camera system with appropriate filters
and dichroic mirrors, whereas the second set-up consists of a single color camera. As a second measure-
ment approach for determining the temperature, the luminescence lifetime of EuTTa is resolved via rapid
lifetime imaging with a highspeed camera. Since the lifetime is not affected by intensity artifacts, photo
bleaching or variations in the dye concentration, a reference signal is not necessary. The techniques are
combined with astigmatism particle tracking velocimetry, to determine the 3D position of the tracer parti-
cle in the measurement volume, thus giving the 3D temperature field. Simultaneously, the 3D3C velocity
field can be determined by the particle image shift in time.

The novel lifetime based technique is used to gain unprecedented insight into two topical fluid mechani-
cal problems from the field of electrochemical energy conversion. Firstly, the rapid start-up of a µ-DMFC
is investigated in conjunction with the ’Zentrum für Brennstoffzellentechnik’ (ZBT) Duisburg. For this
purpose, an optically accessible test cell is designed by the ZBT. The optical access to the anode and cath-
ode side is realised by using glass plates as the respecitve cover plates. Both glass plates are coated with
a thin layer of indium tin oxide (ITO) which is electrically semi-conductive and serves as a heating layer.
With this set-up, the fuel cell can be rapidly heated to its working temperature to realize a start up time of
less than 5 minutes. The evolution of the 3D temperature and velocity field on the anode side during the
start up is investigated for the first time, by means of particle based luminescence lifetime imaging and
APTV.

Furthermore, the origin of strong electrolyte flow during water electrolysis is investigated, which arises
at the interface between electrolyte and hydrogen bubbles evolving at microelectrodes and was recently
unveiled by Yang et al. (2018). Hydrogen gas bubbles are electrolytically generated at a horizontal Pt
microelectrode in a 1 M H2SO4 solution. Simultaneous measurements of the velocity and the temperature
field of the electrolyte close to the bubble interface are performed by means of particle tracking velocimetry
and luminescence lifetime imaging. Additionally, the experimental results are compared to corresponding
numerical simulations of the temperature distribution in the cell and the electrolyte flow resulting from
thermocapillary stress only.
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1.4 Outline

Chapter 2 introduces the fundamentals of photoluminescence sensing and of different temperature mea-
surement methods based on it, as well as the basics of particle image velocimetry, particle tracking ve-
locimetry and astigmatism particle tracking velocimetry. The working principle and practical implemen-
tation of the novel measurement techniques is described in detail in chapter 3 and the performance of
the methods is qualified by comparing measurements in a heated microchannel to numerical simulations
in chapter 4. Chapter 5 gives on overview of the fundamental design and working principle of direct
methanol fuel cells and presents the detailed analysis of the temperature and velocity field on the anode
side of a µ-DMFC during its rapid start up. In chapter 6, the thermocapillary convection at microbub-
bles during water electrolysis is investigated experimentally and numerically. Finally, a summary and an
outlook are given in chapter 7.

10



2 Fundamentals

This chapter introduces the fundamentals of photoluminescence sensing and particle based velocimetry
techniques. First, the basic physical principles of photoluminescence will be described and different meth-
ods of luminescence based temperature sensing commonly applied in fluid mechanics will be outlined.
Furthermore, this chapter explains the fundamentals of particle image velocimetry and particle tracking
velocimetry, as well as astigmatism particle tracking velocimtery.

2.1 Photoluminescence

Photoluminescence is a well-known phenomenon that describes the property of certain materials to emit
electro-magnetic radiation in the visible spectrum, after being electro-magnetically excited by a light-
source (Valeur & Berberan-Santos 2012). Today, different types of luminescent compounds, such as lu-
minescent dyes, phosphors, vitamins, proteins, metallic nanostructures and many more are widely used
in various scientific fields, e.g fluid mechanics, biology, medicine, chemistry, and many more. The first
historical observations of luminescence in certain minerals and animals date back as far as the middle
ages (Harvey 1957). Nevertheless, it was not until the middle of the 19th century, that the first systematic
scientific studies of the phenomenon were performed. Among others G. G. Stokes notably advanced the
understanding of luminescence. In a famous article from 1852, he was able to show that luminescence is
an emission of light induced by an absorption of light (Stokes 1852). Furthermore, he stated that the emit-
ted light is always of longer wavelength than the excitation light, which became known as the Stokes law.
Additionally he introduced the term fluorescence in a later paper (Stokes 1853). With the introduction of
quantum physics in the beginning of the 20th century, further progress was achieved in the understanding
of photoluminescence. Today, the basic physical principles of photoluminescence are very well known and
a large variety of scientific books and articles on the principles and applications of luminescence as well as
on special topics related to luminescence have been published. Due to the considerable scope of the field,
a comprehensive and detailed explanation of all phenomena related to luminescence will not be possible
in the course of this dissertation. Therefore, the content of the following section will be restricted to the
description of the physical principles, that significantly influence the measurement technique applied here,
as well as closely related techniques commonly used in fluid mechanics. For further details on additional
mechanisms of photoluminescence and its applications, the reader is referred to Valeur & Berberan-Santos
(2012), Lakowicz (2013, 2002, 1991), Rabek (1987) and Shionoya et al. (2006) and relevant citations
herein. This section is largely based on Valeur & Berberan-Santos (2012) and Rabek (1987), which will
not be explicitly cited from here on out for better readability.

Intramolecular excitation and de-excitation processes

The fundamental kinetics of the various processes related to photoluminescence can be comprehensibly
described with the help of a so called Jablonski-type diagram, which is shown in figure 2.1 (Jabłoński
1935). Generally, the probability of an electron to inhabit a certain space around the nucleus of an atom is
referred to as an atomic orbital. The potential energy of an electron that is located in a particular atomic
orbital increases with its distance to the nucleus. An electron can be promoted to a not fully occupied,
higher energetic orbital without changing its spin, when an atom absorbs a photon with an energy that is
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exactly equal to the energy gap between the two orbitals involved. The energy of a photon is given by the
Planck equation E = hv, where h is the Planck’s constant (h = 6.626×10−34 Js) and v is the frequency of
the photon.

When a molecule is formed, however, the orbitals of the involved atoms interact and combine into
various molecular orbitals (Mortimer & Müller 2007). At room temperature most molecules exist in the so
called ground singlet electronic state, which is denoted as S0 in the Jablonski-Diagram (see figure 2.1). In
this context, the term singlet refers to the multiplicity (m = 2s+1) of the electronic state. According to the
Pauli-principle the occupied orbitals can only contain two electrons with opposite spin, therefore the spin
quantum number is s = 0 and the multiplicity is m = 1. The absorption of a photon promotes an electron
to an unoccupied orbital and produces a molecule in a so called excited singlet electronic state, which are
denoted as S1...n in the Jablonski-Diagram (see figure 2.1). For each state the energy level of the molecule
increases, with the energy required for ionization or dissociation as the upper limit. However, when a
volume containing luminescent molecules is illuminated by a light source, only a certain percentage of
the incident photons are absorbed by the luminescent species. The ratio between the number of incident
photons and the number of absorbed photons is generally referred to as the photoluminescent absorption
coefficient ε and is a unique property of each luminescent material and wavelength dependent (Shafii
et al. 2010). Additionally to the electronic energy states, the nuclei of molecules have different vibrational
and rotational modes. Therefore, each electronic state is divided into a series of vibrational energy levels
(dashed lines in figure 2.1) and each vibrational level is further divided into a series of rotational energy
levels (not shown in figure 2.1). Luminescent species are relatively large molecules with many vibrational
and rotational degrees of freedom that can be excited through the absorption of a photon, which leads to
the typical broad and continuous absorption spectra1 (see figure 3.7a). This effect is commonly known as
homogeneous broadening (Nemkovich et al. 2002).

The excitation energy of an excited molecule can be dissipated by different radiative (photolumines-
cence) and non-radiative processes, as well as by bimolecular deactivation processes and dissociation
processes. Radiationless transitions consist of internal conversion (IC) and intersystem crossing (ISC).
Internal conversion is the radiationless transition between two states with the same multiplicity and is in-
duced by molecular or crystal vibrations. In solution it is followed by the loss of vibrational energy in
form of heat (Q) through collision with the solvent’s molecules, called vibrational relaxation (VR), until
the lowest vibrational energy level of the respective energetic state is reached (see figure 2.1). Intersys-
tem crossing on the other hand is the radiationless transition between two electronic states with different
multiplicity, i.e. from an excited singlet state Si to the lowest excited triplet state T1 or vice versa. In the
excited triplet state the electrons’ spins are unpaired and m= 3. Therefore, this process is in principle spin-
forbidden, but can still occur due to an interaction between the magnetic moment induced by the electron
orbiting the nucleus and the magnetic moment caused by its spin, called spin-orbit coupling. However,
the higher excited triplet states can only be formed, when a molecule in the first excited triplet state ab-
sorbs a photon. The presence of heavy atoms (e.g. Eu, Br, ...) promotes spin-orbit coupling and thus the
probability of intersystem crossing increases. Since the transition from an excited singlet to a triplet state
is spin-forbidden, the direct excitation of an excited triplet state from the ground state by absorption of a
photon is highly improbable.

Radiative deactivation processes are generally summarized as luminescence or photoluminescence and
can be divided into fluorescence and phosphorescence. Fluorescence is a spin-allowed process between
states of the same multiplicity. In most cases fluorescent deactivation occurs from the first singlet excited
state S1, because of the very fast rate of internal conversion from the higher singlet excited states to S1 due

1The absorption spectrum represents the wavelength dependency of the absorption coefficient. Therefore, it reflects the proba-
bility that a photon with a certain frequency or respectively wavelength is absorbed by the molecule.
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Figure 2.1: Jablonski-Type energy level diagram of a luminescent molecule after Valeur & Berberan-
Santos (2012), Liu (2004), schematically demonstrating the various singlet and triplet excited
electronic states (Si,T1) and their vibrational energy levels, the different transition processes
between the electronic states (absorption, internal conversion (IC), intersystem crossing (ISC),
fluorescence, phosphorescence) and vibrational relaxation (VR).

to the relatively small energy gap, which makes luminescent deactivation from the higher states unlikely.
In a typical excitation/deactivation cycle a photon of the energy Ea = hva is absorbed and excites a vibra-
tional level of the first excited singlet electronic state. This process is followed by vibrational relaxation
toward the lowest vibrational level of S1 as indicated in figure 2.1. The transition to a vibrational level
of the energetic ground state of the molecule is then realized through fluorescence, i.e. the emission of a
photon with the energy Ef = hvf, which is followed by vibrational relaxation to the ground vibration level
of S0. As can be seen in figure 2.1, the energy of the emitted photon is often lower, than the energy of
the absorbed photon due to the energy dissipation caused by vibrational relaxation. Therefore, vf < va
and the fluorescent emission spectrum2 is shifted to longer wave-lengths than the absorption spectrum,
which is generally known as the Stokes shift (see figure 3.7a). Nevertheless, excitation from a higher
vibrational level of S0 is also possible, which explains why the emission spectrum often partially over-
laps with the excitation spectrum (e.g. for perylene in figure 3.7a). In addition to the described standard
excitation/deactivation processes, there are various other mechanisms involving fluorescent deactivation,
which may occur depending on the luminescent species, such as excitation to S2, delayed fluorescence,
etc.. However, the fluorescent compounds that were utilized in the course of this thesis are not affected
by these processes. Therefore, the interested reader is referred to Valeur & Berberan-Santos (2012) and
Lakowicz (2013) for further information.

As mentioned before, intersystem crossing from the first excited singlet to the first excited triplet elec-
tronic state may occur due to spin-orbit coupling, followed by vibrational deactivation to the ground vi-
brational level of T1 (see figure 2.1). The following radiative deactivation is called phosphorescence and
is a spin-forbidden process, since it is a transition between two states of different multiplicity. Usually,

2The emission spectrum represents the probability distribution of the transitions from the ground vibrational level of S1 to the
different vibrational levels of S0. It is usually a red-shifted mirror image of the absorption spectrum, when depicted in the
frequency domain.
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the ground vibrational level of the first excited triplet state has a lower potential energy than the ground
vibrational level of the first singlet excited state (vp < vf < va). Therefore, the Stokes shift of the phospho-
rescent emission spectrum is in most cases larger than the Stokes shift in the case of fluorescent emission
(see EuTTa in figure 3.7a). The described intramolecular transition processes and their respective kinetics
are summarized in Table 2.1.

Lifetime of excited electronic states and luminescent intensity

The excited state lifetime of a luminescent molecule is one of its most important characteristics and can
be used to measure different physicial properties, as will be discussed in section 2.2. When a dilute
solution of the luminescent molecule M with the concentration [M] is excited by a short δ -type pulse
of light, a certain number of molecules [M∗]S undergo transition to the first singlet excited electronic
state S1. The population of [M∗]S over time depends on the competition between different photophysical
processes. If only intramolecular processes are considered, [M∗]S can be calculated at any given time after
the excitation pulse by the following equation, where kS

IC, kS
ISC and kf are the respective rate constants of

internal conversion, intersystem crossing and fluorescence (see table 2.1):

− d[M∗]S

dt
= (kS

IC + kS
ISC + kf)[M∗]S (2.1)

Integration of this equation yields:

ln
[M∗]S

[M∗]S0
=−(kS

IC + kS
ISC + kf)t (2.2)

where [M∗]S0 = ka[M] is the concentration of molecules in the first singlet excited state at time 0 after
excitation, with ka as the rate constant for absorption. The lifetime of the singlet excited state can be
defined as the time required for the concentration of the molecules in the excited state [M∗]S to reduce to
1/e of its initial value after excitation (Birch & Imhof 1999). This yields the lifetime of the singlet excited
state or fluorescence lifetime:

τS =
1

kS
IC + kS

ISC + kf
(2.3)

Similar to the lifetime of the singlet excited state, the lifetime of the triplet excited state or phosphorescence
lifetime can be calculated as:

τT =
1

kT
IC + kT

ISC + kp
(2.4)

Table 2.1 summarizes the time scales associated with each process. Note, that the lifetimes of spin-allowed
transitions between states with the same multiplicity are generally smaller, than the lifetimes of corre-
sponding spin-forbidden transitions between states of different multiplicity. In particular, phosphorescent
de-activation is a relatively slow process on average. Therefore, in solution at room temperature, the nu-
merous collisions with the solvent molecules favor intersystem crossing and vibrational relaxation to the
ground state S0 over phosphorescent de-excitation. For this reason, phosphorescence is rarely observed
under these conditions. However, in rigid medium and/or at low temperatures where the movement of the
molecules is limited, the triplet state lifetime may be long enough, to observe phosphorescence for up to
several minutes.

A second important characteristic of a luminescent molecule is its luminescent intensity. It is defined
as the amount of photons, that is emitted per unit time and per unit volume of solution. The fluorescent
or phosphorescent intensity (if or ip) after excitation by a short pulse of light is proportional at any time to
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Table 2.1: Intramolecular photophysical processes involving the excited electronic states S1 and T1 and
the corresponding lifetimes after Rabek (1987)

process kinetics lifetime in s rate constant

excitation S0 +hva→ S1 10−15 ka

internal conversion
S1→ S0 +Q 10−14−10−11 kS

IC

T1→ T0 +Q 10−14−10−11 kT
IC

intersystem crossing
S1→ T1 +Q 10−11−10−8 kS

ISC

T1→ S1 +Q 10−11−10−8 kT
ISC

fluorescent emission S1→ S0 +hvf 10−11−10−6 kf

phosphorescent emission T1→ S0 +hvp 10−3−102 kp

the concentration of molecules still in the singlet or triplet excited state with the rate constant for radiative
de-excitation kf or kp (either fluorescent or phosphorescent) as the proportionality factor:

if(t) = kf[M∗]S = kf[M∗]S0e(−
t

τS
) (2.5)

ip(t) = kp[M∗]T = kp[M∗]T0 e(−
t

τT
) (2.6)

This gives a single exponential decay of the luminescence intensity, which is true for many luminescent
species. However, when mixtures of luminescent species or a species in a non-uniform environment are
investigated, the observed decay may more accurately be described by a multiple exponential function
(Berezin & Achilefu 2010). Nevertheless, in an actual experiment, the measured fluorescent or phospho-
rescent intensity denoted as I is proportional to if or ip respectively, but depends on instrumental condi-
tions. Therefore, the numerical value measured for I is obtained on an arbitrary scale, that is unique for
each experiment.

Up to this point, only the influence of intramolecular processes was considered. However, the environ-
mental conditions, as well as intermolecular processes also have a significant impact on the luminescent
lifetime and intensity and will be discussed in the following sections.

Intermolecular de-activation processes

Additionally to intramolecular de-excitation processes, the excited electronic states can be de-activated
by interactions between an excited molecule and other molecules in its proximity, which is commonly
known as luminescent quenching. Quenching processes include collision with molecules of the same
or of other species, electron transfer, excimer formation, exciplex formation, proton transfer and energy
transfer. However, the detailed description of each individual quenching process would exceed the scope
of this section. Therefore, only general considerations are presented here. For a comprehensive description
the reader is referred to Valeur & Berberan-Santos (2012) and Eftink (2002).

Quenching processes offer another de-excitation pathway and accordingly compete with fluorescence
and phosphorescence. As a result, they affect the luminescent intensity and lifetime in the following way:
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In the presence of the quencher molecule Q and with kq as the rate constant of the intermolecular de-
excitation process, equation 2.1 becomes:

− d[M∗]S

dt
= (kS

IC + kS
ISC + kf + kq[Q])[M∗]S (2.7)

Integrating this equation analog to section 2.1 yields the fluorescent and phosphorescent intensity to:

if(t) = kf[M∗]S = kf[M∗]S0e−(
1

τS
+kq[Q])t (2.8)

ip(t) = kp[M∗]T = kp[M∗]T0 e−(
1

τT
+kq[Q])t (2.9)

The result gives a single exponential decay with the time constants:

τf =
1

1
τS
+ kq[Q]

=
τS

1+ kqτS[Q]
(2.10)

τp =
1

1
τT
+ kq[Q]

=
τT

1+ kqτT[Q]
(2.11)

Clearly, the fluorescent and phosphorescent lifetime and intensity are generally reduced due to quench-
ing mechanisms. An example for a very efficient quencher is molecular oxygen. When the partial pressure
of oxygen is increased, the luminescent intensity of many species is reduced, due to the increased number
of collisions between oxygen molecules and luminescent molecules. In air the pressure is proportional
to the partial pressure of oxygen. Therefore, the correlation between the oxygen concentration and the
luminescent intensity or lifetime is commonly used to measure pressure in air (Liu 2004, Bitter et al.
2012).

Quantum yield and influence of temperature

The quantum yield of photoluminescence Φ is defined as the fraction of molecules that return from the
excited electronic state to the ground state through the emission of photons. It can be interpreted as the
ratio between the number of emitted photons to the number of absorbed photons. In the steady-state
condition, the rate of de-excitation is equal to the light absorption rate Ia = ka[M] to the first excited singlet
electronic state:

Ia = (kf + kq[Q]+ kS
IC + kS

ISC)[M
∗]S (2.12)

Therefore, the fluorescent quantum yield can be defined in terms of the rate constants as:

Φf =
kf[M∗]S

Ia
=

kf

kf + kq[Q]+ kS
IC + kS

ISC
(2.13)

To calculate the quantum yield of phosphorescent de-activation, the rate of intersystem crossing from the
singlet to the triplet excited state has to be included. The quantum yield of intersystem crossing can be
defined as

ΦISC =
kS

ICS

kf + kq[Q]+ kS
IC + kS

ISC
(2.14)

which gives the phosphorescent quantum yield

Φp = (
kp

kp + kq[Q]+ kT
IC + kT

ISC
)ΦISC (2.15)
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The quantum yield is a unique property of every luminescent compound and can vary significantly between
different species. Therefore, species with a high quantum yield such as Rhodamine B (RhB), Fluorescein,
perylene, EuTTa, etc. are best suited for luminescent sensing (Wang et al. 2013). However, the quantum
yield is not a constant, but it is affected by the environment (e.g. the solvent) and by the presence of a
quencher molecule. Particularly, the temperature can have a significant influence on the quantum yield.
When the temperature is increased, the mobility of the luminescent molecules in solution is increased
as well. This enhances the probability of collisions between the molecules and thus the probability of
non-radiative de-excitation. Therefore, an increase in temperature generally causes a decrease in the lumi-
nescent quantum yield and accordingly in the luminescent intensity and lifetime. For some luminescent
compounds (e.g. Rhodamine B, EuTTa), the intensity and lifetime show a significant sensitivity to temper-
ature Wang et al. (2013). This relation can be used for temperature measurements, which will be described
in section 2.2.

Environmental effects on luminescent emission

In addition to the temperature, other properties of the molecules’ microenvironment can significantly alter
its luminescent emission intensity or lifetime. For example, the various photophysical processes may
be influenced by the choice of the solvent, the acidity, the polarity and the viscosity of the solvent, as
well as a variety of specific interactions between a solvent and a luminescent molecule. The aim of this
paragraph is to give an overview of the interactions between a luminescent compound and its surrounding,
most commonly encountered in fluid mechanical applications. However, since each individual compound
reacts uniquely to its environment, this paragraph can only give a qualitative understanding of the different
effects.

Classical luminescent probes that are widely used for sensing in fluid mechanics consist of a fluorescent
compound, which is dissolved in a liquid solvent (e.g. ethanol, methanol, water etc.) or incorporated
into a polymer matrix (e.g. polystyrene, polymethylmethacrylat, melamine formaldehyde, etc.). In a polar
solution the solute molecules and the solvent molecules in its imminent surrounding, called solvation
shell, possess a dipole moment, which induces a local electrical field (Nemkovich et al. 2002). As a
result of thermal motion in the solution, the structure of the solvation shells and thus the local electrical
field fluctuate. This leads to a statistical distribution of the energies of the electronic transitions and
therefore to an inhomogeneous broadening of the molecules’ spectral bands, which acts additionally to
the homogeneous broadening described in section 2.1. The effect of inhomogeneous broadening surpasses
in most cases the extend of homogeneous broadening and might even lead to completely blurred spectral
bands.

A second effect associated with the dipole moment between solute and solvent molecules is the so called
solvent relaxation. When a luminophore is excited, its dipole moment generally increases (Lakowicz 2013)
and the solvation shell undergoes a relaxation, i.e. a reorientation of the dipoles, which decreases the free
energy of the excited state. Figure 2.2 schematically demonstrates the effect of solvent relaxation. When
the polarity of the solution is increased, the energy of the excited electronic state decreases and thus, the
emission spectrum is shifted to higher wavelengths. Due to solvent relaxation, the location of the emission
peak of Sulforhodamine101 shifts for example from a wavelength of 610 nm in ethanol to a wavelength of
620 nm in water (Natrajan & Christensen 2009). In polar rigid media, such as polymers or frozen liquid,
both inhomogeneous broadening and solvatochromic shifts of the electronic bands are less pronounced, but
still exist. The dependency of the luminescent emission on polarity can be utilized to determine the polarity
of a sample using fluorescent polarity probes (Macgregor & Weber 1986, L’Heureux & Fragata 1987).
Additionally, Yoon & Kim (2006) used this effect to increase the signal of the fluorescent dye Nile Blue
A by utilizing a less polar solvent, namely an aqueous mixture of ethanol and methanol, instead of pure
water. In summary it can be concluded, that the influence of the solvent’s polarity has to be considered,
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when a luminescent compound is investigated in different media. For a more detailed theoretical treatment
of solvent relaxation the reader is referred to Lippert (1955) and Mataga et al. (1956), as well as Lakowicz
(2013) and Valeur & Berberan-Santos (2012) for further information on specific solvent effects.
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Figure 2.2: Jablonski-Type energy level diagram of a luminescent molecule after Lakowicz (2013),
schematically demonstrating the effect of solvent relaxation.

Another environmental parameter that influences the luminescent characteristics of certain molecules
is the pH-value, which is defined as the activity of H+ protons. The group of so called fluorescent pH-
indicators can reversibly bind a proton, which changes the fluorescent characteristics of the compound.
One example of a pH-sensitive indicator is Fluorescein. In aqueous solution it occurs in cationic, neu-
tral, monoanionic and dianionic forms Sjöback et al. (1995). The dianionic form of Fluorescein is mostly
present at high pH-values (pH > 9) and generally exhibits brighter fluorescent emission than its monoan-
ionic counterpart, which is predominant at pH≈ 5.5 (Tamulis et al. 2003). When the pH-value is de-
creased, protonation leads to higher concentrations of monoanions and thus to a decrease in fluorescent
intensity as well as lifetime. At lower pH-values mainly the neutral and cationic forms of Fluorescein ex-
ist. They are converted into the anion upon excitation and fluoresce with an even lower quantum yield than
the monanionic form Sjöback et al. (1995). Other examples of pH-sensitive dyes are various derivatives
of coumarin, pyranine, semi-naphthofluorescein and semi-naphthorhodafluor.

For luminescent probes which consist of a luminophore incorporated into a polymer matrix, however,
most photophysical or photochemical processes differ considerably from the same processes taking place
in solution. This is caused by the limited possibilities of diffusion, translation and rotation inside a rigid
polymer matrix. In particular sensing of environmental parameters, such as temperature can be influenced
by this effect. Since translation and rotation are limited inside the solid matrix, the number of molecular
collisions and thus the probability of nonradiative de-activation stay relatively constant, irrespective of
the temperature. Therefore, the decrease in quantum yield with temperature is not as pronounced as in
liquid media and the temperature sensitivity of the probe can strongly decrease or even vanish, which will
be discussed in more detail in chapter 3. Similarly, for measuring other parameters, such as pH-value or
pressure, the polymer matrix must be permeable to H+ protons or oxygen.
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2.2 Luminescence based temperature sensing

Temperature field measurements using different types of photoluminescent sensors are widely established
in fluid mechanics, as well as in other scientific fields (Liu 2004, Valeur & Berberan-Santos 2012). As
described in the previous section, both the luminescence lifetime and the luminescence intensity are tem-
perature dependent, for many luminescent species. Thus, either one can be measured and related to tem-
perature, with specific advantages and disadvantages for each approach.

Lifetime based temperature sensing

Lifetime based measurement methods are generally known as fluorescence lifetime imaging (FLIM) (Lakow-
icz et al. 1992, Chang et al. 2007). They are a widely used tool for sample analysis in biological and
medical applications, e.g. imaging of cancer, brain tissue analysis, measurements of the pH-value, etc.
(Berezin & Achilefu 2010). The benefit of luminescence lifetime sensing is the fact that the decay time
is an intrinsic property of a luminophore. Thus, in contrast to the luminescence intensity, it is insensitive
to intensity artifacts such as variations in the illumination intensity, optical losses in the optical path or
sample, variation in the dye concentration, photochemical degradation of the molecule known as photo
bleaching, optical aberrations, etc. (Chang et al. 2007).

The luminescence lifetime can either be determined in the frequency domain or in the time domain.
In the frequency domain method the luminescent probe is excited with a modulated light source. After
excitation of the probe, its emission follows the excitation frequency with a lifetime dependent phase shift.
The decay time τ can thus be calculated from the phase shift Φ according to:

τ =
tanΦ

2π fmod
(2.16)

where fmod is the modulation frequency of the light source (Wang et al. 2013).
For measuring temperature fields, however, the time domain method rather than the frequency domain

method is commonly used (Wang et al. 2013). The principle of this technique is illustrated schematically
in figure 2.3a. After excitation with a short δ -type pulse, e.g. by a laser, the exponentially decaying
luminescence signal is sampled at multiple instants with fast gated detectors. The lifetime can then be
calculated from an exponential fit of the measurement data and related to temperature. However, the
lifetimes of fluorophores are often only nanoseconds and the instrumentation needed to resolve these short
decay times, e.g. intensified charge-coupled device (ICCD) cameras with a fast gated intensifier, is quite
complex, noisy and expensive (Stich et al. 2010). To solve this issue, different research groups have
imaged temperature fields using highspeed cameras in combination with long decaying phosphorescent
probes with lifetimes in the order of several hundred µs to ms, such as solid phosphor particles, europium
derivatives or 1-BrNp-Gβ -CD·ROH (Kissel et al. 2009, Fuhrmann et al. 2012, Hu et al. 2010, Someya
et al. 2013). In order to accurately approximate the emission decay with an exponential function, however,
multiple instants of the luminescent decay should be imaged, which typically requires frame rates of 10
kHz and more. This results in low signal-to-noise ratios due to small exposure times and in a limited spatial
resolution or field of view, since only part of the camera sensor can be used for imaging at high frame
rates (Someya et al. 2013). To circumvent these problems, the rapid lifetime determination method (RLD,
Woods et al. (1984)) can be applied for calculating the luminescence lifetime from only two measurements
at the time instants t1 and t2 with a constant gate width or image exposure time (τexp), as schematically
depicted in figure 2.3b. This considerably reduces the required frame rates and increases the possible
exposure times. If the decay rate corresponds to a single exponential function, the measured luminescence
signals in the first lifetime image I1 and in the second lifetime image I2 are estimated to be (Valeur &
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Berberan-Santos 2012):

I1 =
∫ t1+τexp

t1
I0e(−

t
τ
)dt (2.17)

I2 =
∫ t2+τexp

t2
I0e(−

t
τ
)dt (2.18)

The lifetime can then be calculated from
τ =

t2− t1
ln(I1/I2)

(2.19)

However, in most practical cases, the luminescence decays according to a higher order exponential function
and a suitable calibration is necessary to obtain the temperature from only two measurement points. Since
the time intervals during the measurement stay constant, the calculation of the lifetime is not necessary
and the intensity ratio of the two lifetime images I1/I2 or respectively its reciprocal I2/I1 can be directly
used to determine the temperature.
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Figure 2.3: Schematic of (a) time domain sampling of a luminescent decay (after Cubeddu et al. (2002))
and (b) the rapid lifetime determination method.

Intensity based temperature sensing

In contrast to the luminescence lifetime, the luminescence intensity can easily be imaged with standard
scientific charge-coupled device (CCD) or complementary metal–oxide–semiconductor (sCMOS) cam-
eras. Consequently, intensity based temperature sensing has the advantage of a much simpler and less
expansive measurement set-up. However, when the luminescence intensity is imaged with a camera, the
obtained values depend on several factors which are:

• The experimental conditions, e.g. the camera sensitivity, the transmittance of the optical compo-
nents, optical aberrations, the time span during which luminescent emission is accumulated on the
camera sensor, etc..

• The number of initially excited molecules: [M∗]0 = Iexε[M], with Iex as the excitation intensity.

• The quantum yield of the luminescent molecule.

• The influence of photo bleaching
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Since the quantum efficiency and the absorption coefficient of the luminescent species depend on the
surrounding temperature, the measured luminescence intensity as a function of temperature can be written
as

I(T ) = AIexε(T )Φ(T )[M] (2.20)

with A as a factor that accounts for the experimental conditions (Shafii et al. 2010). Nevertheless, A
is often unknown and an appropriate calibration prior to the experiment is necessary, to find the relation
between luminescence intensity and temperature and the experimental conditions must be maintained con-
stant throughout calibration and experiment. Therefore, the intensity based sensing is less robust towards
variations in the experimental set-up than the lifetime based method. Furthermore, the emission is directly
related to the excitation intensity, which can vary in time, e.g. when pulsed lasers are used for excitation
and in space, e.g. in the case of a non-uniform illumination profile, due to reflections or due to density
gradients caused by temperature or concentration gradients. These effects must be taken into account in
order to avoid erroneous measurement results. A common approach for correcting intensity variations is
to add a second luminescent molecule, which has a different temperature sensitivity than the first molecule
and serves as a reference, e.g. in two-color LIF (Sakakibara & Adrian 1997). The ratio of the emission
intensities of both dyes is:

IT

IR
(T ) =

AIexεT(T )ΦT(T )[M]T
AIexεR(T )ΦR(T )[M]R

=
εT(T )ΦT(T )[M]T
εR(T )ΦR(T )[M]R

(2.21)

Assuming a constant concentration ratio of both species throughout the measurement volume, the tem-
perature can be determined from the measured intensity ratio without errors due to a non-uniform excita-
tion. However, since each molecule is often influenced by photo bleaching in a different way, the influence
of photo degradation cannot be corrected by this approach and should be minimized during the experiment,
e.g. by minimizing the exposure to light. For the calculation of the ratio, IT and IR need to be imaged sep-
arately and preferably simultaneously, which is often realized by choosing a mixture of two molecules,
that need to be excitable with the same light source (i.e. have a similar absorption spectrum) but emit light
at different wavelengths. With this method, the signals can easily be separated through optical filtering,
for example by imaging with two cameras equipped with appropriate optical filters or a color camera, and
the intensity ratio can be calculated and related to temperature (Sakakibara & Adrian 1997, Funatani et al.
2004).

2.3 Particle image velocimetry and particle tracking velocimetry

Particle image velocimetry (PIV) and particle tracking velocimetry (PTV) are nowadays standard optical
measurement techniques to investigate instantaneous or mean velocity fields (Adrian 2005, Kähler et al.
2016, Raffel et al. 2018). A typical experimental set-up is very similar for both methods and is schemati-
cally depicted in figure 2.4. In most applications the fluid is seeded with small tracer particles, such as oil
droplets, solid fluorescent particles, hollow glass spheres or gas bubbles, among others. It is assumed, that
the tracer particles move with the local flow velocity, i.e. their slip velocity must be negligible with respect
to the uncertainty of the measurement technique. The region of interest is illuminated via a light sheet by
a strong light source (e.g. a laser or LEDs) and the scattered or respectively fluorescence light from the
tracers is recorded via an objective lens with a digital camera as a sequence of consecutive images or image
pairs. The velocity can then be estimated from the displacement of individual particle images (PTV) or
particle image ensembles (PIV), the known time separation between the camera images ∆t and the conver-
sion from image coordinates into physical coordinates, which is determined by a calibration. This gives
the in-plane components of the two-dimensional velocity field in the measurement plane (2D2C). In order
to measure the volumetric velocity field in macroscopic applications, methods using multiple cameras in
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combination with volume illumination are frequently used, such as tomographic PIV (Elsinga et al. 2006)
or volumetric PTV (Schanz et al. 2016, Fuchs et al. 2017). These techniques provide all three components
of the three-dimensional velocity field in the measurement volume.
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Figure 2.4: Schematic of a typical PIV or PTV set-up adapted from Raffel et al. (2018)

To calculate the displacement field in PIV, the camera images are divided into smaller subdomains, so
called interrogation windows, which are cross-correlated between two consecutive frames (see figure 2.4).
The average displacement of the particle image ensembles in each interrogation window is proportional to
the shift of the corresponding correlation peak. Using modern image processing algorithms, the displace-
ment can be estimated within sub-pixel accuracy. A major drawback of the window correlation techniques
used in PIV, however, is the introduction of spatial averaging in the velocity field determination, which
depends on the interrogation window size (Kähler et al. 2012a). Even if single pixel ensemble correlation
(Westerweel et al. 2004) is used, the spatial resolution is still limited by the size of the particle images with
a lower resolution limit of 1.84 pixel for a particle image with the size of one pixel (Kähler et al. 2012a).
Consequently, the spatial averaging introduced by PIV evaluation methods causes systematic errors, if
velocity gradients are present within the interrogation windows (Kähler et al. 2012a).

In PTV, a displacement vector is determined for each individual particle image. For this purpose, single
particle images are identified and tracked over two or more time steps, e.g. via a nearest neighbor approach
(Maas et al. 1993, Malik et al. 1993). Since the particle images’ position can be obtained within sub-pixel
accuracy, the displacement can be estimated within sub-pixel accuracy as well, and the spatial resolution
limit is decreased to the rms error of the detection of the particle image center, which is below 0.05 pixel
for many experimental conditions (Kähler et al. 2012b). Thus, systematic errors due to window averaging
can be minimized. Nevertheless, data analysis in PTV becomes challenging if a major part of the camera
image consists of particle images, e.g. in the case of high seeding concentrations or large particle images,
due to overlapping particle images and ambiguities in the tracking. High seeding concentrations are,
however, essential to maximize the spatial resolution for instantaneous measurements. Nevertheless, a
particle image density of 6-10 particle images per interrogation window is necessary to obtain reliable
correlation results in PIV (Raffel et al. 2018). Therefore, the seeding concentration for PTV can be 6-
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10 lower than for PIV and still result in a similar number of velocity vectors (Cierpka & Kähler 2012a).
Furthermore, improvements in the appropriated algorithms have considerably increased the applicable
seeding concentrations in recent years and instantaneous volumetric PTV measurements have become
feasible (Ohmi & Li 2000, Cierpka et al. 2013, Schanz et al. 2016, Fuchs et al. 2017). However, once the
particle images start to overlap, the uncertainty rises. For a more detailed introduction to particle imaging
methods and practical guidelines, the reader is referred to Raffel et al. (2018) and Kähler et al. (2016).

2.4 Microflows and astigmatism particle tracking velocimetry

Santiago et al. (1998) first adapted macroscopic PIV in conjunction with an epifluorescent microscope
for flow measurements in microfluidics. Since then, µ-PIV has become a well established method to
investigate the flow field in various microfluidic applications (Williams et al. 2010, Raffel et al. 2018,
Lindken et al. 2009). However, in contrast to macroscopic experiments, the illumination with a thin light
sheet is practically very challenging in microfluidics, due to the small channel dimensions and the often
limited optical access. For this reason, volume illumination is used in most applications, which can extend
over the channel’s entire depth. Thus, the measurement plane is not determined by the thickness of the
laser light sheet, as in macroscopic PIV, but by the depth of focus of the imaging optics. This means
that tracer particles outside of the focal plane are also imaged and significantly contribute to the cross
correlation, causing a bias error of the measurement results if out of plane velocity gradients are present
(Cierpka & Kähler 2012). This is often the case in microfluidics, since velocity fields are commonly fully
three-dimensional due to complex geometries or additional forces inducing secondary flows, e.g. acoustic
forces, capillary forces, Marangoni forces, thermal convection, etc. (Nguyen & Wereley 2006). To reduce
bias errors associated with volume illumination, the contribution of defocused particle images to the cross
correlation can be reduced by proper image preprocessing or by using smaller particles (Rossi et al. 2012).
Nevertheless, these measures are limited and the systematic errors due to volume illumination can only be
fully avoided by utilizing three-dimensional measurement techniques.

Several methods have been developed in the past to obtain the 3D3C velocity field in microscopic
applications. However, the implementation of multi camera techniques, as in macroscopic experiments,
is accompanied by various difficulties. On the one hand, realizing the observation of the measurement
volume from different viewing directions is often not possible due to spatial restrictions and the limited
optical access. On the other hand, in cases where more than one camera can be used (e.g. in stereoscopic
microscopes), the difference of the cameras’ viewing angles is relatively small and distortions in the optical
path result in misaligned and deformed focal planes (Kim et al. 2011). These limitations cause large
measurement uncertainties of the out of plane velocity component (Cierpka et al. 2012). Therefore, single
camera methods are often preferred in microfluidics. For an in-depth review of the different volumetric
measurement approaches, the reader is referred to (Cierpka & Kähler 2012).

In many cases, a single camera in combination with particle image defocusing is used to determine the
depth position of a tracer particle. The fundamental optical principle of defocusing techniques is depicted
in figure 2.5a. For this approach, imaging optics consisting of spherical lenses are used to image spherical
particles onto a camera sensor. The particles are projected as circular particle images (Airy pattern), whose
diameter increases with the distance from the focal plane. Thus, the distance of the particle from the focal
plane can be reconstructed from the particle image diameter. However, a major drawback of this method
is the fact, that it cannot be determined on which side of the focal plane the particle is located. This causes
ambiguities and poses constraints on the measurement volume depth.

An effective way to eliminate these ambiguities is to introduce a cylindrical lens in the optical path,
which breaks the axis symmetry of the optical system and causes astigmatic aberrations. The optical
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Figure 2.5: (a) Optical principle of particle image defocusing and (b) astigmatic imaging of seeded parti-
cles, adapted from Segura (2014).

principle of the technique is schematically depicted in figure 2.5b. According to the orientation of the
cylindrical lens in figure 2.5b, it simply acts as a glass plate in the x-z optical axis and the position of the
focal plane remains unchanged (Fxz). In the y-z optical axis, however, the lens acts as an additional lens,
which produces a second focal plane in the measurement volume (Fyz). Images of particles close to Fxz are
focused in X , but defocused in Y , whereas particles close to Fyz are focused in Y and defocused in X . Thus,
the previously circular particle images of spherical particles become elliptically shaped (see figure 2.5b).
The length of the ellipses’ major axes (ax and ay) is unambiguously related to the particle’s distance from
the objective lens. Therefore, the x-y-z position of the particle can be determined via the X-Y position of
the centroid in the camera image as in 2D PTV and the relation between the elliptical shape of the particle
images and their z-position. With this information, the 3D3C velocity field can be resolved by particle
image tracking. The technique is known as astigmatism particle tracking velocimetry (APTV) and is well
established for measuring fully three-imensional velocity fields with only one camera (Cierpka et al. 2010,
Marin et al. 2016, Kiebert et al. 2017, Weier et al. 2017). It is easily applied in practice and very flexible,
since the desired distance of the focal plane and thus the measurement volume can be adjusted by the focal
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Figure 2.6: Typical calibration curve for the intrinsic APTV calibration method in the ax, ay space adapted
from (Cierpka et al. 2011). The inserts show typical particle images corresponding to different
z-positions when imaged with the APTV method.

length of the cylindrical lens and by the working distance between the lens, the camera and the primary
imaging optics.

In order to relate the measured ax and ay values to the z-position, a proper calibration has to be per-
formed. For example, the axis ratio ax/ay or the difference ax− ay can be used for the determination
of the z-position (Cierpka et al. 2010, Chen et al. 2009, Rossi & Kähler 2014). However, these methods
impose the restriction, that detected particles must be located between the two focal planes Fxz and Fyz to
preserve unambigiuity. Due to often sufficiently high signal to noise ratios (SNR), particles beyond the
two in-focus planes can be detected in many cases. Thus, these calibration methods limit the possible
measurement depth considerably. Cierpka et al. (2011) introduced an intrinsic calibration method, which
extends the measurement depth beyond the focal planes. It is based on a mathematical model by Olsen &
Adrian (2000), which predicts the particle image diameter as a function of the particle’s distance from the
measurement plane. With this equation extended to astigmatically distorted particle images, ax and ay can
be calculated as (Cierpka et al. 2011):

ax(z) =
√

c2
1(z−Fxz)2 + c2

2 + c3 (2.22)

ay(z) =
√

c2
4(z−Fyz)2 + c2

5 + c6 (2.23)

These equations can be considered as parametric equations for a calibration curve in the ax, ay space, with
c1...6 as the fitting parameters (see figure 2.6). However, the measured [ax, ay] values for a real particle
image will fall outside the calibration curve, due to random errors that are always present in experimental
data. Thus, the z-position can not be directly derived from the calibration curve, since the measured [axi,
ayi] couple must be associated with a point on the calibration curve. This is done by finding the point
[ax(zi), ay(zi)] on the calibration curve, that minimizes the Euclidean distance to [axi, ayi] (Cierpka et al.
2011).
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2.5 Summary and conclusion

Luminescent compounds are molecules that emit fluorescent or phosphorescent light after being excited
by a light source. For many luminescent species, the intensity and decay time of the emitted light depend
on various environmental parameters, in particular on temperature. Often, the luminescence intensity and
lifetime significantly decrease with increasing temperature, e.g. for Rhodamine B and EuTTa. These re-
lations are used in many biological, chemical and fluid mechanical applications to estimate temperature
fields from the intensity or lifetime of luminescent molecules within the measurement plane or volume.
In order to measure temperature and velocity fields simultaneously, this principle can be combined with
PIV or PTV, by using temperature sensitive tracers, such as particles that are doped with temperature sen-
sitive luminescent dyes. Thus, the velocity field can be estimated from the displacement of particle image
ensembles or individual particle images, whereas the temperature field can be obtained at the same time
from the luminescent signal of the particles. However, the behavior of luminescent dyes that are incorpo-
rated into polymer particles can significantly differ from their behavior in solution. Thus, an experimental
characterization of the particles’ temperature response is necessary to find tracers with a sufficiently high
temperature sensitivity. For microfluidic applications, the combination of temperature sensitive tracers
with the well established astigmatism particle tracking velocimetry method is particularly well suited.
APTV enables the determination of the three-dimensional position of individual particles in the measure-
ment volume with a simple experimental set-up and only one camera. Thus, the 3D3C velocity field and
the 3D temperature field can be measured simultaneously via the displacement and luminescent signal
of individual particle images. With this method, systematic errors due to window averaging and volume
illumination as in standard µ-PIV and LIF can be avoided. Following this conclusion, two measurement
approaches will be introduced in the following chapters that are based on the evaluation of the lumines-
cence intensity or respectively the luminescence lifetime of individual astigmatically distorted particle
images.
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3 A novel volumetric temperature and velocity
measurement technique for microfluidics

This chapter describes in detail the novel techniques for simultaneous, volumetric temperature and velocity
field measurements in microfluidics developed in this work and their practical implementation. Since these
methods are based on the processing of individual particle images, the algorithms for particle detection
and evaluation are outlined, first. In order to estimate the temperature, for both the intensity based and the
lifetime based measurement approaches a temperature dependent signal and a reference signal are acquired
for each particle image and the ratio of the intensity of these signals is related to temperature. In the case of
the intensity based method a single particle two-color LIF approach is utilized, where the reference signal
is the emission of a luminescent dye that is relatively insensitive to temperature, whereas the temperature
signal is the luminescence of a temperature sensitive molecule. Both these dyes are incorporated together
into polymer particles. In the case of the lifetime based approach the temperature signal is the second im-
age and the reference signal is the first image acquired via the rapid lifetime determination method during
the decay of the luminescence (see section 2.2). Thus, different methods to calculate the intensity ratio for
individual particles are investigated and compared with regard to their uncertainty in estimating the inten-
sity ratio. Furthermore, to enable measurements over a wide range of temperatures with low uncertainties,
new temperature sensitive particles were developed and are comprehensively characterized in this chapter.
As a proof of concept, the temperature measurement methods is applied to a temperature controlled water
droplet and the influence of the experimental conditions on the different approaches is qualified.

A major part of the following chapter including figures has been published in Massing et al. (2016). The
synthesis of the temperature sensitive tracers was performed by Dennis Kaden from Surflay Nanotec GmbH.

3.1 Particle image detection

Figure 3.1 schematically illustrates the processing steps for detecting individual, astigmatically distorted
particle images, which are applied to both the temperature and the reference recordings. The images shown
in figure 3.1 were recorded with a LaVision Imager sCMOS camera and a Zeiss Axio Observer Z1 micro-
scope equipped with a Zeiss EC Plan-Neofluar 10×/0.3 objective lens. The mean particle diameter was
approx. 7 µm. Astigmatism was induced by a cylindrical lens with a focal length of 850 mm, which was
placed between the camera and the microscope optics. However, the outlined particle detection algorithm
can be applied in general for spherical or elliptical particle images, irrespective of the experimental set-up.

First, the raw image is preprocessed. In this case, a 2D Gaussian smoothing filter with a 7×7 pixel ker-
nel and a standard deviation of 2 was applied to the images from calibration and measurements. However,
different or additional preprocessing operations may be more appropriate in other experiments, depend-
ing on the quality of the raw particle images. Next, the preprocessed image is binarized according to a
fixed intensity threshold, which is unique for each experiment. Then, each group of adjacent set pixels
in the binary image, which are depicted white in figure 3.1, is compared to defined geometrical criteria,
which they have to meet in oder to be considered as a particle image. Specifically, these are the minimum
area in pixel occupied by a particle image and the minimum and maximum size of the particle images’
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Figure 3.1: Schematic of the processing steps for detecting individual particle images. For better illustra-
tion, the images have been inverted and only a part of the images with a size of 330×340 pixel
is shown.

main axes. If the pixel cluster is regarded as a particle image, the ellipses’ main axes ax and ay and the
[X ,Y ] position of the particle image center are determined with sub-pixel accuracy. For the particle image
center detection, a cross correlation with a 2D Gaussian is performed. The outline of the ellipse, on the
other hand, is determined as the position at which the value of the normalized autocorrelation of the par-
ticle image is 0.5, which gives ax and ay. When an in situ calibration is used, the chosen autocorrelation
threshold is arbitrary as it only causes a constant shift of the calibration curve in the [ax,ay] space, while
the calibration curve itself is not altered. It has to be kept constant however, throughout the calibration
and the experiment. The [x,y,z] position of the particle in the measurement volume can now be estimated
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3.2 Signal processing for individual particle images

with a proper calibration and the 3D3C velocity field can be determined via particle image tracking (see
section 2.4). Furthermore, the grey value of the pixel that belong to each matching particle image in the
temperature and the reference image and therefore the luminescence temperature and reference signals are
given. These are simultaneously evaluated according to section 3.2 to determine the 3D temperature field.

3.2 Signal processing for individual particle images

After the individual particle images are identified, a reliable method to evaluate the luminescence intensity
signals for determining the temperature field must be found. For both, the luminescence lifetime based
and the luminescence intensity based approach, the ratio of two separately imaged intensity signals of
individual particles are evaluated. Therefore, different methods for calculating the intensity ratio of single
particle images are examined and compared with respect to the associated measurement errors. However,
first the discrete sampling of the intensity signal on the camera sensor will be considered, which is expected
to affect the measured intensity value.

Analytical and discrete particle images

The investigation presented in this section is based on the assumption that particle images can be ap-
proximated by a two-dimensional circular symmetrical Gaussian function. This simplification is valid for
diffraction limited imaging, which holds for the imaging of particles with a diameter of less than 10 µm
(Adrian 1991) as well as for non diffraction limited imaging of spherical particles with infinity corrected
optics, which are commonly installed in the microscopes used in microfluidics (Meinhart & Wereley 2003).
However, the analytical intensity distribution of a particle image is sampled on the discrete pixel of a cam-
era sensor. Therefore, the actual intensity value of each pixel is an integrated value of the Gaussian in the
simplest case. Figure 3.2a shows in one dimension the analytical and discrete intensity distribution of a
particle image with a diameter of Dp = 3 pixel1 located at a center position of X0 = 0 pixel and X0 = 0.5
pixel, i.e. at the interface between two pixel. For practical experiments in microfluidics the particle image
diameters are usually larger than 10 pixel, however, the effects of the sub-pixel shift become more distinct
for smaller particle images which are analyzed here as a lower limit. It can clearly be seen that although
the analytical intensity distributions are equal, there is a difference of almost 20 % between the maximum
intensity values of the discrete particle images, due to the shift in the sub-pixel position even without any
additional noise. As the set-up for an intensity based measurement method often consists of two inde-
pendent cameras or sensors, which image the same area of view, it will hardly be possible to match both
cameras on the sub-pixel level. Similarly, the time interval between the two lifetime images in the lifetime
based approach, even if small, will cause a flow induced sub-pixel displacement of the particle images.
Therefore, it is likely that the appearance of the same particle on each camera image differs according
to figure 3.2a. Consequently, the sub-pixel shift of the particle images can cause large bias errors, if the
intensity maximum is used for rationing.

The size of this bias error increases with decreasing particle image diameter and increasing difference
in sub-pixel position as can be seen in figure 3.2b. For a particle image with a diameter of Dp = 1 pixel, the
calculated ratio is only 52 % of the true ratio (R/Rtrue = 0.52) at the maximum sub-pixel offset of X0 = 0.5
pixel. However, as small particle diameters can also cause bias errors in the velocity measurements due
to the peak locking effect. The following analysis assumes particle images of 3 or more pixel extension,
as typical in microfluidic applications. Nonetheless, the ratio between the calculated and the true inten-
sity ratio at the maximum sub-pixel offset is R/Rtrue = 0.83, which is still too far away from unity, to

1A fill factor of one is assumed here (all the light on the surface is integrated on the corresponding pixel)
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Figure 3.2: (a) The analytical intensity distribution for a particle image with a diameter of Dp = 3 pixel at
X0 = 0 pixel and X0 = 0.5 pixel and the corresponding signals on discrete pixels without noise
and (b) ratio of the maximum intensities for particle images with different particle diameters
Dp at changing sub-pixel positions.

yield reliable measurement results. Fortunately, the bias error due to the different sub-pixel positions in
both camera images can be predicted for different combinations of particle image diameter and sub-pixel
position, by simulating the discrete sampling of Gaussian particle images on a 2D camera sensor. Since
modern particle tracking algorithms are able to estimate the particle image position and diameter within
sub-pixel accuracy (Cierpka et al. 2010), the measurements can be corrected for the sub-pixel error. As
an alternative to the peak intensity values, the mean intensities of the particle images can also be used for
rationing. Figure 3.2b shows that the mean value is not affected by the sub-pixel shift between the camera
images, because the same intensity is distributed over a different number of pixel.

In order to detect particle images and their diameter, a constant intensity threshold is defined to segment
the camera image, as described in section 3.1. However, when two fluorescent dyes are used, the intensity
of the reference dye stays approximately constant throughout the experiment, whereas the intensity of the
dye that is sensitive to temperature will change depending on the value of the quantity. Similarly, when the
lifetime based approach is used, the intensity of the second lifetime image is smaller and decreases much
faster with temperature than that of the first one. Consequently, the intensity distribution of the temperature
and the reference signal will differ in a similar manner as in figure 3.3a, depending on their intensity ratio.
In figure 3.3a the analytical distribution of two particle images with an intensity ratio of Imax,2/Imax,1 = 0.7
and a particle image diameter of Dp = 3 pixel is shown. The green area depicts the part of the intensity
distribution of the darker signal that will be regarded as a particle image, if a global, constant segmentation
threshold of 0.1 is used for particle detection (see section 3.1). It can be seen, that the detected diameter of
the darker signal, is smaller than the diameter of the brighter particle image. Therefore, the mean intensity
of the lower signal will be estimated as too high, which will lead to a bias error in the intensity ratio of both
signals. To obtain the correct ratio, the detected diameters of associated particle images have to be equal.
In principle, this can be achieved by adapting the segmentation value for each particle image individually,
but this is very difficult to realize. A more convenient method is to detect the particle image diameters
for both particle images using a global segmentation threshold and then prescribing one of the detected
diameters for both particle images. In figure 3.3b the calculated intensity ratios and true intensity ratios
for different segmentation thresholds are shown for both methods (global segmentation only and global
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segmentation with equal diameter, Dp = 3 pixel). It can clearly be seen, that the size of the bias error
increases with increasing segmentation threshold and decreasing intensity ratio. It can be fully avoided by
setting the particle image diameters to the same value.
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Figure 3.3: (a) Analytical intensity distribution of two particle images with an intensity ratio of
Imax,2/Imax,1 = 0.7 and a diameter of Dp = 3 pixel and the area that will be considered as
the darker particle image in processing for a global segmentation threshold of 0.1 and (b) Cal-
culated intensity ratio for globally segmented particle images and particle images with equal
diameters (Dp = 3 pixel) for varying true intensity ratios and segmentation threshold.

In the case of ideal particle images, using the corrected maximum intensity or the mean intensity value
with equal diameters yields equally accurate results for the intensity ratio. However, in reality the obtained
images are subjected to noise, which adds as a random error. It can be assumed that noise influences the
results of both processing methods differently. Therefore, synthetic images with different signal to noise
ratios (SNR) and particle image diameters were created and used for the qualification of both methods.
The SNR was prescribed as SNR = Imax/(2σ), where σ is the standard deviation of the camera readout
noise and Imax is the average of the maximum signal intensities of all particle images.

Influence of normal distributed noise

Analyzing synthetic images is a common method to test and validate processing algorithms (Kähler et al.
2012b, 2016). The investigated parameters can be fully controlled, as opposed to an experiment, where
additional uncertainties exist, such as the imaging optics, particle properties, illumination power and pulse-
to-pulse stability and many more. Furthermore, single parameters can be changed individually and the
parameter range can be extended beyond what is experimentally accessible. For the following analysis
the real camera image of a 16 bit sCMOS camera was simulated by randomly distributing 150 synthetic
particle images with a Gaussian intensity distribution over an area of 2160× 2560 pixel. This corresponds
to a relatively low seeding concentration, which was chosen to avoid particle image overlapping. To
reproduce the effects arising from the sampling of the analytical intensity distribution on the discrete
pixel of a camera chip, the gray value of each pixel was calculated by integrating the intensity over the
corresponding pixel area. This implies the assumption of a camera sensor with a fill factor of one and a
constant transfer function. In reality this may not be the case because of micro lenses and the design of the
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sensor, which causes bias errors as discussed by Kähler (2004). However, these effects can be neglected
for the investigation of the sensitivity of the algorithms as aimed by this study. To investigate the influence
of the signal to noise ratio, normal distributed noise with a standard deviation of σ = Imax/(2 ·SNR) was
added to the synthetic images. To avoid saturation on the 16 bit images, the maximum intensity of the
particle images was set to Imax= 0.9 ·216.

Pairs of synthetic camera images were created, with a constant intensity ratio of IT/IR = 0.9 between
corresponding particle images. However, the absolute readout noise level was maintained equal for both
camera images, which is coherent with experimentally acquired images. A uniformly distributed sub-pixel
shift ranging from −0.5 to 0.5 pixel in X and Y direction was introduced between the particle image pairs
to investigate the effects arising from the sub-pixel error. Additionally, multiple sets of synthetic particle
images were created, with varying particle image diameters (Dp = 3-20 pixel) as well as different signal
to noise ratios. Thus, the dependency of the processing methods on the characteristic appearance of the
particle images can be studied. To reach statistical convergence in the intensity ratio and the standard
deviation of the ratio 7,500 independent particle image pairs were evaluated for each combination of
particle image diameter and SNR. The center and diameter of each particle image was estimated within
sub-pixel accuracy as described in section 3.1 by setting a global segmentation threshold of Imax/SNR and
the respective intensity ratios were obtained by dividing the peak intensity values, as well as the mean
intensity values of corresponding particle images. Because the sub-pixel positions of the particle image
centers were also estimated by the particle image detection algorithm, the peak intensity ratio can be
corrected for the sub-pixel error. To determine the mean intensity ratio, first the particle images’ diameters
in the temperature image were set equal to the corresponding diameters found in the reference image.
Then, the arithmetic mean of the intensity values of all pixel within each particle image’s diameter was
computed and finally the ratio was calculated. No preprocessing or smoothing of the synthetic camera
images was done prior to the particle image detection and the calculation of the intensity ratios. However,
to reduce the standard deviation in the determination of the intensity ratios with both methods, the noisy
intensity distributions of the particle images were approximated by a 2D Gaussian with the least square
fitting method.

In order to determine which method gives the most accurate prediction of the temperature field, the dif-
ferent approaches are compared with regard to the standard deviation σ as an estimation of the measure-
ment uncertainty and the deviation of the estimated intensity ratio from the true intensity ratio (Hoffmann
2015). The standard deviation with N as the number of detected particle images and R as the intensity ratio
is calculated as:

σ =

√
1

N−1

N

∑
i=1

(Ri−R)2 (3.1)

In figure 3.4a the standard deviation for the particle image ratios that were calculated with the corrected
maximum intensity of the particle images is compared to the standard deviation that was achieved, when
the maximum intensity of the Gaussian fit was used for rationing. For better readability only a represen-
tative selection of particle image diameters is presented. The results show, that using the maximum of the
Gaussian fit to calculate the intensity ratio yields smaller standard deviations, i.e. a lower measurement
uncertainty, than using the corrected maximum intensity, except for a particle image diameter of Dp = 3
pixel at SNRs < 20. For the ratios of the corrected maximum, no results are shown for SNR < 5, since
the algorithm could not give reliable results for such high noise levels. However, applying the Gaussian
fit before calculating the ratio gave reliable results for SNR≥ 2 for particle image diameters of Dp ≥ 7.
In figure 3.4b the same comparison is done for the ratios of the mean particle image intensity with equal
diameter and the ratios of the mean of the Gaussian fit. Here, the intensity ratio from the Gaussian yields
a smaller standard deviation for all investigated particle image diameters and signal to noise ratios. Re-
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Figure 3.4: Comparison of the standard deviations of the ratio of (a) the corrected maximum intensity
values and the maximum intensity values from the Gaussian fit (b) the mean raw intensity val-
ues and the mean intensity values from the Gaussian fit and (c) the maximum intensity values
and the mean intensity values from the Gaussian fit, for different particle image diameters and
SNRs. (d) Deviation of the estimated intensity ratio from the true intensity ratio for the meth-
ods using the maximum intensity of the Gaussian and the mean intensity of the Gaussian for
rationing.

liable results for a SNR < 5 could be obtained with both methods only for particle image diameters of
Dp ≥ 7 pixel. In figure 3.4c the rationing methods that yielded the smallest standard deviation for the
ratio of the maxima (for Dp = 3 pixel and SNR < 20 corrected maximum, else Gaussian fit) and the ratio
of the mean intensities (Gaussian fit) are compared. It can clearly be seen, that using the mean of the
Gaussian for rationing always leads to a smaller standard deviation. Furthermore, the standard deviation
can be approximated as a second order exponential function of the signal to noise ratio. Consequently, a
small improvement of the SNR leads to a substantial reduction in the standard deviation for SNRs < 10,
thus, largely improving the measurement accuracy. Therefore, a high luminescent signal is an important
condition for a reliable temperature estimation.
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It can be concluded, that approximating the noisy intensity distributions of the particle images with a
2D Gaussian and using the mean value of this fit for rationing performs better in terms of the measurement
uncertainty than the other investigated methods. This finding is supported by figure 3.4d, which shows
the deviation of the estimated mean intensity ratio from the true intensity ratio when the maximum of the
Gaussian fit and when the mean of the Gaussian fit is used for rationing. The latter method gives a smaller
error of the mean intensity ratio for all SNRs and particle image diameters. For particle image diameters
of Dp ≥ 7 pixel and signal to noise ratios of SNR≥ 5 the deviation of the estimated intensity ratio from
the true intensity ratio is below 0.1 %.

Processing method for the temperature estimation

The resulting processing method used to calculate the intensity ratio which was implemented based on the
investigation in this section is schematically illustrated in figure 3.5. The noisy intensity distributions of
the reference signal, i.e. the signal from the first lifetime image or respectively from the reference dye,
and of the temperature signal, i.e. the signal from the second lifetime image or respectively from the
temperature sensitive dye, are given for all particle images by the particle detection (see section 3.1). For
each individual particle image the noisy reference and temperature intensity distributions are approximated
with a 2D Gaussian. Then, a simple nearest neighbor tracking is performed between the two images
to match corresponding particle images. Finally, the intensity ratios of the individual particle images
are determined as the ratio of the mean of the respective Gaussian functions. With a proper calibration
function, the temperature value measured by each individual particle image can now be estimated.

3.3 Luminescent temperature sensitive two-color particles

In addition to the processing method, the tracer particles themselves are a key factor for reliable, simul-
taneous, particle based temperature and velocity measurements. They have to possess a variety of very
demanding properties to allow for an accurate temperature estimation. For the intensity based method,
a temperature sensitive dye and a reference dye have to be found, that are excitable with the same light
source, i.e. have a similar absorption spectrum, but have different emission spectra. To avoid an overlap of
the luminescence signals, the emission bands should be clearly separated with a sufficiently large wave-
length gap (Coppeta & Rogers 1998). At the same time the dependency of the signal ratio to temperature
should be high in the desired temperature range, in order to resolve small temperature changes. Addition-
ally, both dyes have to be incorporated together in one particle with a concentration ratio that stays constant
for all particles. Furthermore, the luminescent signals of the particles must be as high as possible, since
the measurement uncertainty is directly related to the signal to noise ratio, as was shown in the previous
section. Similarly, for the lifetime based method particles have to be doped with a luminescent dye that
exhibits a high signal and a high temperature dependency of its lifetime. In addition, the particles’ diam-
eters should be monodisperse in both cases, in order to determine the z-position from ax and ay using the
intrinsic calibration method as described in section 2.4, since the length of the ellipses’ main axis is also
significantly dependent on the particle diameter, as the imaging in microfluidics is not diffraction limited
due to the large magnifications. Therefore, polydisperse particles would lead to high uncertainties of the
depth position of the particle. Nevertheless, if only polydisperse particles are available these errors can be
avoided by e.g. using ax/ay to determine the depth position. However, this method restricts the possible
measurement depth to the distance of the focal planes, as described in section 2.4.

Monodisperse particles that are readily available and have been widely used in µ-PIV or µ-PTV mea-
surements are solid polymer particles that are doped with fluorescent dyes. They usually consist of a
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Figure 3.5: Schematic of the processing steps to calculate the intensity ratio of individual particle images.
The depicted intensity distributions correspond to the spherical particle image at the right edge
of the images with a particle image diameter of 25 pixel. For better illustration, the temperature
and reference images have been inverted and only a part of the full imagewith a size of 330×
340 pixel is shown, which corresponds to approx. 2 % of the full images.

fluorescent dye (e.g. Rhodamine B) that is incorporated into a polymer matrix such as polystyrene (PS)
or polymethylmethacrylat (PMMA). However, when incorporating a fluorescent dye in a solid matrix, its
properties such as its temperature dependency may be severely altered. One example is Rhodamine B,
which has a high temperature sensitivity of approx. −1.2 %/K when dissolved in water, which is reduced
to only −0.12 %/K for Rhodamine B doped PS-particles (see figure 3.6). In the measurements shown
in figure 3.6 a magnification of 20 and a scientific camera with a dynamic range of 16 bit was used,
which is typical for microfluidic experiments. The particle image diameter of the RhB-particles was ap-
prox. 20 pixel and the particle image intensity was in the order of 1000 counts which results in an SNR
of approx. 15. For ideal particle images with these parameters a standard deviation 0.01 of the estimated
intensity ratio can be found in figure 3.4. With a temperature sensitivity of −0.12 %/K the measurement
uncertainty for these particles can be estimated to ±2σ =±2 ·0.01/0.0012≈±17 ◦C in an ideal case. In
practical cases, however, the uncertainty will be even higher due to the added uncertainty caused by ex-
perimental parameters, such as variations in the dye concentration or the particle size, optical aberrations
etc. It becomes clear that the temperature sensitivity and the signal intensity of the particles is too small
to achieve the required temperature resolution for most microfluidic applications. The reduced tempera-
ture sensitivity of RhB particles compared to RhB in solution can be explained by the fact that the dye
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Figure 3.6: Fluorescence intensity of Rhodamine B (RhB) as a function of temperature for RhB dissolved
in water and RhB incorporated into polystyrene (PS) microparticles.

molecules are immobilized inside the solid polymer matrix. In solution, the temperature dependence of
Rhodamine B is caused by increased vibrational dissipation of energy with increasing temperature. To
be more specific, the non-radiative deactivation arises from the hindered rotation of the diethylamino side
groups of the molecule (Khalil et al. 2004). However, when the dye molecules are incorporated inside
a solid polymer matrix, the side groups are relatively immobile irrespective of the temperature. Thus,
the temperature dependency is severely reduced. To avoid the effects of a solid polymer matrix, Vogt
& Stephan (2012) used microcapsules as particles, which consisted of a solid polymer shell and a liquid
core containing a mixture of the temperature sensitive dye Pyrromethene 597-8C9 and the reference dye
Pyrromethene 567. They were able to achieve a large SNR of approx. 75, but the temperature sensitivity of
the signal ratio was only −0.5 %/K, resulting in a relatively large measurement uncertainty for microflu-
idic applications (see table 1.1). Furthermore, as already mentioned fluorescent dyes generally have a very
short lifetime and are therefore not well suited for the lifetime based measurement approach.

However, a luminescent molecule which shows a high temperature dependency of its emission as well
a relatively long lifetime in the order of several hundred µs in different polymer materials is EuTTa (Basu
& Vasantharajan 2008, Khalil et al. 2004). Basu & Venkatraman (2009) successfully fabricated a bi-
luminophore temperature sensitive paint consisting of EuTTa and perylene in polystyrene. They found
a high temperature dependency of this combination of up to −1.8 %/K depending on the dye concentra-
tions. A considerable advantage of this combination is, that the emission spectra of perylene (∼ 420 nm
to 550 nm) and EuTTa (∼ 575 nm to 635 nm) are far apart and do not overlap. This makes it easy to
filter the respective signals. Nevertheless, if the appropriated dyes show sensitivities to other environ-
mental parameters, their applicability may be limited. Ruthenium diimine complexes, for example, are
known to have a temperature sensitive emission intensity but are additionally affected by molecular oxy-
gen. However, EuTTa and perylene did not experience luminescence quenching due to oxygen after they
were incorporated into oxygen impermeable binders such as polystyrene or PMMA (Basu & Venkatraman
2009). Zhu et al. (2013) synthesized pressure and temperature dual-responsive PS-particles using EuTTa
as the temperature sensitive dye and Coumarin 6 as the reference dye. The authors found a large temper-
ature dependency of EuTTa in the order of −2 %/K. Nevertheless, the particles are only approx. 1 µm
in diameter and the luminescence intensity is too low for reliable single particle temperature measure-
ments in microfluidics. Someya et al. (2011) used ion-exchange spheres doped with EuTTa for lifetime
based temperature measurements in macrofluidic applications. The sensitivity of the lifetime of EuTTa
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was −2.53 µs/K in the temperature band between 20 ◦C to 50 ◦C, but the particles’ diameter distribution
was very polydisperse, which limits their applicability to microfluidics in particular for three-dimensional
methods, as already explained. Furthermore, they do not contain a reference dye for intensity based mea-
surements.
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Figure 3.7: (a) Emission spectrum of EuTTa/perylene particles at different temperatures, absorption spec-
trum of EuTTa and perylene at room temperature and quantum efficiency (QE) of a PCO edge
5.5 sCMOS color camera. (b) Temperature dependency of the intensity ratio of EuTTa and
perylene in PMMA particles calculated from the spectral data. The data in (a) and (b) was
provided by Surflay Nanotec GmbH. (c) Luminescence lifetime of EuTTa in PMMA particles
at different temperatures measured via time domain sampling with a high speed camera.

Despite these previous efforts, no luminescent two-color particles that posses all necessary properties
for simultaneous temperature and velocity measurements in microfluidics, as defined in the first paragraph
of this section, are presently available. Thus, new temperature sensitive tracers were developed in conjunc-
tion with Surflay Nontec GmbH. These are luminescent PMMA polymer particles doped with perylene as
a reference dye and the dye EuTTa as the temperature monitor. The particles were prepared via typical
suspension polymerization (Arshady 1992, Yuan et al. 1991). The organic phase contains the monomer,
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the luminescent dyes, the cross linking agent and the initiator, while the aqueous phase consists of a water
soluble stabilizer and surfactants which is exemplified by Rodrigo et al. (2012). The dye concentration for
perylene is at solubility limit in the organic phase and for EuTTa at 0.5 % related to monomer mass. Sus-
pension of the organic phase in the aqueous phase takes place in a three necked round-bottomed jacketed
glass reactor by Ultra-Turrax stirring treatment at 10,000 rpm for 10 min. After this, the dispersed phase is
mechanically stirred at 300 rpm for 24 h at 60 ◦C to 70 ◦C, till the dispersed micro droplets are completely
hardened. Finally, several washing steps in water are conduced to purify the suspension from reactants,
whereas centrifugation steps served to narrow the particle size distribution. This produces monodisperse
particles with a mean particle diameter of 7 µm.

The measured absorption and emission spectra of the particles for different temperatures after an exci-
tation at 340 nm is shown in figure 3.7a. As expected, the intensity of the EuTTa emission significantly
decreases with increasing temperature, whereas the emission intensity of perylene stays relatively con-
stant. The spectral data gives a temperature dependency of the ratio of the dyes’ emission intensities
of approx. −1.3 %/K (see figure 3.7b). The absorption spectra of both dyes overlap in the UV-region,
whereas the emission spectra are relatively far apart and can be easily separated by two cameras in com-
bination with appropriate optical filtering. Moreover, the emission of the dyes are located within the red
channel (EuTTa) and the blue channel (perylene) of a sCMOS color camera, as can be seen in figure 3.7a.
Therefore, only a single color camera is needed to isolate each signal. This considerably reduces the ex-
perimental effort and avoids an extensive calibration to overlap the images from two different cameras.
Figure 3.7c shows the temperature dependency of the lifetime of EuTTa in PMMA particles. It can clearly
be seen, that the lifetime decreases with increasing temperature with a mean temperature dependency of
approx. −2.26 µs/K.

Another important aspect is the temperature response time of the particles, which can be estimated by
the following equation (Crowe et al. 2011):

τT =
ρpcpd2

p

12kf
(3.2)

with ρp as the particle density, cp as the specific heat capacity of the particle, dp as the particle diameter and
kf as the thermal conductivity of the fluid. From equation 3.2, the thermal response time of the appropriated
particles with a diameter of 10 µm in water is estimated to approx. 28 µs, which is sufficiently small for
many microfluidic applications.

The findings of this section lead to the conclusion that the developed luminescent particles are suitable
tracer candidates for both intensity based and lifetime based temperature measurements. However, their
applicabilty for single particle temperature and velocity estimation in a microfluidic experiment has not
been shown in practice, yet. Furthermore, when the intensity based method is used for temperature mea-
surements, the experimental conditions, e.g. optical aberrations, photo bleaching, the excitation source,
absorption in the optical path, etc., can significantly alter the temperature reading and cause high uncer-
tainties or systematic errors, as mentioned in section 2.2. Therefore, a detailed experimental characteri-
zation of the EuTTa/perylene particles for both the intensity and the lifetime based measurement method
will be reported in the following section.

3.4 Experimental qualification

Experimental set-up

The two experimental set-ups used to characterize the EuTTa/perylene particles as suitable tracers are
depicted in figure 3.8. For this task a very well controlled experimental environment is needed, where the
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Figure 3.8: Schematic of the experimental set-up for (a) the intensity based and (b) the lifetime based
measurement method. (c) Timing sequence used for the lifetime based approach.

temperature is known. To meet this requirement, a droplet of an aqueous suspension of the particles was
placed between a microscope slide and a peltier element and the temperature of the droplet was monitored
with a Pt1000 resistance thermometer (see figure 3.8). Thus, the temperature of the droplet could be
controlled with a temperature control (CoolTronic TC282-RS232) within an uncertainty of ±0.1 K. The
droplet was observed with a Zeiss Axio Observer Z1 microscope. To assess the influence of different
magnifications the microscope was first equipped with a Zeiss LD Plan-Neofluar 20×/0.3 objective with
a magnification of M = 20 and for comparison with a Zeiss EC Plan-Neofluar 10×/0.3 objective with a
magnification of M = 10. Furthermore, different illumination strategies were tested for the intensity based
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method. Initially, the luminescence of the particles was excited by a pulsed frequency tripled Nd:YAG
laser with a wavelength of 355 nm (Innolas Spitlight 400) and a prescribed pulse energy of 12 mJ, which
is close to the damage threshold of the microscope in the UV range. Thus, the particles are exposed to a
relatively strong excitation energy over a very short time of 5 ns (pulse width of the laser). However, the
energy was not large enough to saturate the luminescence of either dye. Therefore, it can be expected that
the laser illumination has no influence on the temperature response of the particles (Chaze et al. 2016).
The second light source that was used, was an UV-LED light with a peak emission wavelength of 365 nm
and a maximum output power of 7 W (Luminus CBM-120-UV C31). The LED can be operated in pulsed
mode, with the pulse width set equal to the camera’s exposure time. Therefore, the particles were excited
with low energy over a relatively long time (in the order of µs to ms). For the lifetime based approach
only laser excitation was applied, since a short δ -type excitation pulse was needed.

The measurement set-up of the intensity based method is show in figure 3.8a. The excitation light
was guided through an optical fiber and a beam expander, which was connected to the microscope (see
figure 3.8). A 405 nm dichroic mirror (Edmund Optics) reflected the illumination light onto the particle
sample. The luminescent emission of the particles was then collected with the microscope objective and
passed through the 405 nm dichroic mirror, which filtered a large portion of the laser and LED reflections.
At the microscope camera outlet a 550 nm dichroic mirror (Edmund Optics) was placed to separate the
temperature and reference signal (see figure 3.8). The signal of each dye was imaged separately with a 16
bit sCMOS camera (LaVision Imager sCMOS) with a CMOS-chip that consisted of 2160 × 2560 pixel.
To remove the remaining reflections of the illumination light, the reference camera was equipped with a
447 nm bandpass filter with a bandwidth of 60 nm and the temperature camera was equipped with a 625
nm bandpass filter with a bandwidth of 50 nm (both Edmund Optics). To match the reference and the
temperature image, both cameras were mounted onto a set of microstages, which allowed for the precise
control of the field of view of each camera.

Figure 3.8b depicts the experimental set-up used for the lifetime based measurements. To image the
luminescence lifetime of EuTTa a 12 bit PCO Dimax HS4 high speed camera with a sensor size of 2000×
2000 pixel was used. The luminescence was excited by the same laser used for the intensity based method
with a pulse energy of 12 mJ. However, since the perylene emission was also excited by the laser, a 570
nm long pass optical filter was placed infront of the camera. Thus, only the EuTTa signal was imaged. In
figure 3.8c the timing sequence used to determine the luminescence lifetime is schematically shown. It
was generated by two interconnected function generators. The laser was controlled with a programmable
timing unit (LaVision PTU). However, to resolve the luminescence lifetime via RLD the camera had to
record two images per laser pulse, which could not be realized with only one of the available function
generators. Therefore, a second function generator was operated in burst mode to control the camera
(Stanford Research Systems). The opening of the Q-switch of the laser was used as the input signal from
the PTU to trigger image recording. The recording started 10 µs after the laser pulse, to ensure that no
laser reflections overlap with the luminescence signal in the first image. The time interval between two
lifetime images was set to ∆t = 300 µs, corresponding to a frame rate of 3333 Hz. Thus, the temperature
field could be determined from the ratio of the lifetime images I2/I1. However, to achieve the desired
frame rate, the active sensor size was reduced to 1149×1145 pixel. The investigated temperature ranged
from 20 ◦C to 60 ◦C with temperature steps of 5 ◦C.

Experimental Results

In figure 3.9a the measured luminescence intensity ratio of EuTTa and perylene is shown as a function of
temperature. As already observed from the spectral data, the ratio decreases linearly with increasing tem-
perature, however, with a higher temperature dependency of approx.−1.6 %/K. Additionally, the intensity
ratio of the lifetime images is shown in figure 3.9a. It decreases according to a second order polyno-
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Figure 3.9: (a) Normalized intensity ratio as a function of temperature and (b) effect of photo bleaching
on the intensity ratio within 800 recorded images for laser and LED illumination at T = 20 ◦C
and T = 50 ◦C.

mial with a smaller mean temperature sensitivity than the intensity based method of aprrox. −1 %/K.
These results are a first proof of concept, showing that the intensity ratio and the lifetime of the novel
EuTTa/perylene particles can be measured and related to temperature in microfluidic experiments for indi-
vidual particle images. However, the impact of the different experimental parameters on the measurement
results as well as the measurement uncertainty are equally important.

The influence of photo bleaching was examined by imaging particles over 800 laser- or respectively
LED illuminations at constant temperatures of 20 ◦C and 50 ◦C. For the intensity based method, the
intensity ratio decreases by approx. 0.03 % per pulse in the case of LED illumination and approx. 0.04 %
per pulse in the case of laser illumination, irrespective of the temperature, as can be seen in figure 3.9b.
For the lifetime based approach no influence of photo bleaching was found. For the following experiments
investigating the influence of the experimental conditions, the effect of photo bleaching in the case of
intensity based measurements should be minimized. Thus, the following sequence was used to determine
the particle’s intensity ratio as a function of temperature. At the starting temperature 10 consecutive
images were captured. Then, the droplet temperature was set to the next temperature step and the imaged
region was shifted to a different position in the droplet by moving the software controlled microscope stage
3500 µm in x-direction. Again 10 consecutive images were taken. The procedure was repeated for each
investigated temperature, which resulted in new particles at each temperature step and only the particle
images in the third image were evaluated. This process is consistent with an experimental setting, where
the temperature distribution in a microchannel with a continuous flow is measured. The camera frame rates
can be adapted in such a way, that each double frame contains new particles. However, when time resolved
measurements are performed, the effect of photo bleaching has to be taken into account. Additionally,
this process has the advantage that the particle images at each temperature are statistically uncorrelated.
Nevertheless, in each camera image only approx. 250 individual particle images could be identified, due to
a relatively low seeding concentration. To obtain statistically more stable results, the described sequence
was repeated 3 times with different starting locations, which was the maximum number of tests that could
be finished before the droplet was evaporated. This resulted in a number of approx. 750 individual particle
images for each temperature.
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Figure 3.10: (a) Spatial dependency of the raw intensity ratio and intensity ratio corrected for the X and Y
position and (b) dependency of the intensity ratio on the particle image diameter Dp (T = 20
◦C, M = 20).

The spatial distribution of the intensity ratio is shown in figure 3.10a at a constant temperature of T =
20 ◦C, when a magnification of M = 20 was used. For the intensity based approach, the intensity ratio
exhibits a dependency on the particle image position in the X and Y plane, which corresponds to a second
order polynomial fit as depicted in figure 3.10a. Similar results were found for a magnification of M =
10 and for both illumination methods at all temperatures. At the first sight this seems surprising, since
the reference dye should correct for spatial variations in the illumination intensity. However, this spatial
variance is probably caused by optical aberrations. Therefore, it is unrelated to the measured quantity and
can be corrected by an appropriate calibration, prior to the experiment. Nevertheless, close to the borders
of the field of view the X and Y dependency becomes quite strong when the camera’s entire CMOS-chip is
considered, which causes large measurement errors. To avoid this problem, only an area of 1900 × 2000
pixel is used, which is still more than enough to image the entire width of typical microchannels with a
magnification of M = 20. For the lifetime based approach, no dependency of the intensity ratio on the
[X ,Y ] position was found.

However, even after the ratio is corrected for the particle image position, the scatter in the intensity
ratios in figure 3.10a is relatively large for the intensity based approach. This can be explained by the
fact, that a preliminary version of the particles was utilized for the investigations shown in this section,
which still had a large variation in particle diameters ranging from 3 µm to 10 µm. Labergue et al. (2010)
have shown, that when two-color LIF is used to measure the temperature of µm size droplets, the intensity
ratio depends on the droplet size. This is caused by the effect that part of the fluorescence emission is
re-absorbed by the fluorescent dye, due to an overlap in the emission and absorption spectrum. When the
droplet size increases, the optical path length inside the droplet increases as well and the probability of
re-absorption grows. For the dyes used in this investigation, only the spectra of the reference dye overlap
(see figure 3.7a). Therefore, it can be expected that the intensity ratio IT/IR increases with increasing
particle diameter, since more of the reference emission is re-absorbed. However, in contrast to most
macrofluidic applications, the particle image diameter in microfluidics is not diffraction limited due to the
large magnifications, and thus the particle image diameter is a function of the physical particle diameter.
Figure 3.10b shows the intensity ratio as a function of the particle image size. As expected, the intensity
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ratio increases with increasing Dp. The difference of the intensity ratios is as high as 20 % between the
smallest and the largest particle image diameter, which would cause a measurement error of 12.5 ◦C. Thus,
this effect must be considered and corrected for during the experiment in order to obtain accurate results
for the temperature estimation if only polydisperse particles are available. Nevertheless, if the particle
image size is diffraction limited, e.g. in most macrofluidic experiments, mono disperse particles have to
be used to avoid this effect and to obtain an accurate temperature estimation. However, since the final
EuTTa/perylene particles are monodisperse, this effect is minimized in the experiments presented in the
next chapters. Furthermore, as can be seen in figure 3.10b the lifetime based approach is not affected by
the particle diameter.

Due to the significant influence of the experimental conditions on the measurement results, a careful in
situ calibration has to be performed when the intensity based method is used. In contrast, the calibration
can be done ex situ for the lifetime based approach, since the method is relatively robust to changes in
the experimental conditions (Zhou et al. 2017). However, when an ex situ calibration is performed the
non linear behavior of CMOS sensors used for highspeed cameras must be taken into account in order to
avoid systematic errors, as discussed by Zhou et al. (2017). The authors found that the lifetime of EuTTa
measured during their experiment depended on the initial emission intensity in the first lifetime image.
This was possibly caused by the camera sensors’ non linear transfer function of the amount of incident
photons to the pixel intensity in counts, i.e. smaller light intensities are transferred with a different factor
than higher light intensities. Thus, the intensity ratio I2/I1 depends on the initial signal intensity I1, which
can vary, e.g. due to an inhomogeneous illumination. The resulting effect for the PCO Dimax HS4 is
shown in figure 3.11, which depicts the intensity ratio of the lifetime images of multiple EuTTa particles
as a function of the intensity in the first lifetime image. The initial emission intensity was varied at a
constant temperature of T = 20 ◦C, by gradually reducing the power of the excitation light. For the
raw images, the dependency of the intensity ratio on I1 is quite significant. However, the effect can be
considerably reduced by subtracting a dark image from the raw data (see figure 3.11). Nevertheless, for
small initial intensities below 100 counts, a strong dependency on I1 can still be observed. However, for
many microfluidic experiments I1 is larger than 100 counts and the effect can be neglected if a darkimage
is subtracted from the raw data.

Estimation of the temperature uncertainty and influence of the SNR

The uncertainty in estimating the temperature from individual particle images was determined in the fol-
lowing way. At each investigated droplet temperature, the intensity ratio of the individual particles’ tem-
perature and reference signals was computed according to figure 3.5 and, in the case of intensity based
measurements, corrected for the particles’ X and Y positions and particle image diameters. Next, similar
to a temperature calibration, the mean value of all single particle image intensity ratios at each temperature
step was calculated and the gradient of the mean ratios over the known droplet temperature was approxi-
mated with a linear fit for the intensity based approach and respectively a second order polynomial for the
lifetime based approach (see figure 3.9a). The fit was then applied to the intensity ratios of the individual
particle images, to give a temperature estimation for each recorded particle at the different droplet tem-
peratures. In figure 3.12 the mean temperature that was estimated from the particle image intensity ratios
for the different investigated magnifications, illumination techniques and measurement methods is plotted
against the droplet temperature measured via the Pt1000. The errorbars correspond to plus/minus one
standard deviation of the temperature values given by the individual particle images, which is calculated
as

σ =

√
1

N−1

N

∑
i=1

(Test,i−Test,i)2 (3.3)
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Figure 3.11: Intensity ratio of the lifetime images as a function of the intensity in the first lifetime image
(∆t = 300 µs, τexp = 270 µs). The black crosses show the respective average intensity ratios.
The measurements were conducted in a droplet at a constant of temperature T = 20 ◦C con-
trolled via a peltier element, under variation of the excitation power. Note that the gap in data
points around I1 ≈ 300 counts is caused by the fact that the applied variation in excitation
power did only yield few particle images with initial intensities within that region.

with N as the number of detected particle images and Test,i as the estimated temperature of the ith particle
image. It can clearly be seen, that the mean estimated temperature is very close to the droplet tempera-
ture. When LED illumination is used, the absolute deviation of the mean estimated temperature from the
prescribed droplet temperature (∆Tabs =< |Test−Tdrop| >) is only 0.2 ◦C for a magnification of M = 20
and 0.3 ◦C for M = 10. In the case of laser illumination the mean estimated temperature deviates from
the droplet temperature by 0.5 ◦C for intensity based sensing and by 0.4 ◦C for lifetime based sensing for
both magnifications used. The mean standard deviations over the entire measured temperature range are
2.2 ◦C for M = 20 and LED illumination, 2.6 ◦C for M = 10 and LED illumination and 2.5 ◦C for both
magnifications and laser illumination for the intensity based method. This corresponds to a measurement
uncertainty for individual particle images of ±2σ = ±4.4 ◦C, ±5.2 ◦C and ±5 ◦C, respectively. For the
lifetime based approach, the mean standard deviations are 1.5 ◦C for M = 10 and 1.2 ◦C for M = 20, cor-
responding to a measurement uncertainty of ±2σ = ±3 ◦C and ±2σ = ±2.4 ◦C. The experiments were
repeated for multiple droplets at different days with similar results.

The results in figure 3.12 were obtained with a camera exposure time of 500 µs for the intensity based
method, which is more than the luminescent lifetime of the EuTTa-dye, i.e. the temperature camera records
luminescent emission over the entire exposure time. This exposure time is low enough to image parti-
cles without motion blur at flow velocities and magnifications typical for many microfluidic applications.
However, in cases with high velocities or high magnifications motion blur may occur. For the velocity
estimation the reference image can simply be used, since perylene has a fluorescent lifetime in the order
of a few µs. For the temperature measurement, however, motion blur in the temperature image will falsify
the calculation of the intensity ratio. Therefore, the exposure time has to be reduced to avoid this effect in
the case of high flow velocities or high magnifications. This leads to a decrease of the signal to noise ratio,
which increases the measurement uncertainty as was shown in section 3.2. To examine the influence of the
signal to noise ratio on the measurement uncertainty, imaging at each temperature step was conducted with
different camera exposure times (τexp = 50 µs, 100 µs, 250 µs, 500 µs, 1000 µs, 2500 µs, 5000 µs for the
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Figure 3.12: Estimated temperature plotted against prescribed droplet temperature for the intensity based
method with (a) LED and (b) laser illumination (τexp = 500 µs) and (c) for the lifetime based
approach (τexp = 150 µs). The gray markers correspond to the right ordinate axis an depict
the standard deviation.

intensity based method and τexp = 50 µs, 100 µs, 150 µs, 200 µs for the lifetime based method). Since
the luminescent lifetime of the EuTTa-dye in PMMA is approx. 215 µs at room temperature (see figure
3.7c) the temperature signal intensity depends on the camera exposure time in the investigated range, even
when a short laser pulse was used as the excitation source. For the LED illumination the pulse width was
set equal to the camera exposure time. Therefore, the illumination intensity and the SNR in both cameras
depend on τexp.

Figure 3.13 shows the mean standard deviation over the measured temperature range as a function of
the applied exposure time and respectively the resulting signal to noise ratio. As was predicted via the
synthetic images in section 3.2 the measurement uncertainty is a second order exponential function of the
signal to noise ratio and hence of the exposure time for both the intensity based and the lifetime based
approach. For intensity based measurements with LED illumination an exposure time of 250 µs leads to a
standard deviation of 2.7 ◦C, which is small enough for temperature estimations in many cases (see figure
3.13a). Choosing exposure times below 250 µs, however, leads to a much higher measurement uncertainty
and going below 100 µs additionally introduces the problem, that the signal at 60 ◦C has almost vanished.
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This makes it nearly impossible to identify particle images, thus, reducing the applicable measurement
range. In the case of laser illumination, the SNRs that can be reached at exposure times below 1000 µs
are higher compared to the LED illumination, due to the higher excitation energy (see figure 3.13b). For
larger exposure times, the illumination energy of the LED surpasses the laser illumination, because the
LED excitation energy increases with exposure time (the pulse width is set equal to the exposure time),
whereas the laser energy stays constant (constant pulse width). At low exposure times of less than 100 µs
the laser illumination gives a smaller standard deviation (3.8 ◦C for τexp = 100 µs), due to the higher
signal intensity. Additionally, even at 60 ◦C the temperature signal is still high enough to easily identify
particle images at lower exposure times. However, for exposure times of more than 250 µs the standard
deviation when laser illumination is used is higher than the standard deviation when LED illumination is
used, although the SNRs are higher in the case of laser illumination. When the standard deviations are
compared at the same SNR, the laser illumination has an approx. 0.8 ◦C larger σ (see figure 3.13b). The
reason for the higher measurement uncertainty is probably the relatively low pulse-to-pulse stability of the
laser, compared to the very stable LED. Even though the reference dye should correct for these fluctuations,
the rationing is not perfect and a slight temporal variation is still present, as was also observed by Rochlitz
& Scholz (2018). If intensity based measurements are utilized, it can be stated, that laser illumination
should be used when the flow velocities demand for exposure times below 250 µs. For higher exposure
times LED illumination leads to more accurate temperature estimations.
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Figure 3.13: Standard deviation plotted against (a) exposure time and (b) signal to noise ratio at a magni-
fication of M = 20.

However, as can be seen in figure 3.13a, the lifetime based approach performs much better in terms of
measurement uncertainty than the intensity based approach, giving approx. 3 ◦C lower standard deviations
at comparable exposure times. On the one hand, this is due to higher signal to noise ratios at these low
exposure times. On the other hand even at similar signal to noise ratios, the standard deviation is ap-
prox. 1 ◦C smaller than that of the intensity based method with LED illumination (see figure 3.13b), due to
the influence of the experimental conditions on the intensity based measurements. These can be accounted
for to a certain extend, but not completely avoided. Furthermore, the concentration ratio of the two dyes
can be assumed to exhibit minor variations between the particles, increasing the measurement uncertainty
compared to the lifetime based method, which is not affected by the dye concentration. Nevertheless, it
should be pointed out, that these findings are limited to the investigated temperature range from 20 ◦C to
60 ◦C, since the RLD timing sequence was optimized for this range. For imaging higher temperatures up
to 80 ◦C or more, the timing sequence of the lifetime based method has to be adapted, which will change
the measurement uncertainty. However, this effect and its impact will be described in detail in section 4.4.

In figure 3.13b the measured standard deviations as a function of the SNR are additionally compared
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to the standard deviations that were predicted by the synthetic particle images. To convert the synthetic
images’ σ from AU to ◦C, the values were divided by the temperature sensitivity of the particles for the
intensity based method (−1.6 %/K). It can clearly be seen, that the measured exponential increase of σ

over decreasing SNRs for both the laser and the LED illumination matches the predicted trend very well.
Thus, the influence of increasing random noise is very well captured by the synthetic particle images.
Nevertheless, in terms of absolute values, the real measurement uncertainty is higher than predicted by
synthetic particle images. A higher uncertainty was to be expected, however, since the synthetic images
give ideal particle images and only consider the SNR and not the influence of experimental parameters
adding to the measurement uncertainty.

3.5 Summary and conclusion

In this chapter, the working principles of the novel simultaneous, volumetric temperature and velocity
measurement techniques based on luminescent particles were outlined in detail. To determine the tem-
perature, the following two different approaches were implemented. On the one hand, the ratio of the
intensities of the reference signal and the temperature signal of individual two-color luminescent particles
is analyzed. On the other hand, the temperature is estimated via the temperature sensitive emission lifetime
of the particles, which is calculated from two images captured during the decay via the rapid lifetime deter-
mination method. More specifically, the intensity ratio of the second and first lifetime image is related to
temperature (I2/I1). As temperature sensitive tracers, dual-color luminescent PMMA particles doped with
perylene as a reference dye and EuTTa as the temperature monitor were developed in conjunction with
Surflay Nanotec GmbH and characterized as valid flow tracers and temperature probes for microfluidic
experiments.

The processing steps applied for evaluating individual particle images were described in detail and
different methods of calculating the intensity ratio of individual particle images were evaluated on the
basis of synthetic particle images. The results show, that approximating the noisy particle images with a
2D Gaussian and using the mean of the Gaussian for rationing leads to the lowest measurement uncertainty.
Furthermore, the results reveal a strong dependency of the measurement uncertainty on the particle image
diameter and on the SNR, with an exponential increase of the measurement uncertainty for SNRs < 10,
which was confirmed by experiments. Therefore, the luminescent particle signal should be as high as
possible and SNR > 3 to allow for reliable temperature estimations.

However, the temperature readings obtained from the intensity based method are influenced by the ex-
perimental conditions, which can cause large systematic errors and uncertainties. To characterize these
effects, a comprehensive experimental investigation of the influence of the imaging system, i.e. the imag-
ing optics and cameras, the illumination source, photo bleaching and the camera exposure time were con-
ducted. With regard to the illumination source, the results showed an absolute deviation of the mean esti-
mated temperature from the prescribed temperature of ∆Tabs = 0.2 ◦C and an uncertainty of±2σ =±4.4 ◦C
when LED illumination and a magnification of M = 20 was used. When a laser was used as the light source,
the error increased to ∆Tabs = 0.5 ◦C and an uncertainty of ±2σ =±5 ◦C for both magnifications, which
was attributed to the relatively large pulse-to-pulse fluctuations in the laser energy. Even though, using an
intensity ratio mostly corrects for these fluctuations, small variations in the ratio were still present, which
lead to a higher measurement uncertainty. Therefore, it can be concluded that the stability of the light
source is important for reliable measurements. However, when exposure times below 250 µs are nec-
essary to avoid motion blur, laser illumination leads to a smaller measurement uncertainty, due to larger
signal to noise ratios. For higher exposure times LED illumination should be used, if the intensity based
method is applied. It should also be noted, that the measurement uncertainties are calculated for individual
particle images and can be significantly reduced by ensemble averaging.
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Regarding the influence of the imaging system, a strong dependency of the intensity ratio on the X and
Y position of the particle image could be observed for the intensity based approach. This was caused by
aberrations and absorption in the optical path and has to be corrected with a proper in situ calibration.
Additionally, it was shown that the intensity ratio exhibits a strong dependency on the particle diameter,
when polydisperse particles are utilized, due to re-absorption of the reference emission. This effect lead
to a large measurement error of up to 12.5 ◦C. Even though this can be corrected for in microfluidics,
monodisperse particles should be used to minimize this additional error source.

In contrast to the intensity based method, the lifetime based approach is not affected by optical aber-
rations, photo bleaching and the particle diameter. Furthermore, the signal to noise ratios were relatively
high even at exposure times of less than 200 µs. This resulted in significantly smaller measurement un-
certainties of only ±2σ = ±2.4 ◦C at a magnification of M = 20 and ±2σ = ±3 ◦C at a magnification
of M = 10. However, in the case of very low signal intensities below 100 counts the nonlinearity of the
CMOS sensor has to be taken into account. From these results, it can be concluded that for the investigated
temperature range, the lifetime based measurement method is superior to the intensity based method, in
terms of measurement uncertainty.

The results presented in this chapter give a proof of concept for both temperature measurement ap-
proaches. However, the droplet experiments to some extend provide ideal experimental conditions, with-
out any additional background noise due to out-of-focus particles or reflections, which can not be realized
during flow measurements in a microfluidic channel. Furthermore, the particle images were not yet im-
aged astigmatically which will affect the measurement results and velocity measurements were not yet
performed. Thus, the performance of both methods for simultaneous and volumetric velocity and temper-
ature measurements will be investigated in the following chapter via a benchmark experiment in a heated
channel.

48



4 Benchmark experiment in a heated channel

In this chapter, the performances of the intensity based and the lifetime based measurement approaches
for simultaneous volumetric velocity and temperature measurements are examined and compared. For this
task, a well controlled benchmark experiment is designed in which the flow and temperature fields in a
straight and heated channel are investigated with both methods. To qualify the applicability of the tech-
niques in practice, the measurement results in the channel are compared to numerical simulations, which
serve as a reference solution. This is suitable, as in this case the geometry and boundary conditions are
well known and controlled. Furthermore, the measurement uncertainty of the different approaches in the
determination of the depth position as well as in the temperature estimation are quantified and discussed
in detail.

Major parts of this chapter, including figures and sections, have been published in Massing et al. (2018a)
and Massing et al. (2018b)

4.1 Experimental set-up

Figure 4.1 shows a schematic model and a photograph of the investigated channel, which has a length
of 30 mm, a cross-section of 2× 2 mm2 and is milled into a solid copper block. To gain optical access,
the bottom wall consists of a microscope slide that is glued to the copper block. The inlet and outlet
run vertically through the block. To control the copper temperature, water from a thermostatic bath is
continuously driven through four channels in a counter flow arrangement, which are indicated red in figure
4.1a. With this method a uniform and constant temperature distribution throughout the copper block
can be achieved (Irwansyah et al. 2015). To monitor the wall temperature during the calibration and
the experiment, four Pt100 resistance thermometers are placed inside cylindrical holes, colored gray in
figure 4.1a. Similarly, the inlet and outlet temperatures are monitored during the calibration via two Pt100

channel
inlet

outlet

warm fluid

warm fluid

warm fluid

warm fluid

Pt100

Pt100

Pt100

Pt100

Pt100

xy
z

(a)

channelcover glass

warm fluid warm fluid

warm fluid warm fluid

(b)

Figure 4.1: (a) Schematic model and (b) photograph of the investigated microchannel.
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resistance thermometers that are inserted into the flow from the side walls through two holes, which are
then sealed. The wall temperature is maintained constant during the experiment and is measured as TW =
50 ◦C by all four resistance thermometers with an uncertainty of approx. ±0.1 ◦C. As the working fluid,
an aqueous 5 % NaCl solution with a density of ρf ≈ 1.085 g/cm3 at room temperature is used. The fluid
is driven through the microchannel with a syringe pump at a constant volume flow rate of V̇ = 1.1 ml/min.
However, the density of the seeding particles is determined to be ρp ≈ 1.25 g/cm3 via a sedimentation
experiment. This is 15 % higher than the fluid density at room temperature and particle settling can be
expected. To correct for the influence of particle settling, the additional downward motion due to gravity
is calculated assuming Stokes drag during the evaluation of the experimental velocity data and added to
the velocity in z-direction (Raffel et al. 2018).

The respective experimental set-ups for the intensity and lifetime based measurement approach used
to measure the three-dimensional flow and temperature fields in the channel are schematically depicted in
figure 4.2. For the intensity based method two different camera set-ups are used to separate the temperature
and reference signals. The first configuration consists of a dichroic mirror and two monochrome cameras
equipped with appropriate optical filters, similar to section 3.4. In addition, a set-up with only one sCMOS
color camera is investigated. The camera acquires the color information via a Bayer mosaic filter in front
of the sensor. Since the wavelength of perylene and EuTTa emissions are in the blue and respectively red
channel of the camera, they can later be separated by image processing (see figure 3.7a). Using only one
camera significantly simplifies the experimental set-up. However, the bands of the Bayer mosaic filter are
not as narrow as those of high quality bandpass filters and a signal cross over between the respective color
bands can be expected. In fact, by alternately illuminating the sensor with the red and the blue spectrum
of a white LED, a 17 % signal cross over from red to blue and a 9 % cross over from blue to red could be
observed. Furthermore, the structure of the Bayer matrix is designed similar to a checkered pattern with
50 % green and 25 % red and respectively blue pixels. Thus, the effective spatial resolution of the EuTTa
and the perylene signal is only a quarter of the actual sensor size. This may considerably decrease the
quality of the measurement results, which will be investigated in this chapter.

In all three cases, the channel is observed with a Zeiss Axio Observer Z1 inverted microscope equipped
with a Zeiss EC Plan-Neofluar 10×/0.3 objective lens and a filter cube containing a 405 nm dichroic mirror,
which reflects the excitation light onto the channel and filters most of the reflections of the illumination
from the copper walls. The field of view with this magnification is approx. 1100×1200 µm2 (x×y) for all
three set-ups. Thus, only half of the channel width can be visualized and each half i measured separately.
The measurement position is 10 mm downstream of the inlet, which guarantees a hydrodynamically and
thermally fully developed flow. Before each measurement, the fluid is de-gassed with a vacuum pump to
avoid bubble nucleation caused by the reduced gas solubility at higher temperatures.

The camera set-up utilized for the intensity based approach with two cameras is shown in figure 4.2a. It
consists of two monochrome sCMOS cameras (LaVision imager sCMOS) and a 550 nm dichroic mirror
that separate the luminescence emission of the two dyes onto the respective camera sensors. However,
since the mirror also reflects the illumination light onto the perylene camera, the camera is additionally
equipped with a bandpass filter with a central wavelength of 447 nm and a bandwidth of 60 nm. As the
illumination source a high power LED is used, with its peak intensity at a wavelength of 365 nm (Thorlabs
Solis-365C). To overlap the field of view of both cameras within pixel accuracy, they are attached to a
combination of traverses with µm resolution, enabling the movement of both cameras in lateral and axial
direction and tilting of the perylen camera perpendicular to its viewing direction. Since the EuTTa camera
and the dichroic mirror cannot be oriented in a perfect 45◦ angle, astigmatism is already induced by the
mirror, with a distortion of the particle images that is large enough to calculate the depth information over
a measurement depth of ∆z≈ 105 µm (see figure 4.5a). Thus, no additional cylindrical lens is introduced
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Figure 4.2: Schematic of the experimental set-ups. (a) Intensity based approach with two cameras, (b)
intensity based approach with a color camera and (c) lifetime based approach.
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Figure 4.3: Schematic of the timing sequence used to measure the temperature and velocity field in the
heated channel via the lifetime based approach.

into the set-up.
The experimental set-up in which the intensity signals are separated with only one color camera (PCO

edge 5.5 sCMOS) is depicted in figure 4.2b. To filter the remaining LED reflections from the copper
walls after the 405 nm dichroic mirror, a 420 nm long pass (lp) filter is introduced into the microscopes’
filter cube. In this case, the astigmatism is induced via a cylindrical lens with a focal length of 850 nm,
which results in a similar measurement depth of ∆z ≈ 120 µm (see figure 4.5b). For both intensity based
experiments, 20 planes are scanned in depth direction with a distance of 100 µm and thus an overlap of
approx. 5% and 20 % between the planes, to fully capture the three-dimensional mean flow field. How-
ever, due to the relatively high particle density, particle sedimentation on the microscope slide becomes
problematic after approx. 7 minutes of measurement time. For this reason, only three planes are scanned
successively and 500 images are recorded for each plane, which is finished after approx. 5 minutes at a
frame rate of 49 Hz. Afterward, the channel is cleaned with pressurized air. The exposure time of the
cameras is set to 800 µs in both set-ups, which is a trade off between achieving a high signal to noise ratio
and having negligible motion blur.

For the lifetime based method, a PCO Dimax HS4 high speed camera is used to image the luminescence
lifetime of EuTTa (see figure 4.2c). The luminescence is excited with an Innolas Spitlight 400 Nd:YAG
laser with a wavelength of 355 nm and a pulse width of 5 ns. The pulse energy of the laser is limited to
12 mJ, to avoid damage to the microscope. A 570 nm long pass optical filter is used to cut off the perylene
emission, which is also excited by the laser. Thus, only the EuTTa signal can pass to the camera. To induce
the astigmatic aberrations, a cylindrical lens with a focal length of 850 mm is fixed inside a bellow system,
which is placed between the microscope and the camera. The resulting measurement volume depth is set
to ∆z = 120 µm, see figure 4.5c. Therefore, similar to the intensity based approach, 20 planes are scanned
in depth direction with a distance of 100 µm to fully capture the three-dimensional flow field. However,
only three planes can be scanned successively due to particle sedimentation and 600 images are recorded
for each plane. Afterward, the channel is cleaned with pressurized air.

The timing sequence that is used to determine the luminescence lifetime and the flow velocity is
schematically shown in figure 4.3. It is generated by two interconnected function generators. The laser
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is controlled with a programmable timing unit (LaVision PTU) as in chapter 3. However, the pulse fre-
quency of one cavity of the applied laser is fixed at 10 Hz, which is too low to resolve the velocity in the
channel with the current magnification. In addition, the particle image displacement between two lifetime
images is below one pixel, which would lead to large relative measurement errors for the velocity. For
this reason, similar to double frame PIV, both laser cavities are triggered with a pulse distance of 4000 µs
and the particle image displacement between images 1 and 3, as well as images 2 and 4 are used to cal-
culate the velocity field, see figure 4.3. To simultaneously resolve the luminescence lifetime the camera
has to record at a higher frame rate than the laser, which cannot be realized with only one of the available
function generators. Thus, a second function generator is operated in burst mode to control the camera
(Stanford Research Systems). Image recording is triggered by the opening of the Q-switch of each laser
cavity, respectively. The recording starts 10 µs after the laser pulse, to ensure that no laser reflections
overlap with the luminescence signal in the first image. The time interval between two lifetime images
is set to ∆t = 300 µs with an exposure time of 270 µs, corresponding to a frame rate of 3333 Hz. Thus,
the temperature field can be determined from the ratio of the lifetime images I2/I1 and I4/I3. However, to
achieve the desired frame rate, the active sensor size is reduced to 1149×1145 pixel.

In order to obtain the temperature from the luminescence lifetime or respectively intensity, a careful in
situ temperature calibration is performed before the experiments, according to the following procedure.
The copper is heated to a constant temperature and the syringe pump is set to deliver a volume flow
of V̇ = 0.05 ml/min. Shortly after entering the inlet, the bulk temperature of the fluid reaches the wall
temperature due to the relatively low velocity. This is confirmed by the Pt100 sensors at the inlet and
outlet, which give the same temperature reading as the Pt100 probes inside the copper block. Furthermore,
no secondary flow can be observed which would be expected, if temperature gradients are present. The
calibration data is recorded at the measurement positions in the center plane of the channel (z = 1000 µm)
over a temperature range from 35 ◦C to 55 ◦C with steps of 5 ◦C.

4.2 Numerical simulation

The numerical simulations of the flow field used as a reference solution are performed with the commercial
flow solver Ansys Fluent, version 17.1. Figure 4.4 shows the numerical domain and the grid with a size
of approx. 7×106 cells. As the channel flow is axis symmetric in the y-z-plane, only half of the channel
is modeled, including the inlet and outlet region. At the investigated flow condition the influence of both

inlet outlet 

copper 
walls

adiabatic wall
pocket for 

Pt100 

Figure 4.4: Numerical domain
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Table 4.1: Correlations used to model the fluid properties as a function of temperature in Fluent.
Property Correlation Reference

density ρf(T ) = 888.6+ 1.534 · T − 0.002819 · T 2 +
9.55 ·10−18 ·T 3

Kestin et al. (1981)

dynamic viscosity ηf(T ) = 0.0856− 0.00072 · T + 2.05 · 10−6 ·
T 2−1.955 ·10−9 ·T 3

Kestin et al. (1981)

thermal conductivity kf(T ) =−0.789+0.007663 ·T −1 ·10−5 ·T 2 Ozbek & Phillips (1980)

free and forced convection has to be included, since the Richardson number is Ri = Gr/Re2 ≈ 7. Thus,
the material properties of the fluid are modeled as a function of temperature according to the correlations
given by Kestin et al. (1981) for the dynamic viscosity and the density and by Ozbek & Phillips (1980)
for the thermal conductivity, see table 4.1. The specific heat of the fluid is considered to be constant
(cp,f = 4182 J/kgK). Furthermore, radiative heat transfer is considered negligible.

As the flow in the microchannel is laminar, incompressible and steady and the fluid is Newtonian, the
coupled temperature and flow fields are calculated from solving the continuity equation (eq. 4.1), the
momentum equations (eq. 4.2-4.4) and the energy equation (eq. 4.5) with Vx, Vy and Vz as the velocity
components in the streamwise, span wise and depth direction, respectively.:
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Ambient pressure is prescribed at the outlet and a constant mass flow is chosen as the inlet condition.
The thermal boundary condition for the copper walls is set to constant temperature. However, since the
thermal conductivity of the microscope slide is more than two orders of magnitude smaller than the thermal
conductivity of copper, conduction through the bottom wall is considered negligible and it is modeled
as adiabatic wall, which is a common approach for cover plates in microfluidic heat exchangers (Qu &
Mudawar 2002, Steinke & Kandlikar 2005).

4.3 Uncertainty estimation of the depth position

The depth position of the particles in the measurement volume is estimated from their respective ax and
ay values via the intrinsic calibration method outlined in section 2.4. For the velocity estimation only the
particle images from the EuTTa signal are used in the case of the intensity based measurements, since the
EuTTa signal is higher than that of perylene. Similarly, in the case of the lifetime based approach the first
lifetime image is evaluated to determine the particle position in the measurement volume, since the SNR
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4.3 Uncertainty estimation of the depth position

is higher than in the second lifetime image. To obtain the calibration data in situ, the channel is filled with
the NaCl solution, which is seeded with a lower concentration of tracers than in the experiment to avoid
particle image overlap, and heated to 50 ◦C. After the particles have settled onto the microscope slide, the
microscope stage is moved 100 µm in z-direction in steps of 1 µm as a calibration scan, with the middle
plane located approx. at the half distance between Fxz and Fyz. However, the effective scanning distance
in the fluid is 133 µm with steps of 1.33 µm, due to the refractive index difference between water and air,
which decreases by only 0.015 between 20 ◦C to 100 ◦C. For the two camera set-up 34,912 particle images
are detected throughout the scan, whereas for the color camera 28,156 and for the lifetime method 27,015
particle images are detected. As an outlier detection, particles whose [ax, ay] pairs have an euclidean
distance of more than 2.5 pixel from the calibration curve are removed, similar to Cierpka et al. (2011).
This threshold corresponds to approx. 3σ in the [ax, ay] space and resulted in 67 % valid particle images
for the two camera set-up, and respectively 75 % valid particle images for the color camera and 85 % valid
particle images for the lifetime based method. The higher values of valid particle images in the high speed
camera image, despite of the lower spatial resolution, are attributed to less outliers caused by overlapping
particle images or very large or small particles. The resulting calibration curves for the different methods
are shown on the left side of figure 4.5. As already mentioned, the measurement volume depth for the two
camera system is ∆z = 105 µm, whereas for the color camera and the lifetime method, the measurement
volume depth is ∆z = 120 µm. However, as reported by Cierpka et al. (2011), image aberrations due to
the cylindrical lens and the objective lens lead to deformations of both in focus planes. This causes a
dependency of the calibration curve on the [X ,Y ] position of the particle images, introducing a bias in the
measurement results. To correct for this error, the spatial distribution of both ax and ay is approximated
with a two-dimensional, second order polynomial surface for each z-position of the calibration scan. This
method gives a specific calibration curve for each [X ,Y ] position, thus minimizing the error associated
with the distortion of the focal planes (Cierpka et al. 2011).

In the right half of figure 4.5 the resulting estimated depth position zest for all valid particle images
is plotted against the real z-position. To determine the measurement uncertainty of the z-position for
individual particle images, the standard deviation of the estimated depth position from the real value is
calculated as:

σ =

√
1

N−1

N

∑
i=1

(zest,i− z)2 (4.6)

This results in measurement uncertainties of ±2σ =±5.8 µm for the two camera approach, ±2σ =±4.8
µm for the color camera and ±2σ = ±7 µm for the lifetime based set-up for individual particle images.
In terms of the relative measurement error, these values correspond to ±5.5 %, ±4 % and ±5.8 % of the
measurement volume depth, respectively. However, the measurement uncertainty can be reduced by en-
semble averaging over multiple particles proportional to 1/

√
N, where N is the number of particle images

(Hoffmann 2015). Nevertheless, when compared to standard APTV measurements reported in literature,
which use green lasers and highly fluorescent particles, these uncertainties are up to one order of magni-
tude higher (Cierpka et al. 2011, Rossi & Kähler 2014). In the case of the intensity based method, this is
caused by a lower signal to noise ratio due to the LED illumination, which is relatively weak compared to
the lasers usually applied for APTV. In addition, the emission intensity is considerably reduced at 50 ◦C,
which further reduces the SNR. Furthermore, the uncertainty of the depth position is higher for the two
camera set-up, than for the color camera. When comparing figures 4.5a and 4.5b it can clearly be seen,
that the calibration curve for the color camera has a better correspondence to an ideal APTV calibration
curve as depicted in figure 2.6 than that of the two camera measurements. Since the focal length of the
cylindrical lens as well as the distance between the camera and the lens can be easily adjusted for the color
camera, the APTV set-up can be optimized for the desired measurement volume depth (Rossi & Kähler
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Figure 4.5: APTV calibration curve (left) and estimated z-positions (zest) plotted against the real z-position
for the intensity based method with (a) two cameras and (b) the color camera, and (c) for the
lifetime based method.

2014). In contrast, the working distance is fixed and the astigmatic aberrations are induced by the dichroic
mirror in the case of the two camera set-up. Thus the APTV set-up can not be optimized, which causes a
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4.4 Uncertainty estimation of the temperature measurements

less ideal calibration curve and a higher measurement uncertainty.
In the case of the lifetime based approach, however, a high power laser is used for excitation. Neverthe-

less, since the camera exposure time is 270 µs, only part of the luminescence emission is integrated on the
chip. In combination with the reduced luminescence at 50 ◦C, this results in a smaller SNR compared to
standard APTV measurements. Furthermore, a highspeed camera is used for the measurements, which has
a pixel size of 11×11 µm2 compared to the pixel size of only 6.5×6.5 µm2 of sCMOS cameras typically
used for APTV and also applied here for the intensity based approach. This results in a reduced spatial
resolution of the particle images, as can be clearly seen by comparing figure 4.5c to figures 4.5a and 4.5b.
For this reason, the measurement uncertainty of the lifetime based approach is higher, than that of the
intensity based approach, even though the SNR is slightly higher. However, in all cases the measurement
uncertainty is small enough to enable reliable and accurate measurements of the particles’ depth position
in the measurement volume and thus of the out-of-plane velocity component.

4.4 Uncertainty estimation of the temperature measurements

To calculate the estimated temperature Test,i for each detected particle image, the set of linear equations
given by 

Test,1
Test,2
Test,3

...
Test,i

=


f (IT/IR,X ,Y,ax,ay)1
f (IT/IR,X ,Y,ax,ay)2
f (IT/IR,X ,Y,ax,ay)3

...
f (IT/IR,X ,Y,ax,ay)i

 ·


c1
c2
c3
...

ck

 (4.7)

is solved. In this equation, f (IT/IR,X ,Y,ax,ay)i are arrays consisting of the variables of a second order
polynomial of the intensity ratio, the [X ,Y ] position and [ax, ay] obtained for the individual particle images
and ck are the corresponding coefficients determined from the temperature calibration:

Test,i = ∑
α

ck(IT/IR)
α1
i (X)α2

i (Y )α3
i (ax)

α4
i (ay)

α5
i , 0≤ αj ≤ 2 (4.8)

However, in practice many of the mixed terms only have a minor effect on the results and can be neglected.
Therefore, the temperature is calculated as:

Test,i = c1 + c2(IT/IR)i + c3(IT/IR)
2
i + c4(X)i + c5(Y )i + c6(X)i(Y )i + c7(X)2

i +

+ c8(Y )2
i + c9(ax)i + c10(ay)i + c11(ax)i(ay)i + c12(ax)

2
i + c13(ay)

2
i (4.9)

Thus, the dependency of the intensity ratio on the [X ,Y ] position and the diameter of the particle images is
accounted for in the calibration, and bias errors resulting from this dependency can be corrected with this
approach (see section 3.4).

To remove outliers, particle images that give a temperature reading of |Test,i−Test,i| ≥ 3σ , are excluded
from the calibration. Furthermore, particle images with a signal to noise ratio of ≤ 3 are removed, which
would give relatively high measurement uncertainties (see section 3.2). This resulted in 21,770/31,055
(70 %) valid particle images for the two camera set-up, in 117,262/118,284 (99 %) valid particle images
for the color camera and in 82,002/92,752 (78 %) valid particle images for the lifetime based approach.
However, for the intensity based method, only the perylene image is affected by the SNR threshold, since
the perylen signal is weaker than the EuTTa signal over the entire temperature range. Similarly, for the
lifetime based approach, SNRs ≤ 3 are only present in the second lifetime image. In the case of the color
camera, no particle images with SNRs ≤ 3 are detected, which is the reason for the higher percentage of
valid particle images, compared to the other methods. Furthermore, since the temperature band prescribed
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during the calibration in the heated channel is only part of the full temperature response range of the
particles, an investigation of the measurement uncertainty over a larger temperature band is additionally
performed. For this investigation, however, the temperature in a peltier heated droplet is measured, as
described in section 3.4, since the temperature in the channel can only be increased to a maximum of
70 ◦C with the heating system utilized here.

In figures 4.6a and 4.6b the normalized calibration curves obtained in the heated channel for both the
two camera system and the color camera used for the intensity based approach are shown together with
the results that are measured in the heated water droplet between 20 ◦C and 90 ◦C, demonstrating the
applicability of the particles over a temperature range of ∆T = 70 K. Moreover, the maximum temperature
at which measurements can be performed in the peltier heated droplet is limited by the fast evaporation of
the droplet at temperatures above 90 ◦C and not by the particles themselves. Consequently, the particles
can be used at even higher and also at lower temperatures. However, the glass transition temperature of
PMMA is approx. 120 ◦C which can be considered as an upper limit, since the particles become less
solid at higher temperatures. The intensity ratio depends linearly on the temperature in the case of the
two camera set-up, as was also observed in section 3.3. For the improved version of the EuTTa/perylene
particles, however, the temperature sensitivity is approx. −1.85 %/K. In the case of the color camera, the
intensity ratio decreases with increasing temperature according to a second order polynomial. The mean
temperature sensitivity over this range is approx. −1.1 %/K. Since no internal color correction is applied
by the color camera, the non linearity can be attributed to the cross talk between the red and the blue
channel described in section 4.1.

The error bars in figures 4.6a and 4.6b indicate plus and minus twice the standard deviation σ calculated
over all estimated intensity ratios of the individual particle images in each temperature step according to

σ =

√
1

N−1

N

∑
i=1

[(IT/IR)i− (IT/IR)]2 (4.10)

Thus, they give the single illumination, single particle image uncertainty in the determination of the inten-
sity ratio, which can be reduced by ensemble averaging of multiple particle images by 1/

√
N, as already

mentioned. The resulting uncertainty in terms of temperature is given on the right axis of figures 4.6a
and 4.6b for individual particle images. For the measurement in the droplet the mean uncertainty for the
temperature estimation of individual particle images in the case of the color camera is ±2σ = ±3.7 ◦C
and in the case of the two camera system ±2σ = ±4.7 ◦C, which is equal to ±5.2 % and respectively
±6.7 % of the investigated range. However, the measurement uncertainty in the channel increases to
±4.4 ◦C for the color camera and ±5.6 ◦C for the two camera set-up. This is caused by the larger number
of out-of-focus particles in the channel calibration, which slightly decrease the signal to noise ratio for
both set-ups. Furthermore, a different slope is evident between the corresponding curves in the channel
and in the droplet. However, this is expected since the optical arrangement could not be fixed between
both measurements, which underlines the necessity to perform a careful in situ calibration at the same
conditions as the experiment in the case of the intensity based approach as described in section 3.

By comparing the errorbars in figures 4.6a and 4.6b, it can clearly be seen that the uncertainty of deter-
mining the intensity ratio when measuring with two cameras is approx. twice as large as in the case of the
color camera. This can be explained mainly by the different SNRs of the two systems. The SNR of the two
monochrome cameras is approx. 4.5, whereas the SNR of the color camera is approx. 8.4. Thus, the signal
to noise ratios are in the range of SNR < 10, in which the uncertainty of determining the intensity ratio of
individual particle images increases exponentially with decreasing SNR (see section 3.2). The reduction
of the SNRs in the two camera set-up is caused by the additional dichroic mirror and optical filter in the
optical path that absorb and respectively reflect parts of the luminescent light. Furthermore, the dichroic
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Figure 4.6: Intensity ratio normalized with the ratio at 35 ◦C and measurement uncertainty for individual
particle images as a function of temperature for the intensity based method with (a) the two
camera set-up and (b) the color camera and (c) as a function of temperature and time delay
between the lifetime images for the rapid lifetime determination approach. The gray markers
correspond to the right ordinate axis and depict twice the standard deviation for each case.

mirror increases the working distance, since a certain space is needed to place the mirror between the cam-
era and the microscope. This increases the magnification to M = 12.5 and the particle signal is distributed
over more pixel of the CMOS sensor, resulting in fewer incident photons per pixel. Because the camera
noise remains constant, the signal to noise ratio is reduced. Due to the higher temperature sensitivity of
the intensity ratio of the two camera set-up, however, the measurement uncertainty in terms of tempera-
ture increases by only 1.2 ◦C to ±2σ = ±5.6 ◦C, despite the fact that the accuracy of the intensity ratio
determination is halved. Since the measurement uncertainty is only slightly dependent on the SNR for
SNRs > 10, it can be concluded that for experiments where a high SNR can be achieved, the measurement
uncertainty of the two camera set-up will become smaller than that of the color camera set-up. This is
the case, for example, when lower flow velocities or a smaller magnification allow higher exposure times
without motion blur effects or when more powerful illumination sources or brighter luminescent particles
are available in the future.

The normalized calibration curve obtained in the heated channel with the lifetime based approach is
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Benchmark experiment in a heated channel

shown in figure 4.6c together with the results that are measured in the heated water droplet using the
timing sequence depicted in figure 4.3 (∆t = 300 µs, τexp = 270 µs). The errorbars again show plus and
minus twice the standard deviation calculated over all individual particle images that are evaluated at each
temperature step according to equation 4.10. With this timing sequence, temperatures up to 60 ◦C could
be measured, which is high enough for the temperature range in the benchmark experiment. However, if
higher temperatures are of interest, the timing set-up has to be adjusted accordingly. In order to resolve
temperatures up to 80 ◦C, for example, the interframing time has to be reduced to ∆t = 75 µs with an
exposure time of τexp = 60 µs, since the signal of I2 becomes too low to identify particle images at 80 ◦C
in the case of a higher ∆t. The mean temperature sensitivity of the intensity ratio for this setting is approx.
−0.77 %/K and the mean uncertainty for a single illumination and a single particle image is ±2σ ≈
±4.8 ◦C, which equals ±8 % of the measurement range (see figure 4.6c). However, the temperature
sensitivity of I2/I1 decreases significantly below 50 ◦C, causing a relatively high uncertainty at smaller
temperatures, as can be seen in figure 4.6c. Nevertheless, a considerable advantage of the technique is,
that it can be optimized for smaller temperatures by choosing a larger time step between the lifetime
images, as proposed by Hu et al. (2006). Thus, by increasing the interframing time to ∆t = 300 µs, the
temperature sensitivity of the intensity ratio is increased to −1 %/K in the temperature range from 20 ◦C
to 60 ◦C, as can be seen in figure 4.6c. This significantly decreases the single illumination, single particle
image measurement uncertainty to ±2σ ≈ ±3.2 ◦C. If even lower temperatures are of interest, ∆t can
be increased further, which again results in a higher temperature sensitivity and a smaller measurement
uncertainty. Thus, the lifetime based temperature determination gives a very flexible method, that can
easily be adapted to match the experimental conditions.

As is already the case for the intensity based method, the measurement uncertainty in the channel in-
creases slightly compared to the droplet case over the temperature band of 35 ◦C to 55 ◦C, due to a
reduced SNR because of more out-of-focus particles (see figure 4.6c). However, over the temperature
range in the benchmark experiments, the mean measurement uncertainty is ±2σ ≈ ±3 ◦C and therefore
only approx. 68 % of the uncertainty of the intensity based method with a color camera and 54 % of the
uncertainty of the two camera system. On the one hand, this is caused by a larger temperature sensitivity
of the lifetime images’ ratio between 35 ◦C and 55 ◦C compared to the intensity based approach using a
color camera, which reduces the uncertainty. On the other hand, the uncertainty of the determination of
the intensity ratio is smaller, compared to both intensity based methods as can be seen from the errorbars
in figure 4.6, even though the SNR is only 6.8. However, the lifetime determination is not affected by
intensity artifacts, photo bleaching or variations in the dyes’ concentration, which increase the measure-
ment uncertainty of the intensity based methods, as was described in chapter 3. Nevertheless, over a wide
temperature band between 20 ◦C and 80 ◦C, the intensity based method using the color camera gives a
smaller measurement uncertainty than the RLD based technique. However, the direct comparison of the
uncertainties is somewhat misleading, since the exposure time used in the intensity based method is more
than 10 times higher, than in the lifetime images. If faster flows or high magnifications require smaller
exposure times to avoid motion blur, the uncertainty of the intensity based method will quickly surpass
the uncertainty of the lifetime based technique, since the SNR is significantly reduced. In addition, the
lifetime based method is often preferable, since it is more robust with respect to variations in the experi-
mental conditions. Thus, the temperature calibration can be performed ex situ, as can also be seen from the
fact that the calibration curve of the heated channel coincides with the results of the droplet measurements
(see figure 4.6c). This is a significant advantage in microfluidics, since it can become quite complicated
to perform the calibration within the investigated microfluidic channel. In particular, the introduction of
a temperature sensor, such as a Pt100, into the channel for monitoring the temperature during calibration
can be difficult or even impossible due to spatial and design restrictions.

From the results obtained in this section, it can be concluded that in many cases the lifetime based
method is preferable to the intensity based method, since it can be optimized for the investigated temper-
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ature range, often gives lower measurement uncertainties, is more robust against variations in the exper-
imental conditions and allows for an ex situ calibration. However, for a measurement range from 20 ◦C
to 80 ◦C or more, the intensity based method can become more accurate if exposure times in the order of
several hundred µs are possible and if an in situ calibration can be performed. Furthermore, it has to be
acknowledged, that the intensity based method is easier to implement and the required hardware is less ex-
pansive. Next, the performance of both measurement techniques for simultaneous volumetric temperature
and velocity measurements will be analyzed.

4.5 Experimental and numerical results in the heated channel

The experimentally and numerically determined 3D temperature field and the three components of the
3D velocity field in the heated channel are compared for all three measurement approaches in figures
4.7 through 4.10. Since the flow is symmetric, the left half of the channel (y ≤ 1 mm), which depicts the
experimental results, can be directly compared to the right half of the channel (y≥ 1 mm), which shows the
numerical results. For the evaluation of the measurement data a spatial binning is applied and the results
are interpolated on a 10× 25 µm2 grid (y× z) in the cross sectional planes and on a 12.5× 10 µm2 grid (x
× y) in the horizontal plane using natural neighbor interpolation. This corresponds to a spatial resolution
of ≤ 1.25 % of the measurement volume size in all spatial directions. Since the seeding concentration is
low to allow for particle tracking and the flow can be considered as steady, ensemble averaging over all
600 images recorded for the lifetime based approach and respectively over all 500 images recorded for
both intensity based approaches is used.

Figure 4.7 depicts the numerically and experimentally determined temperature fields. The minimum
temperature in the channel center is approx. 41 ◦C. The temperature increases toward the copper walls
until the wall temperature is reached. As the lower wall is modeled adiabatic, the temperature gradi-
ent toward the channel bottom is ∂T/∂ z = 0 in the simulation. A good qualitative agreement between
the measurement and the simulation can be observed in figure 4.7 for all three measurement methods.
The temperature in the channel center and the temperature gradient toward the copper walls qualitatively
correspond between measurement and simulation for all experiments in both, the cross-sectional and the
horizontal planes. Furthermore, no significant temperature gradient at the bottom wall is measured, show-
ing the validity of the adiabatic wall approximation for this experiment. Nevertheless, it can clearly be
seen, that the lifetime based measurement method performs better for temperature measurements in this
configuration than both intensity based techniques. The temperature fields measured with the two camera
system and with the color camera show a considerably higher scatter than the results of the lifetime based
technique. However, this is expected, since the measurement uncertainty of the lifetime based technique
is significantly smaller for the investigated temperature range. When comparing the two intensity based
techniques, the quality of the temperature results is similar. However, for the color camera measurements,
the temperature close to the upper wall, i.e. for z > 1,600 µm, is underestimated by approx. 1 ◦C to 3 ◦C,
whereas for the two camera system it better matches the numerical results. In contrast, in the horizontal
plane the temperature close to the wall, i.e. y < 200 µm is underestimated by the two camera measure-
ments but match the simulation in the color camera results. These discrepancies are probably due to the
strong reflections of the fluorescent light at the copper walls, causing bias errors. In order to minimize
the influence of the background reflections, a time averaged background image of all recorded images is
subtracted from the raw images for each measurement plane.

The simultaneously measured three components of the three-dimensional velocity field are presented in
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Figure 4.7: Comparison of the experimentally and numerically determined three-dimensional tempera-
ture field in the heated channel determined with the intensity based method utilizing (a) two
monochrome sCMOS cameras and (b) a color camera and (c) for the lifetime based approach.

figures 4.8 through 4.10. As mentioned before, the sedimentation velocity at each y-z-position is estimated
as a function of the temperature dependent fluid density and added to the velocity in the z-direction (Vz)
shown in figure 4.10, to account for the influence of particle settling. The maximum sedimentation veloc-
ity is approx. 2 % of the maximum velocity in depth direction. All three techniques give a good qualitative
agreement between the measurement and the simulation for all three velocity components. The tempera-
ture induced density gradients cause an upward directed flow at both vertical channel walls. Because of
continuity, this produces an inward directed flow in the top half of the channel, a downward directed flow
in the channel center and an outward directed flow in the bottom half of the channel (see figures 4.9 and
4.10). Thus, two symmetrical, counter rotating vortices form in the channel with their center of circulation
below the central horizontal axis at approx. z = 850 µm (see figures 4.14b, 4.15b and 4.16b). This matches
the results of Cheng & Hwang (1969) for a square channel with a constant, uniform temperature of all four
channel walls. However, the velocity components of the secondary flow (Vy, Vz) are two orders of magni-
tude smaller than the velocities in the main flow direction (Vx). For the velocity components in main flow
direction and in span wise direction, the intensity based and the lifetime based techniques give similarly
accurate results. However, for the velocity component in depth direction the results of the lifetime based
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Figure 4.8: Comparison of the experimentally and numerically determined main velocity component
(Vx) in the heated channel determined with the intensity based method utilizing (a) two
monochrome sCMOS cameras and (b) a color camera and (c) for the lifetime based approach.

method show a larger scatter, than those of both intensity based methods. On the one hand this is caused
by the higher measurement uncertainty for the position of individual particles, as described in section 4.3.
On the other hand, the time interval between the two laser pulses is much shorter than the recording rate
of the sCMOS cameras. Thus the particle displacement in z-direction is smaller causing a higher relative
measurement uncertainty, which will be discussed in more detail in the following quantitative analysis.

The results presented in figure 4.7 through 4.10 already demonstrate the capability to perform simultane-
ous and volumetric temperature and velocity measurements using the APTV method in combination with
intensity and lifetime imaging of EuTTa/perylene tracers. However, a more detailed quantitative analysis
is given in figures 4.11 through 4.16. In figure 4.11a the experimentally and numerically determined tem-
perature distributions over half the channel width at different z-positions is shown for the intensity based
measurements with two cameras. A good qualitative match between the experimental data and the numer-
ical predictions can clearly be seen over the majority of the cross section of the channel. Nevertheless,
close to the wall at y ≤ 200 µm, larger deviations of more than 4 ◦C between experiment and simulation
are evident. However, as already mentioned measurements closer to the channel wall become difficult due
to reflections of the particle’s luminescence caused by the high reflectivity of copper, which can falsify the

63



Benchmark experiment in a heated channel

main flow 
direction

exp.

num.

(a) Two camera system

main flow 
direction

exp.

num.

(b) Color camera

main flow 
direction

exp.

num.

(c) Lifetime based approach

Figure 4.9: Comparison of the experimentally and numerically determined span-wise velocity compo-
nent (Vy) in the heated channel determined with the intensity based method utilizing (a) two
monochrome sCMOS cameras and (b) a color camera and (c) for the lifetime based approach.

results. Over the remaining channel width, the deviations are mostly within the measurement uncertainty
as can be seen from the errorbars depicted in figure 4.11a. They show the 95.5 % confidence interval
which is estimated for each bin as

∆T =± σ√
N

t (4.11)

with the t-factor calculated from the Student’s t-distribution, σ as the standard deviation of the temperature
reading of all individual particles in the respective bin and N as the number of particles contributing to the
ensemble average of the bin. Since N ≥ 20 for all bins, a t-factor of 2.15 is chosen (Hoffmann 2015),
giving 95.5 % confidence intervals within ±0.7 ◦C to ±2.2 ◦C with an average of ±1.1 ◦C over all bins.
This equals a relative uncertainty of±0.9 % to±3 % or respectively an average of±1.7 % with respect to
the measurement range of 20 ◦C to 90 ◦C found in the droplet experiment. Thus, the method offers relative
measurement accuracies similar to those of already established 2D methods, while having the considerable
benefit of providing volumetric data with high spatial resolution (see table 1.1). These findings hold for the
channel’s entire cross section, as can be seen in figure 4.11b. The difference between the measurement and
the simulation only exceeds the uncertainty bounds at the channel walls, due to reflections. Nevertheless,
the total temperature difference between the walls and the fluid is only 9 ◦C which is only a fraction of the
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Figure 4.10: Comparison of the experimentally and numerically determined velocity component in depth
direction (Vz) in the heated channel determined with the intensity based method utilizing (a)
two monochrome sCMOS cameras (b) a color camera and (c) for the lifetime based approach.

full measurement range of the particles. For this reason, good qualitative agreement could be achieved in
the benchmark experiment.

Similar results are found for the intensity based measurements with the color camera, which are de-
picted in figure 4.12. For y ≥ 200 µm a good qualitative agreement between the measurements and the
simulations is evident, whereas closer to the wall the experimental results significantly deviate from the
numerical results due to reflections. The 95.5 % confidence interval is within ±0.4 ◦C to ±2.8 ◦C with an
average of ±0.8 ◦C or respectively a relative uncertainty of ±0.6 % to ±4 % with an average of ±1.1 %
of the measurement range of the droplet calibration experiment (20 ◦C to 90 ◦C). Nevertheless, as for the
two camera system, the temperature field can only be measured qualitatively in this experiment, due to the
relatively small temperature difference in the channel. However, it can be concluded, that highly resolved
and accurate measurements of the three-dimensional temperature fields in microfluidic channels are pos-
sible in the case of large temperature differences with the intensity based method utilizing two cameras or
only one color camera.
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Figure 4.13 shows a detailed quantitative comparison between the numerical simulations and the lifetime
based temperature measurements. In contrast to the intensity based approach, not only a good qualitative
match but also a good quantitative match between the experimental data and the numerical predictions
can clearly be seen. Only in the close vicinity of the wall at y ≤ 20 µm, deviations of more than 1 ◦C
between experiment and simulation are evident, probably due to reflections. However, the lifetime based
approach is clearly far less affected by wall reflections. Over the remaining channel width, the deviations
are within the measurement uncertainty as can be seen from the errorbars depicted in figure 4.13a. For
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Figure 4.11: (a) Experimentally and numerically determined temperature gradients at different z-positions
and (b) temperature field in the cross section of the channel at x = 10 mm measured with the
two camera set-up. The errorbars in (a) show the 95.5 % confidence interval of the respective
bin. The horizontal, colored lines in (b) visualize the respective z-positions corresponding to
the gradients shown in (a).
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Figure 4.12: (a) Experimentally and numerically determined temperature gradients at different z-positions
and (b) temperature field in the cross section of the channel at x = 10 mm measured with one
color camera. The errorbars in (a) show the 95.5 % confidence interval of the respective bin.
The horizontal, colored lines in (b) visualize the respective z-positions corresponding to the
gradients shown in (a).
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Figure 4.13: (a) Experimentally and numerically determined temperature gradients at different z-positions
and (b) temperature field in the cross section of the channel at x = 10 mm measured with the
lifetime based method. The errorbars in (a) show the 95.5 % confidence interval of the respec-
tive bin. The horizontal, colored lines in (b) visualize the respective z-positions corresponding
to the gradients shown in (a).

all bins, the 95.5 % confidence interval is within ±0.29 ◦C to ±0.75 ◦C with an average of ±0.4 ◦C or
respectively within±0.7 % to±1.9 % with an average of±1 % of the temperature range of the calibration
(20 ◦C to 60 ◦C). This matches relative as well as absolute measurement uncertainties of established 2D
measurement methods (see table 1.1). Thus, highly resolved and accurate measurements of the three-
dimensional temperature fields in microfluidic channels can be performed with the lifetime based method
even for relatively small temperature differences.

A similar comparison is presented in figures 4.14 through 4.16 for all three velocity components and
all three measurement approaches. In all cases, the experimentally determined main flow velocities (Vx)
quantitatively match the simulation very well, as can be seen in figures 4.14a, 4.15a and 4.16a. However,
quantitative differences in the secondary velocity components (Vy and Vz) are evident for all three measure-
ment methods. The velocity component in the span wise direction obtained from the measurements and
the simulation are compared at the position of the two maxima in the upper and lower half of the channel
(z = 250 µm and z = 1600 µm). At both positions the experimentally determined absolute velocity max-
imum is higher than in the numerical simulations. However, it is found that these differences are caused
by a small inclination of the vertical channel walls due to tolerances in the manufacturing process of the
channel. The velocity component in depth direction is shown at z = 850 µm, which is the position of the
center of circulation of the vortex. Between y = 300 µm and y = 1000 µm, the measured and simulated
z-velocity profiles coincide, for all three measurement techniques. Closer to the wall, however, the ex-
perimentally obtained velocity distribution falls below the numerically predicted profile. Furthermore, the
near wall edge of the region with positive z-velocities next to the channel wall is slightly inclined toward
the channel center in the experimental results obtained with the two intensity based methods, whereas it
is parallel to the wall in the simulation (see right of figures 4.14b and 4.15b). This is another distinctive
indicator of the inclined channel walls. Nevertheless, in the lifetime based approach, this inclination could
not clearly be revealed due to the higher measurement uncertainty (see figure 4.16b, right).

Similar to the temperature results, the errorbars in figures 4.14a, 4.15a and 4.16a show the 95.5 % con-
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Figure 4.14: (a) Experimentally and numerically determined velocity gradients at different z-positions.
The markers show the experimental data, the lines show the numerical results measured with
the two camera system. (b) velocity fields in the cross section of the channel at x = 10 mm.
The errorbars in (a) show the 95.5 % confidence interval of the respective bin. The horizontal,
colored lines in (b) visualize the respective z-positions corresponding to the gradients shown
in (a).

fidence interval for the three velocity components. For Vx and Vy the measurement uncertainty is below
±2 % of the respective maximum velocity for all three measurement methods. However, the measurement
uncertainty of Vz is significantly higher than that of the other two velocity components. For the intensity
based measurements, the uncertainty bounds of Vz are within ±0.01 mm/s and ±0.04 mm/s with a mean
uncertainty of ±0.025 mm/s for the color camera and ±0.02 mm/s and ±0.06 mm/s with a mean uncer-
tainty of±0.035 mm/s for two cameras, which is in the order of±10 % of the maximum absolute velocity
in z-direction. Nevertheless, a higher measurement uncertainty for the z-component than for the other
components is expected, since the determination of the out-of-plane velocity is typically associated with
higher measurement uncertainties in volumetric measurement methods. Furthermore, the velocity in depth
direction is two-orders of magnitude smaller than the main flow velocity, which leads to higher relative
measurement errors. However, the maximum uncertainty of the z-position estimation is only ±0.8 µm for
the color camera and ±1.2 µm for the two camera system, and therefore only ±0.7 % and respectively
±1.1 % of the measurement volume depth.
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Figure 4.15: (a) Experimentally and numerically determined velocity gradients at different z-positions
measured with one color camera. The markers show the experimental data, the lines show the
numerical results. (b) velocity fields in the cross section of the channel at x = 10 mm. The
errorbars in (a) show the 95.5 % confidence interval of the respective bin. The horizontal,
colored lines in (b) visualize the respective z-positions corresponding to the gradients shown
in (a).

For the lifetime based method, the 95.5 % confidence interval for Vz is between ±0.06 mm/s and
±0.22 mm/s, with a mean uncertainty of ±0.09 mm/s and thus approx. 3 times as large as for the in-
tensity based methods. Nevertheless, this equals a maximum z-position error of only ±0.88 µm, which is
again less than 1 % of the measurement volume depth. The relatively large errors in terms of velocities
compared to the intensity based methods are caused by the fact that the time interval between the laser
pulses is optimized for the measurement of the main velocity component (see figure 4.3). With the pre-
scribed pulse distance of 4000 µs, the particle image displacement in z-direction is ≤ 1.5 µm, in contrast
to a particle image displacement of ≤ 7 µm at a framerate of 49 Hz in the case of the intensity based
measurements, which leads to larger relative measurement uncertainties. However, if a better resolution
of the secondary flow field is required, the pulse interval can easily be increased.
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Figure 4.16: (a) Experimentally and numerically determined velocity gradients at different z-positions
measured with the lifetime based method. The markers show the experimental data, the lines
show the numerical results. (b) velocity fields in the cross section of the channel at x = 10
mm. The errorbars in (a) show the 95.5 % confidence interval of the respective bin. The hori-
zontal, colored lines in (b) visualize the respective z-positions corresponding to the gradients
shown in (a).

4.6 Summary and conclusion

In this chapter the applicability of combining the APTV method with single particle intensity based and
lifetime based temperature determination for simultaneous volumetric measurements of the temperature
and velocity field in microfluidic applications was demonstrated by means of a benchmark experiment
in a heated channel. For the intensity based technique, two different camera systems were employed to
separately image the luminescence of the temperature sensitive dye and the reference dye. On the one
hand, two monochrome sCMOS cameras with a dichroic beam splitter and appropriate optical filters were
used. On the other hand, the luminescence signal was imaged with a sCMOS color camera equipped with
a Bayer filter and separated by image processing. In order to evaluate the performance of the different
methods, their measurement uncertainty for both the temperature and the velocity estimation was analyzed
in detail.

For temperature measurements with the intensity based method, the single particle image uncertainties
were ±2σ =±4.7 ◦C for the two camera system and ±2σ =±3.7 ◦C for the color camera over a temper-
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ature band between 20 ◦C and 90 ◦C, or respectively ±6.7 % and ±5.3 % of the measurement range. The
higher uncertainty of the two camera set-up was mainly caused by a relatively low signal to noise ratio of
approx. 4.5 compared to approx. 8.4 for the color camera, resulting in a twice as high uncertainty for the
determination of the intensity ratio. Consequently, the measurement uncertainty in terms of temperature
was smaller for the color camera, even though the signal cross over between the blue and red pixel caused
a smaller temperature sensitivity (−1.1 %/K compared to −1.85 %/K). Similarly, the higher SNR of the
color camera system resulted in a lower uncertainty in the determination of the out-of-plane position for
individual particle images, which was ±2σ = ±4.8 µm compared to ±2σ = ±5.8 µm. Furthermore,
the APTV set-up for the color camera could be better optimized, since it provided a higher flexibility in
choosing the focal length of the cylindrical lens and for adjusting the distance between the camera and the
cylindrical lens, which additionally added to the smaller measurement uncertainty.

Based on these results, it can be concluded that the signal crossover and the smaller effective spatial
resolution of particle images due to the Bayer filter does not limit the color camera’s applicability for in-
tensity based temperature measurements in microfluidics. Therefore, the experimental effort can be greatly
reduced by single camera measurements. However, when large SNRs are reached in the experiment, a two
camera system may be more appropriate, as the uncertainty of the determination of the intensity ratio is
only weakly dependent on the SNR for SNRs > 10. Thus, the higher temperature sensitivity of the two
camera system, due to a better signal separation, will lead to a higher measurement accuracy for large
signal intensities.

For the lifetime based technique, the measurement uncertainty for individual particle images over a
temperature range of 20 ◦C to 80 ◦C was ±2σ =±4.8 ◦C or ±8 % of the measurement range. The higher
uncertainty was mainly caused by a very low temperature sensitivity for temperatures smaller than 50 ◦C.
Nevertheless, by increasing the time interval between the two lifetime images, the temperature sensitivity
could be significantly increased and the absolute measurement uncertainty was reduced to±2σ =±3.2 ◦C
for individual particle images over a temperature range of 20 ◦C to 60 ◦C. Thus, the lifetime based method
can easily be optimized toward the experimental conditions by simply adapting the timing sequence, mak-
ing it applicable to various temperature and velocity scales. However, for the determination of the particles’
out-of-plane position the measurement uncertainty of ±2σ = ±7 µm for individual particle images was
larger than that of the intensity based measurements, due to a smaller spatial resolution of the particle
images caused by the larger pixel size of the high speed cameras’ sensor.

If ensemble averaging can be applied as in the case of steady flows, which are often present in microflu-
idics, the uncertainty in the temperature and velocity determination can be further reduced significantly.
In the experiments presented here, ensemble averaging resulted in average 95.5 % confidence intervals of
±1.1 ◦C for the intensity based method with two cameras, ±0.8 ◦C for the intensity based method with
one camera and ±0.4 ◦C for the lifetime based method. At the same time, the average particle image
position for each bin could be determined with subpixel accuracy in the measurement plane and with µm
accuracy in the depth direction by all three measurement methods.

Nevertheless, several limitations were identified for the different measurement approaches. One such
limitation is the high particle density of ρp ≈ 1.25 g/cm3 compared to water, which leads to sedimentation.
This problem can be reduced by adjusting the density of the fluid. Alternatively, a polymer with a smaller
density than PMMA, such as polystyrene (ρPS ≈ 1.04 g/cm3), could be used for particle manufacturing.
However, particle synthesis is not a trivial task and finding a polymer matrix that does not adversely affect
the luminescence properties of the dyes is quite challenging.

Furthermore, the z-position uncertainty for individual particle images is currently up to one order of
magnitude higher compared to established APTV experiments due to smaller signal to noise ratios. An
additional restriction to the measurements with currently commercially available sCMOS color cameras
is the relatively low frame rate which is limited to 49 Hz at full sensor size, so that only moderate flow
velocities of approx. 10 mm/s could be resolved with the magnification used in the benchmark experiment.
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To overcome this issue a highspeed color camera or two double frame cameras could be used for intensity
based measurements, or the lifetime based technique can be utilized, which is not limited by flow velocities
or magnifications.

Additionally, in contrast to the lifetime based approach, the intensity based method at its current state
cannot be easily adapted to yield lower absolute measurement uncertainties for measuring smaller temper-
ature differences. For this reason, only qualitative measurements of the temperature field in the benchmark
experiment were possible. Thus, for smaller temperature differences, the lifetime based method is better
suited, which can be optimized to enable quantitative measurements of various temperature scales. For
large temperature differences, however, the intensity based method allows for more accurate temperature
measurements, if camera exposure times in the order of several hundred µs can be realized without causing
motion blur. Nevertheless, the intensity based method relies on an in situ calibration at the same conditions
as the experiment, since the measurement results are significantly influenced by the experimental condi-
tions, as was shown in section 3. This can become very challenging in microfluidics due to spatial and
manufacturing restrictions. Since the luminescence lifetime signal is not influenced by the experimental
conditions, it is more robust toward variations in the set-up and an ex situ calibration can be performed,
which is a considerable advantage compared to intensity based measurements. Furthermore, both intensity
based methods were strongly affected by reflections at the channel walls causing systematic errors, due to
the high reflectivity of copper, whereas the lifetime based measurements were only affected in the close
vicinity of the copper walls to a smaller extend. In addition, the lifetime based method is not affected by
photo bleaching in contrast to the intensity based temperature determination. Thus, at the current state of
the techniques, the lifetime based measurement approach is preferable to the intensity based method for
most microfluidic applications.

However, it can be concluded that despite these current limitations, the techniques are reliable for spa-
tially highly resolved volumetric velocity and temperature measurements in many microfluidic applica-
tions. In the context of this work, the techniques enable the investigation of two important scientific
question from the field of electrochemical energy conversion for the first time, which will be discussed in
the following chapters.
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5 A fast start up system for microfluidic direct
methanol fuel cells

In this chapter, a novel simple and effective heating system for microfluidic direct methanol fuel cells is
investigated experimentally in order to solve the problem of long start up times due to a slow temperature
rise during the initial cell operation. A thin semi-conductive heating layer is applied to the anode and
cathode side cover plates and subjected to a short boost of high electrical power. The volumetric tempera-
ture and velocity field on the anode side is measured for the first time by means of luminescence lifetime
imaging, showing a fast temperature rise to the cell’s working temperature within 25 s. With this system,
the start up time of the fuel cell could be reduced to only 20 s. Additionally, investigations of different
anode and cathode side flow rates further clarify the role of the convective heat transfer on the cooling of
microfluidic proton exchange membrane fuel cells. Furthermore, a detailed dicussion is given on possible
methods to further increase the efficiency of the heating system in future applications.

Major parts of this chapter, including figures and sections, have been published in Massing et al. (2019b).
The work presented in this chapter was done in cooperation with Nadine van der Schoot from the Zentrum
für Brennstoffzellentechnik Duisburg, who designed the fuel cell and the heating system and supported the
experiments. The measurements, data processing and scientific analysis were performed by the author of this
thesis.

5.1 Introduction

In recent years, the energy demand of portable and mobile electronic devices has increased significantly
due to improved functionality and higher data traffic. Over the same period of time, however, the energy
capacity of batteries could not keep pace with this development, leading to the well known short battery
life times of smart phones, tablets etc. (Schaevitz 2012). A promising alternative power source to solve
this problem are microfluidic direct methanol fuel cells (µ-DMFCs), which convert the chemical energy of
methanol to electrical energy. µ-DMFCs are particularly well suited for portable devices, since methanol
has a relatively high energy density (6.09 kWh/kg, Munjewar et al. (2017)) and, in contrast to hydrogen,
is easy to store and transport, making it an ideal fuel for portable applications (Kamarudin et al. 2009).

Proton exchange membrane (PEM) DMFCs consist of an anode and a cathode bipolar plate, which are
electrically-conducting plates that serve as current collectors. Often they contain micro channels, referred
to as the flow field (FF), for the supply of fuel (methanol) and oxidant (oxygen, see figure 5.1). The
reactants are separated by a proton exchange membrane between the bipolar plates, which serves as the
electrolyte and has a catalyst layer and a porous gas diffusion layer (GDL) on each side. In order to limit
the detrimental methanol transport through the proton exchange membrane, known as methanol cross over,
an aqueous solution containing only between 0.5 mol/l to 2 mol/l methanol is often used on the anode side.
The electrochemical reaction is:

Anode side: CH3OH + H2O→ 6H+ + 6e− + CO2 (5.1)

Cathode side: 1.5O2 + 6H+ + 6e−→ 3H2O (5.2)

DMFC reaction: CH3OH + 1.5O2 → 2H2O + CO2 (5.3)

73



A fast start up system for microfluidic direct methanol fuel cells

The output power of DMFCs is strongly affected by the operating temperature, which ranges between
60 ◦C and 200 ◦C (Wasmus & Küver 1999, Scott et al. 1999, Zhao et al. 2009, Kirubakaran et al. 2009, Sun
et al. 2018). On the one hand, the output power increases with rising temperature due to a higher activity
of the reaction layer as well as a faster diffusive mass transport of methanol and water in the anode and
cathode flow fields. On the other hand, the methanol and water cross over also increases with temperature,
which reduces cell performance. Furthermore, at temperatures above 100 ◦C Scott et al. (1999) observed
a decrease in the output power due to evaporation. However, this effect could not be found during the
investigations by Gogel et al. (2004).

Nevertheless, despite its importance for cell performance, the details of the heat transfer in the flow field
of direct methanol fuel cells are not fully understood, yet (Faghri & Guo 2005). The complete methanol
oxidation reaction (equation 5.3) produces heat, which is removed via forced convection by the relatively
cold methanol and air flows at the anode and cathode, respectively, as well as transferred to the environment
via heat conduction and natural convection. Scott et al. (1999) found, that an increase of the methanol flow
rate can cause a decrease in cell power due to significant convective cooling of the membrane. Atacan et al.
(2017) numerically investigated convective cooling effects in a flowing electrolyte DMFC with a straight
flow field channel. The study found a higher degree of convective cooling on the cathode side than on the
anode side, which was attributed to a larger thermal entry length and a higher molecular diffusivity of the
oxygen flow. Similarly, Bahrami & Faghri (2010) found a significant dependency of the cell temperature
on the cathode air flow rate for a semi-passive direct methanol fuel cell. In this type of fuel cell, the
liquid methanol is fed passively at the anode side, whereas the air is actively driven through the cathode
channel. For an active liquid fed DMFC with a serpentine flow field, on the other hand, Yuan et al. (2016)
experimentally discovered a large influence of the anode flow rate on the temperature distribution in the
fuel cell, whereas the influence of the cathode flow rate was considered negligible. Similarly, Zou et al.
(2010) numerically found a considerable influence of the methanol inlet temperature on the performance
of DMFCs, whereas the influence of the air inlet temperature was small.

The situation becomes even more complex, considering the formation of CO2 gas bubbles on the anode
side and water droplets on the cathode side during cell operation. The water droplets forming at the cathode
are removed by the air flow. If the flow rate is too small, excessive water will accumulate, which causes
flooding (Li et al. 2008). Thus, the transport of oxygen is hindered due to blocking of the porous GDL and
the catalyst layer, which decreases the output power of the cell. However, high air flow rates may cause
cooling of the membrane and, consequently, a reduction in cell performance. Furthermore, the evaporation
and condensation of water droplets is coupled with the absorption and release of latent heat, respectively,
significantly impacting heat transfer (Kandlikar & Lu 2009).

The CO2 bubbles on the anode side nucleate at the GDL and are removed by the water-methanol flow. At
higher flow rates smaller sized bubbles are detached resulting in a bubbly flow regime (Re > 80), whereas
at lower flow rates bubbles tend to coalesce or grow to gas slugs that can almost completely block the
cross-section of the channel (Burgmann et al. 2013). Additionally, the current density has a significant
influence on gas bubble formation, leading to a shift from bubbly flow to slug or annular flow toward
increasing current densities (Zhao et al. 2009). The formation of two-phase flow at the anode significantly
affects the cell performance. The average cell performance is believed to be impaired by the CO2 bubbles,
since the blockage of the channel by gas slugs restricts the transport of methanol to the GDL. Thus, an
increase in the anode flow rate may improve the cell performance, since the gas bubbles are removed more
quickly (Calabriso et al. 2017, Zhao et al. 2009). However, convective cooling effects have to be taken
into account and may reduce the cell power at higher anode flow rates. Furthermore, fuel utilization will
be decreased at higher flow rates as the amount of non-reacted methanol per unit time that exits the flow
field increases.

Burgmann et al. (2013) investigated the instantaneous effect of gas bubbles on the cell voltage. The au-
thors found that the cell power increases momentarily when the channel cross-section is partially blocked
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by large bubbles. Due to this blockage, the mass transport of methanol toward the GDL is increased until
a moving slug is formed, which removes the bubbles and eliminates the blockage effect. Similar to the
mass transport, the two-phase flow is known to have a significant impact on the heat transfer. However, the
specifics are still under investigation (Kandlikar et al. 2013, Wang & Wang 2006, Kandlikar & Lu 2009,
Zhang & Jiao 2018).

The dependency of the cell power on temperature is especially important during the start up phase
of the DMFC after being switched on at ambient temperature. Ideally, the time to reach maximum cell
performance should be as short as possible, in particular for portable applications. However, currently
commercially available DMFC systems have a relatively long start up phase or use auxiliary systems to
bridge over the start up period (Kwon et al. 2011). For example, the Efoy Comfort DMFC by SFC Energy
has a start up time of up to 15 min (SFC Energy AG 2016), whereas the Toshiba Dynario DMFC uses a
lithium ion battery during the start up phase to circumvent this problem. In order to reduce the start up
time, the fuel cell has to rapidly reach its working temperature. For this reason, efforts are currently being
dedicated on designing a fast and efficient heating system for µ-DMFCs, in particular by the hydrogen
and fuel cell center Duisburg (ZBT Duisburg). One concept is to make use of the faster oxidation reaction
of hydrogen to increase the heat production during start up. A fast starting DMFC that is powered by
pure hydrogen in the beginning and then switched to water and methanol at a certain temperature was
already successfully developed (Lukassek et al. 2015). However, this approach significantly increases the
complexity of the fuel cell system. A simpler design solution is to add an electric heating layer to the fuel
cell. However, in order to assess the effectiveness of the heating system, in situ measurements of the cell
temperature in the flow field are needed, especially in the vicinity of the membrane where the chemical
reaction takes place.

In this chapter, the velocity and temperature in the flow field of a µ-DMFC during its start up period
under rapid heating to its working temperature are investigated experimentally. For the first time, simul-
taneous, three-dimensional velocity and temperature measurements are performed on the anode side of a
µ-DMFC by means of the lifetime based measurement method introduced in chapter 3. An experimentally
accessible fuel cell capable of reaching temperatures of more than 60 ◦C within seconds with an optically
accessible anode and cathode was designed by the ZBT Duisburg. The goal is to reduce the starting time
of the fuel cell, i.e. the time until approx. 95 % of the maximum output power of the cell is reached, to
below 5 min. Various methanol and air flow rates are investigated to gain further insight into the influence
of convective cooling on cell temperature and performance. Furthermore, methods to reduce the required
heating power are discussed in detail.

5.2 Fuel Cell Design

Figure 5.1 shows a schematic representation and a photograph of the investigated DMFC assembly. In the
photograph, the anode side is shown, however, the anode side has a similar design. Both, the anode and
the cathode bipolar half plates are made out of stainless steel and coated with a 5.3 µm gold layer. They
contain a serpentine flow field with seven channels with a spacing of 1.5 mm, a nominal channel cross
section of 1.7 × 0.55 mm2 (width × height) and a length of 40 mm. The membrane-electrode assembly
(MEA) was manufactured by the ZBT. The proton exchange membrane consists of Nafion 115 with a
2 mg/cm2 platinum-ruthenium catalyst layer on the anode side and a 2 mg/cm2 platinum catalyst layer on
the cathode side. The anode gas diffusion layer is manufactured out of Sigracet 29AA and the cathode
GDL is produced from Sigracet 29BC. The active area is 22.5 × 22.5 mm2. The cover plates of the anode
and cathode side are made out of HQ-floatglass, which is optically transparent to the excitation laser light
and the luminescence of EuTTa. However, by using glass, the sealing of the DMFC becomes challenging.
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Figure 5.1: a) Schematic of a µ-DMFC. The viewing direction during the experiment is indicated by the
objective lens. b) Photograph of the assembeled DMFC (cathode side).

Here, dispensed gaskets are directly applied on the bipolar plates and the assembly is compressed between
two aluminum end plates. With this configuration, air tight sealing and long time stability of the fuel
cell can be ensured. However, the contact pressure of the GDL is relatively low, even though the sealing
height is optimized toward this parameter. Thus, the electrical conductivity between the bipolar plates and
catalyzers is impaired, causing a higher internal resistance which reduces cell performance. Nevertheless,
the main fluid mechanical features of a DMFC, i.e. CO2 bubbles and water droplets, are still present and
the cell temperature is mainly dictated by the heating system. Since this work focuses on the temperature
field during the start up phase and the relative change in output power and cell temperature with respect to
the anode and cathode flow rates, a lower cell performance can be accepted.

The rapid heating of the fuel cell during its start up was realized via a thin indium tin oxide (ITO) layer
applied to the glass cover plates, that served as a semi-conductive heating layer. With a thickness of 40
nm the specific ohmic resistance of the layer is < 50 Ω. The ITO layer is connected to a power source
with a base output power of 8 W and a boost power of 32 W, which can be switched on manually. The
base power is necessary to maintain a constant cell temperature of approx. 80 ◦C during cell operation
which is, however, only necessary for an individual cell as investigated here but not in stack operation.
The boost is applied for rapid heating. A conductive epoxy adhesive (Soltabond SB 1227 by Polytec PT)
was used for the electrical contact of the heating layer. The heated area is approx. 41 × 24 mm2. Figure
5.2 shows the temperature distribution of the heating layer when the boost power is applied, acquired
via infrared thermography. Already after only 8.4 s, the temperature in the region of the active area is
increased significantly up to 80 ◦C, however the temperature profile is still inhomogeneous. After 5 min
a homogeneous temperature of 80 ◦C has been reached in the heating layer over the entire region of the
active area. However, it is not known how fast the heat is transferred to the membrane and how the
temperature in the flow field and particularly near the MEA develops in time, which will be investigated
in the following experiments.

5.3 Experimental set-up

The experimental set-up is schematically depicted in figure 5.3. Galvanostatic measurements of the cell
performance were carried out with a Keithley 2460 source meter. The temperature of the cover glass
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Figure 5.2: Thermal image of the ITO layer during heating with an input power of 32 W. No fluid flow
was applied. Left after 8.4 s, right after 5 min.

on the cathode side was monitored during the experiments with a Pt100 resistance thermometer that was
positioned on top of the glass in the middle of the flow field. A 1 mol/l methanol and water solution was
driven through the anode channel with a Cetoni neMESYS syringe pump with a constant volume flow
rate between 2.5 ml/h and 50 ml/h, which corresponds to mass flow rates of approx. 2.5 g/h to 50 g/h.
This corresponds to a Reynolds number between Re = 0.6 and Re = 12.6 based on the hydraulic diameter
(dh = 0.8 mm). The volumetric air flow rate on the cathode side was set constant between 50 ml/min and
400 ml/min, corresponding to a Reynolds number between Re = 53 and Re = 425.

Simultaneous measurements of the volumetric temperature and velocity field were performed by means
of the lifetime based measurement method and APTV. The set-up was similar to that applied in chapter 4
(see figure 5.3). EuTTa/perylene particles with a mean particle diameter of 10 µm were used as tracers.
The anode flow field was observed with a Zeiss Axio Observer Z1 microscope that was equipped with a
405 nm dichroic mirror which guided the illumination light to the flow field. A Zeiss EC Plan-Neofluar
5×/0.16 objective lens resulted in a field of view of approx. 2.3 × 1.8 mm2. Images were recorded
with a PCO Dimax HS4 high speed camera and the particles’ luminescence was excited by a 355 nm
Innolas Spitlight 400 Nd:YAG laser with a pulse width of 5 ns and a pulse energy of 12 mJ. A 570 nm
long pass filter was placed in front of the camera to filter the perylene emission and laser reflections. A
cylindrical lens with a focal length of 1000 mm was used to induce astigmatic aberrations, which resulted
in a measurement volume depth of ∆z≈ 350 µm. The uncertainty of the estimation of the depth position
was ±2σ ≈ ±15 µm or ±4 % of the measurement volume depth for a single particle image which was
determined from the calibration data.

Additionally to the temperature and velocity field, the CO2 bubbles were visualized via white LED illu-
mination. As sketched in figure 5.3 the LED light was guided into the microscope via the beam expander
that was also used for the laser illumination. It has to be noted, that the beam expander and dichroic mirror
are designed to mainly pass or respectively reflect light in the violet to ultra violet spectrum. Thus, this
part of the white spectrum could not be filtered out in order to achieve enough illumination to visualize the
bubbles and an excitation of the luminescence can be expected. However, compared to the laser excitation,
the LED excitation is minimal and, furthermore, this effect was included in the temperature calibration.
The bubble images were used to automatically remove reflections of the luminescent light on the bubble
interface which were erroneously detected as particle images and may falsify the measurement results.

The timing sequence used to record the camera images and trigger the two light sources is shown in
figure 5.4a. The camera and light sources were controlled by two function generators, as described in
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Figure 5.3: Schematic representation of the experimental set-up. The inset photograph shows a top view
of the anode flow field illustrating the three measurement positions at the inlet, the middle and
the outlet of the flow field. As indicated, the origin of the coordinate system was set at the
beginning of each measurement volume, with the x-axis in main flow directions, the y-axis in
spanwise direction starting at the channel wall and the z-axis in depth direction starting at the
glass cover.

chapter 4 (Stanford function generator and LaVision PTU). To determine the velocity field via APTV, both
cavities of the laser were triggered with a pulse difference of 2000 µs and the particle image displacement
between the two laser pulses was related to the flow velocity (see chapter 4). At each laser pulse, three
images were recorded with a frame rate of approx. 3333 fps (∆t = 300 µs). The first image was triggered
together with the LED light source before the laser pulse to visualize the CO2 bubbles. Recording of the
first lifetime images (i.e. I1 and I3) was started 220 µs prior to the laser pulse which meant that, with
an exposure time of τexp = 270 µs, only the first 50 µs of the luminescent decay were captured. This
negative time delay relative to the laser pulse was chosen due to the fact that when the first image is
triggered shortly after the laser pulse instead, the time interval between the two lifetime images has to
be significantly reduced in order to measure at temperatures above 60 ◦C, as shown in chapter 4. This is
caused by a quickly diminishing signal intensity in the second lifetime image, which is no longer detectable
at high temperatures. However, by shifting the first image forward in time according to figure 5.4a, the
signal in the second lifetime images (i.e. I2 and I4) could be maintained relatively high, even at higher
temperatures. Thus, the time separation between the two lifetime images could be set to 300 µs while
still being able to measure at temperatures of 80 ◦C, resulting in an average temperature sensitivity of
approx. −1 %/K over the entire temperature range from 15 ◦C to 80 ◦C (see figure 5.4b). This is higher
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Figure 5.4: a) Timing sequence for temperature and velocity measurements and b) Calibration curve for
temperature measurements, the errorbars show twice the standard deviation for individual par-
ticle images, which is 2σ ≈ 8 ◦C or 12 % of the measurement range.

than what was achieved for a similar temperature range by increasing the recording rate as in chapter 4,
thus reducing the uncertainty of the temperature determination. However, the disadvantage of this method
is, that the laser pulse is within the recording of the first lifetime image. Thus, particular care has to be
taken to rigorously filter laser reflections, which was achieved by adding an additional 420 nm long pass
filter to the filter cube of the microscope. With this set-up a mean temperature uncertainty of±2σ ≈±8 ◦C
or±12 % of the measurement range for individual particle images was achieved. However, the uncertainty
is still approx. twice as high as what was presented for the same temperature range in chapter 4. On the
one hand, a smaller magnification was used in order to image the entire width of the channel, resulting in
smaller particle images which increases measurement uncertainty (see chapter 3). On the other hand, the
transparency of the ITO glass to the excitation light is smaller than that of silica glass without an ITO layer
and the addition of methanol to water significantly decreased the signal intensity of the particles. Both
effects decrease the SNR and thus increase the measurement uncertainty.

Furthermore, an in situ calibration was not possible, since the design of the fuel cell did not allow to
introduce a temperature sensor within the flow field. Thus, an ex situ calibration was performed using the
peltier set-up introduced in chapter 3. As signal intensities are relatively low, the non-linear response of
the camera was taken into account by a correction function, according to chapter 3.

5.4 Measurement results

Measurements of the temperature and velocity field in the anode channel were performed at the inlet, the
middle and the outlet of the flow field as indicated in figure 5.3. Due to particle sedimentation on the glass
cover, the optical transparency after approx. 20 experiments for approx. 6 min per experiment was reduced
to a point where measurements were no longer possible. Since the glass could not be cleaned without
taking apart the fuel cell and thus altering its performance, the desired parameter space could not be
investigated using only one fuel cell. For this reason three different cells were produced with each having
a different characteristic. Therefore, the influence of each investigated parameter is compared to a baseline
case of the respective individual DMFC. As the baseline, the combination of anode and cathode flow rate
was chosen that gave the best cell performance for each cell. The investigated parameter space is given in
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Table 5.1: Investigated parameter space. The parameters in bold were examined during both the cell per-
formance and polarization curve measurements and the optical flow measurements.

anode flow rate cathode flow rate

Cell no. 1 baseline 20 g/h 100 ml/min
Cell no. 2 baseline 10 g/h 100 ml/min

20 g/h 100 ml/min
30 g/h 100 ml/min
40 g/h 100 ml/min
50 g/h 100 ml/min
5 g/h 100 ml/min
2.5 g/h 100 ml/min

Cell no. 3 baseline 15 g/h 100 ml/min
15 g/h 200 ml/min
15 g/h 300 ml/min
15 g/h 400 ml/min
15 g/h 50 ml/min

table 5.1. Cell no. 1 was used to measure the temperature and velocity field over the entire channel depth,
by scanning three equally spaced volumes in z-direction at each lateral measurement position. Cell no. 2
was utilized to investigate the influence of the anode flow rate. Here, measurements were only performed
within the upper 150 µm of the channel, since the temperature close to the MEA is most relevant for the
chemical reaction. The impact of the cathode flow rate was examined with cell no. 3. Again, only the
upper 150 µm of the channel were visualized.

The experiments investigating the start up of the fuel cell from ambient temperature under rapid heating
were performed as follows. The methanol and water mixture was premixed with the tracer particles and
driven through the anode flow field. After the flow reached steady conditions, image recording was started.
The power source was turned on 25 s afterward, delivering a power of 8 W. After another 5 s, the boost
was switched on delivering a power of 32 W (tboost = 30 s). In order to avoid very high temperatures on the
glass, the boost was automatically turned off, when the Pt100 reading exceeded 43 ◦C and the input heating
power remained at 8 W during the rest of the measurement. When the temperature reading of the Pt100
reached approx. 60 ◦C, the DMFC was turned on in open circuit voltage and then the current was increased
stepwise. 14,000 images were recorded which corresponds to a recording time of 3:45 min. Afterward,
the heating and the DMFC was turned off and the DMFC was left to cool to ambient temperature before a
new measurement was started.

It should also be noted, that the particles have a negative influence on cell performance. In the first test
with particles, the maximum output power of the cell was reduced to about 80 % compared to the case
without tracers. After approx. 20 runs only 60 % of the maximum output power could be reached. It is
not clear, where this problem stems from. Possible reasons are a blockage of the GDL by the relatively
large particles (dp = 10 µm) or a substance in the particle solution, that impairs the chemical reaction.
However, the cell power was still in the order of 70 mW and the significant fluid mechanical and heat
transfer characteristics exist regardless. Thus, comparing measurements at a later state to the baseline case
is still valid.
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Figure 5.5: Polarization and power curves of (a) cell no. 1, (b) cell no. 2 and (c) cell no. 3.

Polarization curves and cell performance

The polarization curves and power curves of each cell were measured with a pure 1 mol/l methanol and
water solution to avoid the influence of the tracers on cell performance. Measurements were started after
the fuel cell had reached a stable temperature, depending on the flow rate and cell. Then, the input current
was slowly increased step-wise and held constant for approx. 30 s at each step. After approx. 10 s the
voltage became stable. The resulting polarization and power curves of the three cells are given in figure
5.5. For all measurements the minimal voltage was 0.25 V to avoid damage to the membrane.

For cell no. 1, the maximum power density in the baseline case was approx. 245 W/m2 at a current
density of 988 A/m2 and a voltage of 0.25 V, as can be seen in figure 5.5a. In figure 5.5b, the influence
of the methanol flow rate on the performance of cell no. 2 is depicted. The maximum power density at
the baseline case was 148 W/m2 at a current density of 593 A/m2 and a voltage of 0.25 V. For higher
flow rates, it can clearly be seen that the cell performance is significantly reduced. When the flow rate is
doubled, the maximum power density is 128 W/m2 which is a decrease of 15 % and the voltage limit is
already reached at a current density of 494 A/m2. At a flow rate of 50 g/h, the maximum power density
is 107 W/m2, thus 28 % smaller compared to the baseline case and the voltage limit is already reached at
a current density of 395 A/m2. As described before, the loss in cell performance at higher flow velocities
was previously attributed to the stronger convective cooling by several researchers (Scott et al. 1999, Yuan
et al. 2016, Zou et al. 2010). However, when the anode flow rate is reduced to 5 g/h, a small reduction
in cell performance was measured and at a flow rate of 2.5 g/h cell performance breaks down rapidly at
current densities of more then 296 A/m2, even though the cell temperature should be higher than in the
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baseline case. This effect can be attributed to an insufficient removal of CO2 bubbles due to the low flow
velocities (Zhao et al. 2009, Calabriso et al. 2017).

Figure 5.6: Velocity field in the anode channel of cell no. 1 during the first 30 s of the experiment for an
anode flow rate of 20 g/h. For better visibility only 1/3 of the data points are plotted. The
colors show the magnitude of the velocity component in main flow direction. The surface plot
depicts the cross-sectional flow field averaged in x-direction.

Figure 5.5c shows the impact of the air flow rate on the polarization and power curve of cell no. 3. The
maximum power density of this cell in the baseline case was 255 W/m2, whereby the limiting voltage of
0.25 V was reached at a current density of 1027 A/m2. The results show only a relatively small variation
in cell performance with varying air flow rate for the investigated operating conditions. Even when the
cathode flow rate is quadrupled to 400 ml/min, the cell performance diminishes by only 8 %. From these
results it can be hypothesized, that the effect of the cathode flow rate on the cell temperature in this fuel
cell is much smaller, than the effect of the anode flow rate. This conclusion is in agreement with previous
findings for serpentine flow field DMFCs Scott et al. (1999), Yuan et al. (2016), Zou et al. (2010), but
in contrast to the findings for a flowing electrolyte DMFC Atacan et al. (2017) and for a semi-passive
DMFC Bahrami & Faghri (2010). Nevertheless, other factors such as the formation and removal of water
droplets on the cathode side can influence cell performance depending on the operating condition. Thus,
a more detailed scientific analysis and measurements of the cell temperature are necessary to validate this
conclusion and will be presented in the next paragraphs.

Velocity field during rapid heating

slug

jet

micro channel

Figure 5.7: Schematic of the estimated three-dimensional flow field around a channel filling CO2 slug in a
DMFC anode micro channel adapted from Burgmann et al. (2013).
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Figure 5.8: Three-dimensional flow field in the center of the anode-side micro channel of cell no. 1 devel-
oping due to a channel filling slug with a downstream bubble. The flow rate is 20 g/h. Black
streamlines are added for better visualization of the flow field.

For the convective heat transfer in the anode channel, the velocity field plays an important role. In figure
5.6 the measured velocity field composed of the first 30 s of the experiment, before the fuel cell is started,
is depicted for the micro channel of cell no. 1. As expected, for this low Reynolds number of Re = 5 the
flow profile is Poiseuille-like. The maximum velocity in the channel center is 12 mm/s for a flow rate of
20 g/h.

However, gas bubbles developing during cell operation significantly alter the flow. Time resolved µ-PIV
measurements have previously shown considerable displacement effects of channel filling bubbles, known
as slugs, on the flow Burgmann et al. (2013). The three-dimensional flow due to the displacement estimated
from two-dimensional velocity measurements is depicted schematically in figure 5.7. The fluid is passing
the slug laterally at the corners of the channel. Since the cross-sectional area is significantly reduced by
the blockage, the flow accelerates and is subjected to a strong out of plane component. Downstream of the
bubble the accelerated flow regions unite in the channel center.

Figure 5.8 shows the experimentally determined three-dimensional velocity field downstream of a chan-
nel filling slug with a subsequent gas bubble. The measurements were performed in the channel center
of cell no. 1 with a measurement volume depth of 175 µm during a time period of 20 s with a flow rate
of 20 g/h. The position and geometry of the bubbles remained stable during that time period, before they
were removed suddenly by the anode flow. The strong three-dimensional displacement of the fluid can
clearly be seen. On both sides of the slug, fast flow regions are formed with a velocity component in posi-
tive z-direction. The maximum velocity is approx. 16 mm/s. Downstream of the slug, the accelerated flow
regions are directed toward the channel center and the flow velocity is reduced since the cross sectional
area increases. The subsequent bubble displaces the flow again toward the channel walls and in negative
z-direction and the flow velocity increases due to the blockage. Downstream of the bubble, the fluid flows
back toward the channel center and the flow decelerates. In between the slug and the bubble a region
with very small flow velocities develops. These results show, that bubble formation leads to a complicated
three-dimensional velocity field as reconstructed from two-dimensional PIV measurements by Burgmann
et al. Burgmann et al. (2013). Similarly to the mass transfer, the bubbles can be expected to significantly
influence the local and instantaneous heat transfer. However, in the experiments performed here, bubble
growth and removal was quite fast and the flow regime varied between bubbly and slug flow. The above
shown case with a stable bubble position and geometry over several seconds was the exception. Thus,
the flow field is unsteady with velocity variations over timescales in the order of milliseconds. Therefore,
simultaneous temperature and velocity measurements with a high temporal resolution would be necessary
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to investigate the local and transient heat transfer. However, this was not the scope of this work. The
evolution of the cell temperature over time, on the other hand, is associated with larger time scales in the
order of seconds which can be resolved and will be analyzed in the following paragraph in detail.

Cell temperature and performance during rapid heating
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Figure 5.9: Temporal evolution of the temperature close to the MEA and of the cell power of fuel cell no. 1
at all three measurement positions. The anode mass flow rate is 20 g/h, the cathode flow rate
is 100 ml/min.

Figure 5.9 shows the development of the temperature in the fluid volume close to the MEA over time
at the three different measurement positions, as well as the cell power over time for cell no. 1. The
temperature data points indicate the ensemble average of the temperature reading of all detected particle
images during one second of measurement time in the fluid volume spanning the entire field of view in x-
and y-direction and the upper 150 µm of the channel close to the MEA. The error-bars show the 95.5 %
confidence interval. Missing data points are due to gas slugs, that covered the entire observed channel
section over several seconds until they were removed by the flow of the water/methanol mixture.

The very fast heating of the fuel cell after the boost is switched on can be clearly seen in figure 5.9.
Within only approx. 25 s a temperature of 60 ◦C is reached at the flow field inlet, a temperature of 70 ◦C
is reached at the middle of the flow field and a temperature of 80 ◦C is reached at the flow field outlet,
respectively. Since the boost is turned off at that time, the heating power reduces from 32 W to 8 W
and the cell temperature is reduced due to convective cooling. Between t− tboost ≈ 90 and 130 s the cell
temperature stays relatively constant at 45 ◦C at the inlet and at 68 ◦C at the middle of the flow field. At
the outlet there are only data points at the beginning and the end of this time period, due to a slug blocking
that part of the channel. They give a temperature of approx. 69 ◦C. After t− tboost ≈ 130 s the temperature
starts increasing again slowly at all three measurement positions.

Furthermore, figure 5.9 shows that only 180 s after heating of the cell was initialized, a cell power of
76 mW is reached. This is already 76 % of the maximum power of 100 mW that could still be achieved
with the particles diminishing cell performance. Moreover, the start up of the cell was done conservatively,
to avoid damaging the cell since the temperature in the cell was not known a priori. As can be seen in
figure 5.9 the temperature reading of the Pt100 (black dashed line) reaches the mark of 60 ◦C, where
the cell was started, with a delay of approx. 20 s to the fluid volume close to the MEA. Thus, the cell
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Figure 5.10: Start up of fuel cell no. 1 within 20 s. The anode mass flow rate is 20 g/h, the cathode flow
rate is 100 ml/min.

could be turned on at an earlier point in time. Additionally, as the temperature in the flow field is already
relatively stable at a high value shortly after heat up, the increase in cell power could be done quicker and
in larger steps. Based on this conclusion, the rapid start up capabilities of the cell were demonstrated in a
subsequent experiment, in which the cell power was quickly increased right after the heating system was
switched on. The development of the cell power over time is depicted in figure 5.10. It can clearly be seen
that 92 % of the maximum cell power is generated after only 20 s. Therefore, it can be concluded that the
heating system developed within this work enables the desired fast start of microfluidic direct methanol
fuel cells within seconds. This a very promising result for fuel cell technologies and their application.

Development of the cross-sectional temperature field during rapid heating

In order to give a better understanding of the temperature field in the channel which significantly influ-
ences convective heat transfer, and to investigate the heat propagation through the flow field toward the
MEA during rapid heating, the temperature field over the entire cross section of the anode channel was
measured at all three measurement positions. This is the first time that such measurements could be done
as the technique was developd only recently Massing et al. (2018b). Figure 5.11 through 5.13 show the
development of the cross-sectional temperature field over time. The temperature distribution was deter-
mined by averaging the data in bins of 65 × 33 µm2 (y× z), which corresponds to a spatial resolution of
approx. 4% of the measurement volume in y-direction and 6% of the measurement volume in z-direction.
Furthermore, the displayed temperature field is an ensemble average over a measurement time of 6 s and
the entire field of view in x-direction, which was necessary to obtain at least 5 particle images per bin,
since the seeding concentration was relatively low in order to ensure reliable measurements and to not
alter the performance of the fuel cell to a large extend by the presence of the particles.

The cross sectional temperature field at the inlet of the flow field is depicted in figure 5.11. Before
heating of the fuel cell the temperature in the entire channel is homogeneous at room temperature, as
expected (t − tboost = −20 s). Shortly after the boost is switched on, the temperature in the fluid starts
increasing and quickly reaches approx. 60 ◦C in the channel center (t− tboost = 10 to 20 s). Interestingly,
the heat flux over the channel wall is quite inhomogeneous. A spatial temperature gradient from the
lower left part of the channel with higher temperatures to the upper right part of the channel with lower
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Figure 5.11: Development of the temperature field in the cross section of the channel over time at the inlet
of the flow field.

temperatures can clearly be seen during heating. This agrees with the infrared thermography data of the
ITO-heating layer. Shortly after the boost is applied, the temperature distribution of the glass plate is quite
inhomogeneous (see figure 5.2). Close to the electrical contacts of the heating layer, the temperature is
highest and decreases toward the middle of the flow field. Here, the electrical contact is on the left side
of the inlet channel, which matches the inhomogeneous temperature distribution. Therefore, this effect
is specific for the particular cells and can be altered in a later design. After the boost is turned off, the
temperature in the channel decreases due to convective cooling (t− tboost = 90 s) and then the fluid slowly
starts heating up again (t− tboost = 140 s).

In figure 5.12 the temperature field in the cross section at the middle of the flow field is shown. When
the boost is turned on the temperature rapidly increases from ambient temperature to approx. 70 ◦C in the
center of the cross section (t − tboost = 10 to 20 s). In this case the heat flux is homogeneous over the
glass cover plate, in agreement with the infrared measurements. It is also evident, that the temperature
increase in the fluid is mainly directed from the bottom of the channel to the top. Thus, heat transfer
through the cathode and anode bipolar plates toward the MEA is associated with a significant time delay.
The convective cooling of the channel after the boost is turned off until t− tboost = 90 s and the subsequent
slow heating is again evident in the temperature field. It can also clearly be seen, that the temperature at
all four channel walls is similar at this point in time. Thus, it is concluded that the temperature in the solid
part of the fuel cell has reached spatial equilibrium.
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Figure 5.12: Development of the temperature field in the cross section of the channel over time at the
middle of the flow field.

Figure 5.13 displays the cross sectional temperature field at the outlet of the flow field. Similar to the
flow field inlet a fast inhomogeneous heating of the fluid is observed within the first 20 seconds after
the boost is switched on. In this channel section the spatial temperature gradient extends from higher
temperatures at the bottom right of the cross section to smaller temperatures at the top left channel wall.
This direction correlates with the position of the electrical contact at the anode outlet (see figure 5.3). As
with the other measurement positions, the cooling of the channel after the boost is switched off and the
subsequent slow heating are also apparent in figure 5.13.

Influence of the anode and cathode flow rates on temperature

In figure 5.14 the temperature as a function of time at the three measurement positions is shown for
different mass flow rates of the methanol and water mixture. Again the rapid heating of the cell within
25 s is evident. However, the extend of the subsequent cooling and the cell temperature strongly depends
on the mass flow rate. For mass flow rates of 20 g/h and 30 g/h the temperature in the middle of the flow
field at a time t− tboost = 140 s is reduced to 63 ◦C and respectively 54 ◦C from 72 ◦C for the baseline
case of 10 g/h. Furthermore, the data shows that the temperature across the flow field becomes more
inhomogeneous when the flow rate is increased, i.e. the temperature differences between the different
downstream position within the flow field become larger. The temperature difference between the flow
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Figure 5.13: Development of the temperature field in the cross section of the channel over time at the outlet
of the flow field.

field inlet and outlet after heating increases from only 10 K for a flow rate of 5 g/h to 25 K for a flow
rate of 30 g/h. The results also indicate no cooling after the boost is switched off at the flow field middle
and outlet for flow rates of 5 g/h and 10 g/h and no temperature difference between the two cases. Thus,
the fluid temperature over the entire cross section must already be similar to the wall temperature at these
measurement positions, since no additional cooling effect was observed by an increase of the flow rate. In
conclusion, these results clearly show the significant cooling of the MEA by the anode flow, which can
be identified as the reason for the loss in cell performance with increasing fuel flow rate. However, it can
also be seen that the mass flow rate does not have a significant impact on the rate of temperature increase
during the boost phase. Therefore, the start up time is not affected by the anode flow rate for a heating
power of 32 W.

Figure 5.15 depicts the evolution of the temperature close to the MEA in time at the three measurement
positions for varying cathode flow rates. The much lower influence of the air flow rate on the cell tem-
perature compared to the impact of the water-methanol flow rate can clearly be seen. At t− tboost = 140 s
the temperature is only reduced from 60 ◦C at the baseline case to 55 ◦C when the volume flow rate is
quadrupled to 400 ml/min. Similarly, the temperature distribution across the bipolar plate is not affected
as significantly as on the anode side. The temperature difference between inlet and outlet measurement
position after cell heat up increases only from 15 ◦C to 17 ◦C between the baseline case and the 400 ml/min
case. These results agree well with the conclusion from the polarization curve and power curve measure-
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Figure 5.14: Temporal evolution of the temperature close to the MEA for different anode flow rates (a)
flow field inlet, (b) flow field middle and (c) flow field outlet. The cathode flow rate is set to
100 ml/min.

ments, which also reveal a relatively small dependency of the cell performance on the air flow rate (see
figure 5.5c).

5.5 Discussion

The experimental results presented in this chapter clearly demonstrate the effectiveness of the employed
heating method. With an input power of 32 W rapid heating to high temperatures was realized. Within
only 25 s a temperature of approx. 70 ◦C was reached close to the MEA in the middle of the bipolar plate.
Nevertheless, a drawback of the investigated DMFC is the fact that the 8 W and the 32 W electrical power
required to maintain the operating temperature or to boost the temperature of the fuel cell, are more than
one and respectively two orders of magnitude higher than the output power of the current cell and need to
be reduced for possible commercial applications. Therefore, this paragraph discusses possible measures
to limit the required heating power.

Volumetric temperature field measurements in the anode flow field have shown that the heat transfer
from the outer surface to the center of the fuel cell is subjected to a significant time delay. For the effec-
tiveness of the chemical reaction, however, the temperature of the membrane is most relevant. A promising
solution would therefore be to integrate heating elements into the bipolar plate directly at the MEA. If the
temperature of the membrane ideally follows the temperature of the heating layer without time delay, up
to 17 s of the heating time and thus 68 % of the necessary energy could be saved with this method for
the current cell. Nevertheless, this approach is associated with a considerably higher manufacturing effort.
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Figure 5.15: Temporal evolution of the temperature close to the MEA for different cathode flow rates (a)
flow field inlet, (b) flow field middle and (c) flow field outlet. The anode flow rate is set to 15
g/h.

In this context, the material and the thickness of the heating layer can also be optimized to increase the
conversion of electrical energy to thermal energy and to improve the spatial uniformity of the heat up or
increase the heating at the flow field inlet where the water/methanol flow is coldest. Furthermore, cooling
of the cell after the boost period was evident in the measurement results for several anode flow rates. Thus,
the high input power is applied for too long so that the cell is overheated and part of the input energy is
wasted. Consequently, optimizing the boost time for the applied flow rate could further reduce the energy
demand of the heating system.

Up to this point, only the heat up phase with a high input power of 32 W was analyzed, which enabled
a starting time within 20 s. If a slightly longer start up time can be accepted, a lower electrical input
power can be used. In figure 5.16, the temperature evolution over time at the middle of the flow field for
the baseline case of cell no. 3 when using the boost is compared to the cell temperature when only the
base power of 8 W is applied for different anode flow rates. For the baseline flow rate of 15 g/h, the time
required to heat the cell is considerably longer with only 8 W, as can be expected. It takes approx. 100 s
instead of only 20 s to reach a temperature of 50 ◦C, which is the temperature after the boost is turned
off for this cell. However, when comparing the cell power over time, it can clearly be seen, that a similar
power can be reached with only a delay of 50 s for both cases. Furthermore, decreasing the flow rate
shows a faster temperature increase for the low input power. Thus, a possible solution to limit the energy
requirement for heating would be to reduce the electrical input power and the anode flow rate during the
start up phase and then to increase the flow rate again when a certain temperature is reached. As was
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Figure 5.16: Temporal evolution of the temperature close to the MEA for a heating power of 32 W and of
8 W with varying anode flow rates.

shown in figure 5.5b, a flow rate of 5 g/h does not significantly detriment the cell performance, which
makes this approach feasible. Nevertheless, the slower heat up time has to be taken into account and an
optimum between desired start up duration and necessary energy input needs to be found. However, it has
to be mentioned, that the current DMFC was designed for optical measurements to investigate the heat
transfer within the flow fields and is thus far from being optimal in terms of low heat loss.

Nevertheless, the important question arises which are the main mechanisms that remove heat from the
cell. On the one hand, heat is transferred to the environment via natural convection. On the other hand, the
methanol and air flows remove heat that is conducted to the membrane via forced convection. To estimate
the relative contribution of forced and natural convection, the thermal resistance of free convection and the
thermal resistance against heat transfer toward the membrane are considered. The thermal resistances for
convection (Rt,conv) and conduction (Rt,cond) are defined as (Bergman & Incropera 2011):

Rt,conv =
1

hA
(5.4)

Rt,cond =
L

kA
(5.5)

Here, h denotes the heat transfer coefficient, k denotes the thermal conductivity, A denotes a character-
istic surface area and L denotes a characteristic length scale. The free convection case is simplified to the
convection at the heating layer. The heat transfer coefficient can be calculated via the Nusselt number as:

h =
Nu · k

L
(5.6)

For a horizontal hot plate the following Nusselt correlations can be used (Bergman & Incropera 2011):

lower surface heated: Nu = 0.27 ·Ra1/4 (5.7)

upper surface heated: Nu = 0.54 ·Ra1/4 (5.8)

Ra denotes the Rayleigh number which is calculated as:

Ra =
g ·β
ν ·α

(Ts−T∞) ·L3 (5.9)

with g = 9.81 m/s denoting the acceleration due to gravity β = 0.0033 1/K denoting the thermal expansion
coefficient, ν = 15.06 ·10−6 m2/s denoting the kinematic viscosity at T = 20 ◦C and α = 22.5 ·10−6 m2/s
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denoting the thermal diffusivity of air T = 20 ◦C and Ts = 80 ◦C and T∞ = 20 ◦C denoting the surface
temperature and the surrounding temperature, respectively. For this case a characteristic length scale of
L = A/P, with A as the heated area (∼ 41× 24 mm2) and P as the perimeter of the plate was chosen
(Bergman & Incropera 2011).

The Nusselt number for a laminar and thermally fully developed channel flow is constant. For a rectan-
gular channel with an aspect ratio of approx. 3 (width/height) under constant heat flux boundary conditions,
the Nusselt number becomes Nu = 4.79 (Kandlikar et al. 2005). However, the thermal resistance of the
anode and cathode side is a series of the respective thermal resistance for convection and the thermal re-
sistance for conduction through the glass cover. With kair = 26 ·10−3 W/m·K, kwater = 569 ·10−3 W/m·K,
kglass = 1400 · 10−3 the length scales of L = A/P for free convection and L = dh for forced convection, a
glass thickness of 1.1 mm and considering that the wetted area of the anode and cathode channels is ap-
prox. A/2, the thermal resistances for free convection and of the cathode and anode sides can be calculated
as:

Rt,free,anode = 86 K/W

Rt,free,cathode = 43 K/W

Rt,anode = Rt,conv +Rt,cond = 2 K/W

Rt,cathode = Rt,conv +Rt,cond = 20 K/W

In this estimation, the conduction of heat through the bipolar plate is neglected. Since the solid bipolar
plate forms the channel walls of the flow field as depicted in figure 5.1, heat conduction acts parallel to
forced convection and further reduces the thermal resistance of the anode and cathode side. Thus, these
results clearly show that most of the heat is transferred toward the membrane. Considering, that the heat
transfer coefficient of the anode flow (h≈ 3300 W/m2·K) is more than 20 times the heat transfer coefficient
of the cathode flow (h≈ 150 W/m2·K) and that the Péclet number at the anode side with a mass flow rate
of 20 g/h is Pe = dh · u/α ≈ 38, it becomes clear that the largest part of the heat loss is due to advection
by the methanol and water flow. Here, u≈ 7 mm/s is the mean velocity at a mass flow rate of 20 g/h, and
the thermal diffusivity for water of α = 1.4 ·10−7 m2/s is used. This estimation matches the experimental
results showing a large impact of the anode flow rate on the cell temperature, whereas the influence of
the air flow rate was relatively small. Thus, an effective way to reduce the necessary electrical energy for
heating would be to recuperate the waste heat of the water methanol flow. This could be either used to
directly heat the DMFC or to preheat the fuel.

Nonetheless, losses due to natural convection are by no means negligible. The heat loss over one of the
heated plates is Q = h(Ts−T∞) ·A. Using the Nusselt correlations 5.7 and 5.8, the heat transfer coefficient
at the anode glass cover becomes h = 11.5 W/m2·K and at the cathode glass it becomes h = 23 W/m2·K.
With a surface temperature of 80 ◦C and a surrounding temperature of 20 ◦C, the combined loss of heating
power over both heated surfaces can be estimated in the order of 2 W. Thus, a large amount of energy
could be saved by a better insulation of the cell. This is not possible for the investigated DMFC due to the
necessary optical access but can easily be done for a commercial application.

5.6 Summary and Conclusion

In order to solve the problem of long start up times of microfluidic direct methanol fuel cells associated
with a slow temperature rise during start up, a novel fuel cell design containing an electric heating layer
was introduced in this work. Rapid heating of the cell was realized via a thin ITO layer that was applied to
the glass cover plates of the anode and cathode sides and supplied with an electrical power of 32 W. For the
first time, simultaneous volumetric measurements of temperature and velocity fields within the anode flow
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field were performed using luminescence lifetime imaging and APTV. The results show a fast increase of
the temperature in the vicinity of the MEA, reaching a temperature of approx. 70 ◦C within 25 seconds
after the heating power is turned on. With this heating system, a cell start up time of 20 s was achieved.
The required time to heat the MEA could possibly further be reduced in the future, by introducing the
heating layer into the bipolar plate directly at the membrane, as the heat transfer from the cover plates to
the MEA was shown to be associated with a time delay of several seconds. However, this approach would
considerably increase the design effort.

Investigations of different anode and cathode flow rates have shown, that the major heat removal from
the cell is due to the convective cooling of the water-methanol flow, whereas the cathode flow only plays
a minor role. Thus, an effective approach to improve the efficiency of the heating system would be to
recuperate the waste heat of the anode flow and heat the fuel cell itself or preheat the fuel. Furthermore,
it could be shown that a considerable part of the heat is lost to the environment by natural convection.
Consequently, a better insulation of the cell would save a significant amount of the required power. Ad-
ditionally, the required input power could be further decreased, if a longer start up time can be accepted.
With a delay of 50 s, the same temperature as with an input power of 32 W was reached with an input
power of 8 W near the MEA. To minimize this delay the anode side flow rate during the initial start up
phase could be decreased without detriment to the cell performance.

In conclusion, the newly developed heating system introduced in this work gives a simple and effective
method to significantly reduce the starting time of microfluidic direct methanol fuel cells. Thus, this work
makes an important contribution to the ongoing commercialization of µ-DMFCs for portable electronic
devices as a possible solution for problems due to low battery lifetimes and long charging times. Addition-
ally, further insight into the role of the convective cooling through the anode and cathode flow was given
by means of unprecedented spatially highly resolved and accurate volumetric temperature and velocity
measurements. For the first time, the technique developed in this work enables experimental investigation
of three-dimensional flow and heat transfer phenomena in fuel cells. Thus, a tool for the systematic anal-
ysis and improvement of fuel cells is now available. Furthermore, the technique can be used to validate
modern CFD models for complex flow structures as in real fuel cell stacks Schmieder et al. (2016). A
better understanding of the associated effects will improve current heat transfer models and provide new
possibilities of efficient fuel cell design.
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6 Thermocapillary convection during
hydrogen evolution at microelectrodes

In this chapter, the tangential convection along the interface between gas and electrolyte during hydrogen
evolution at microelectrodes is investigated, which was only recently revealed experimentally (Yang et al.
2018). It has long been speculated that this phenomenon is caused by a gradient of dissolved species along
the bubble interface (’solutal Marangoni’ convection, Lubetkin (2002)). However, the origin of the con-
vection, which might be due to thermocapillary, solutocapillary or electrocapillary effects, has not been
clarified, yet. In order to advance the knowledge, accurate measurements of the electrolyte temperature
and velocity near the hydrogen bubble and the microelectrode are performed utilizing the lifetime based
measurement technique introduced in chapter 3. Combined with numerical simulations, this enables the
detailed analysis of the role of the themocapillary effect. Furthermore, a detailed discussion of electrocap-
illary and solutal effects is given and their order of magnitude is estimated.

Major parts of this chapter, including figures and sections have been published in (Massing et al. 2019a).
The electrochemical cell used for the experiments was designed and built by Xuengeng Yang and Franziska
Karnbach from the Helmholtz-Zentrum Dresden-Rossendorf. The experiments were carried out in cooper-
ation with Xuegeng Yang, who performed the electrochemical characterization and Dominik Baczyzmalski,
who processed the shadow images. The numerical simulations were performed by Gerd Mutschke from the
Helmholtz-Zentrum Dresden-Rossendorf. The author of this thesis processed the experimental velocity and
temperature data and analyzed the resulting flow.

6.1 Introduction

In the last decades, renewable energy technologies have become increasingly relevant due to the world-
wide efforts to reduce CO2 emissions. A major part of the future energy production in many countries
will be based on wind and solar power. These volatile energy sources, however, cannot sustain a stable
electrical grid and efficient energy storage and distribution systems are necessary. In light of these de-
velopments, hydrogen has attracted growing interest as an energy carrier for long-term storage, that can
directly be produced through water electrolysis from the electricity provided by renewables. However,
conventional alkaline water electrolyzers currently suffer from a relatively low efficiency, which limits
their use on an industrial scale (Pletcher & Li 2011). A significant contribution to the losses comes from
hydrogen and oxygen gas bubbles forming at and sticking to the electrodes. On the one hand, they reduce
the active electrode area, which causes higher electrode overpotentials and ultimately limits the hydrogen
production rate. On the other hand, the bubbles reduce the effective electrical conductivity of the elec-
trolyte, thus causing a higher ohmic resistance. In order to improve the efficiency of the process, several
researchers have been studying different methods for accelerating the removal of gas bubbles from the
electrodes (Nagai et al. 2003, Vogt & Balzer 2005, Wang et al. 2014, Iida et al. 2007, Matsushima et al.
2009a, 2013, Baczyzmalski et al. 2015, Liu et al. 2015, Baczyzmalski et al. 2016, 2017, Mutschke et al.
2017, Weier et al. 2017) or gaining improved understanding under microgravity condition (Matsushima
et al. 2009b, 2006). Nevertheless, a deeper understanding of the fundamental nucleation, growth and de-
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Figure 6.1: Sketch of the concentration of dissolved hydrogen cH2 and the distribution of the current den-
sity j (left half, adopted from Karnbach et al. (2016)) and of the induced Marangoni flow near
the hydrogen bubble (right half, adopted from Yang et al. (2018)). The axisymmetric coor-
dinate system (r, z, θ ) where the symmetry axis passes the centers of hydrogen bubble and
cathode (vertical dashed line) is defined as follows: r gives the radial distance to the symmetry
axis, z measures the distance to the cathode surface, and the angle θ is measured at the bubble
center between the symmetry axis pointing downwards and the interface position, i.e. from
bottom to top.

tachment mechanisms of single gas bubbles is still necessary. The investigation of individual gas bubbles
at conventional electrodes, however, is nearly impossible due to the high bubble coverage and void frac-
tion at practical current densities. For this reason, studies regarding single bubbles are often conducted at
nano- or microelectrodes, which have the additional benefit that bubbles only grow within a small volume
above the electrode surface, which is known at any given time. Therefore, they can be imaged more easily
with high magnifications than on macroelectrodes where bubbles form at random positions on a larger
surface (Fernández et al. 2012, 2014, Luo & White 2013, Yang et al. 2015, Karnbach et al. 2016, Yang
et al. 2018, Perera et al. 2018). Since electrolytic gas evolution occurs in many electrochemical systems,
a better insight into this phenomenon is of high technical and scientific interest also for a large number of
other industrial applications such as electrolyzers and photocatalytic reactors.

During electrolysis, gas bubbles are formed within the concentration boundary layer of the supersatu-
rated gas at the electrode, known as the Nernst layer (Vogt 1980). The detachment diameter of the bubble
is dictated by the balance of the forces acting on the bubble. The buoyancy force and the pressure con-
tact force tend to lift the bubble off the surface, whereas surface tension and often also hydrodynamic
forces retard the bubble detachment (Baczyzmalski et al. 2017). In a recent experiment by Yang et al.
(2018), a strong electrolyte flow near hydrogen bubbles growing at a microelectrode was revealed which
was attributed to be driven by a gradient of the surface tension σ along the interface of gas and electrolyte
(see figure 6.1, right). Such types of flow are commonly referred to as Marangoni convection (Marangoni
1865). The resulting hydrodynamic force may delay the bubble detachment from the electrode, as recently
reported by Chen et al. (2018) for oxygen bubbles generated by photocatalysis. It is also well known, that
Marangoni convection significantly influences the fluid dynamics and the mass transfer of rising bubbles
or drops (Engberg et al. 2014, Wegener 2014, Chen et al. 2015). Furthermore, thermal Marangoni convec-
tion plays an important role for heat and mass transfer in subcooled pool boiling (Straub 1994, Petrovic
et al. 2004, Dhir et al. 2012) where the flow is caused by a gradient of the local saturation temperature
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from top to bottom of the vapor bubble due to an accumulation of noncondensable gas at the bubble top,
thereby decreasing the partial vapor pressure. Additionally, convection of the interface of mercury drops
due to differences in the local interfacial potential caused by a non-uniform current distribution is known
to be the source of polarographic maxima of the first kind (Bauer 1973).

However, the origin of the Marangoni convection observed at hydrogen bubbles generated at micro-
electrodes during electrolysis is not yet clarified (Yang et al. 2018). Generally, the shear stress boundary
condition at the gas-liquid interface is given by:

t̂ · τf · n̂− t̂ · τg · n̂ = t̂ ·∇σ (6.1)

where t̂ and n̂ denote the tangential and normal vector and τf and τg are the viscous stress tensors of fluid
and gas, respectively. Thus, a gradient of the surface tension generates an imbalance of the shear stress
which causes the interface between fluid and gas to move. The resulting flow is directed from small to large
values of surface tension (see figure 6.1, right). The gradient of the surface tension itself might be caused
by thermal, solutal, voltaic and pressure effects (Lubetkin 2002). When neglecting the small overpressure
due to the Young-Laplace law inside large bubbles of diameter ∼ 1 mm, it reads:

∂σ

∂ s
= γ1

∂T
∂ s

+∑
i

γ
(i)
2

∂c(i)

∂ s
+ γ3

∂Φ

∂ s
(6.2)

Here, s, γ1,γ(i)2 and γ3 denote the tangential coordinate along the interface and the partial derivatives of the
surface tension with respect to temperature T , species concentration c(i) and electric potential Φ, respec-
tively.

Thermal effects are related to the variation of the surface tension with temperature. At microelectrodes
investigated here, a significant increase of the current density j towards the wetted outer part of the elec-
trode can be expected (see figure 6.1 left), and Ohmic heating ∼ j2/σel, where σel denotes the electrical
conductivity of the electrolyte, will cause a temperature gradient along the interface.

Solutal effects are related to concentration gradients of surface active species, labeled by index i, i.e. ions
or dissolved gases, along the interface. Especially due to the large current densities at microelectrodes,
concentration variations of ions and related changes of pH are likely to occur near the bubble foot, but,
to our knowledge, have not yet been studied in detail. Lubetkin (2002) discussed the influence of the
inhomogeneous concentration of the dissolved hydrogen in the Nernst layer as a possible mechanism, as
depicted schematically in the left part of figure 6.1. However, it should be expected that thermodynamic
equilibrium holds at the interface, which implies that the concentration of dissolved hydrogen will be
equal to the saturation concentration defined by Henry’s law. Thus, when neglecting the pressure and the
temperature dependence of the Henry coefficient, a constant concentration of dissolved hydrogen along
the interface is expected. Nevertheless, when leaving the equilibrium argument aside, analysis revealed
that due to strong oversaturation near the microelectrode, the solutal hydrogen effect could be of the same
order as the thermal effect caused by Ohmic heating (Yang et al. 2018).

Besides this issue under discussion, the surface tension is also known to depend on voltaic effects
(Lippman equation, Butt et al. (2003), Kirby (2010)), which might be of special importance here, where
the bubble interface experiences a strongly inhomogeneous electric field near the microelectrode.

In order to clarify the contribution of the solutal, the thermal and the voltaic Marangoni effect at elec-
trogenerated hydrogen bubbles growing at microelectrodes, it would be desirable to investigate the effects
separately. However, in experiments always all effects are potentially present. Furthermore, simultaneous
measurements of temperature, species concentration and electric potential at the interface of hydrogen
bubble and electrolyte near the micro-electrode appear to be quite difficult. On the other hand, numerical
modeling easily allows to selectively include single Marangoni effects into the simulations only.
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Figure 6.2: Sketch of the simulation set-up in the (r,z)-plane. The dotted-dashed line denotes the symmetry
axis r = 0. Length scales are modified for better visibility. Only an outer ring of the electrode
of about 9 µm in radial extension is wetted by the electrolyte, whereas the inner 67 % of the
electrode surface are covered by the bubble.

In this chapter, the contribution of the thermocapillary effect to the Marangoni flow observed exper-
imentally at hydrogen bubbles grown at micro-electrodes is studied in detail. The motivation is that the
thermocapillary Marangoni effect is expected to be of major importance at microelectrodes. Therefore, the
numerical modeling will be restricted to the thermal effect only. Simultaneous measurements of the tem-
perature and the convection near the hydrogen bubble are performed, and the comparison with the numer-
ical results allows to draw conclusions on the contribution of the thermocapillary effect to the Marangoni
flow observed experimentally.

Simulation set-up

Numerical simulations are performed for a late stage of the bubble growth cycle (t/τb = 0.8, with τb
denoting the duration of the bubble growth cycle) where the bubble growth rate dR/dt is small compared
to the expected amplitude of the Marangoni convection. Thus, a bubble of fixed size attached at the
microelectrode is considered. The detailed geometrical data of the bubble and the corresponding value
of the electrical current are taken from the experiment. The numerical set-up slightly simplifies the more
complex geometry of the electrochemical cell used in the experiment, as described below. The platinum
cathode wire located at the center of the cuboid cell bottom has a radius of 50 µm and a length of 5 mm.
Because axial symmetry can be assumed in the region near the vertical center axis, a cylindrical cell is
used, and 2D simulations are performed in the r-z-plane only. A sketch of the set-up is shown in figure
6.2 where length scales were modified to clarify the geometric details near the hydrogen bubble. The
vertical and the radial extension of the electrolyte volume is 5 mm. Here, the height is much smaller than
in the experiment (45 mm) but is large enough to enable the local convection near the bubble interface to
be simulated. The same argument applies for the upper electrode covering the electrolyte surface, which
is far enough away to deliver a realistic distribution of the current density near the microelectrode. In
the bottom part of the cell, a further simplification is applied, which is expected to reasonably model the
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important thermal fluxes out of the electrolyte volume, especially the large heat flux through the cathode.
Here, the thermal contact of the platinum wire to subsequent electrical metal connections is modeled by
a single copper cylinder only, at which a proper boundary condition is applied (see below). The copper
cylinder has a radius of 0.5 mm and a height of 1 mm, and the vertical extension of the bottom quartz glass
part surrounding the cathode is 5 mm.

The electrochemical part of the problem is simplified to calculating the primary current density ~j in the
electrolyte from solving the Laplace equation for the electric potential Φ

∆Φ = 0, ~j = σel∇Φ. (6.3)

For the aqueous electrolyte containing 1M H2SO4, a constant electrical conductivity of σel = 40 S/m is
assumed. A constant voltage is applied at the electrodes such that the Faradaic current of the cell amounts
to 2.95 mA, in accordance to the depicted instant of the bubble cycle (see figure 6.6).

The temperature distribution T (r,z, t) is calculated from solving the coupled equations of convective
heat transfer in the domains of the electrolyte, the H2 bubble, the Pt wire and the glass at the bottom of the
cell.

ρcp

(
∂T
∂ t

+~V ·∇T
)
= k ∆T +

j2

σel
(6.4)

Here, ρ, cp, k = Dth ρ cp, Dth and ~V denote the corresponding material parameters density, heat capacity,
thermal conductivity, thermal diffusivity and the advection velocity (nonzero only inside the electrolyte),
respectively. The simulation takes into account the dominant Ohmic heat source of Q = j2/σel in the
electrolyte only. At the bottom of the quartz glass and at the bottom of the copper wire, an ambient
temperature of T0 = 20 ◦C is set, whereas at the remaining outer boundaries and at the top of the cell
thermal insulation applies. At material interfaces, continuity of temperature is assumed. The material
parameters used in the simulation are:

platinum: ρ = 21450 kg/m3, cp = 130 J/(kg ·K), k = 72 W/(m ·K);

copper: ρ = 8700 kg/m3, cp = 385 J/(kg ·K), k = 400 W/(m ·K);

electrolyte: ρ = 1000 kg/m3, cp = 4182 J/(kg ·K), k = 0.58 W/(m ·K);

hydrogen: ρ = 0.09 kg/m3, cp = 14320 J/(kg ·K), k = 0.186 W/(m ·K);

quartz glass: ρ = 2201 kg/m3, cp = 1052 J/(kg ·K), k = 1.38 W/(m ·K).

The transient Navier-Stokes equation is solved for the electrolyte only and takes into account buoyancy
due to change of temperature within the Boussinesq approximation:

ρ

(
∂~V
∂ t

+~V ·∇~V

)
=−∇p+η∆~V −ρβ~g(T −T0) (6.5)

Here, ρ0, η , β , p and ~g denote the density, the viscosity and the coefficient of thermal expansion of the
electrolyte, the pressure and the downward directed vector of gravitational acceleration, respectively. At
the interface between hydrogen bubble and electrolyte, the normal velocity component has to vanish, and
the thermal Marangoni condition (6.1) holds whereby the tangential stress at the bubble side is neglected
due to the much lower viscosity of the gas. At all other boundaries, a non-slip condition is applied. The
following material parameters were used: β = 3 · 10−4 K−1, η = 1 · 10−3 kg/(m · s). For the Marangoni

99



Thermocapillary convection during hydrogen evolution at microelectrodes

0 50 100 150 200 250 300 350 400 450 500
r in m

0

2

4

6

8

10

12

14

T
 -

 T
re

f  i
n 

K

0.5 s
1 s
6 s

Figure 6.3: Temperature vs. radial coordinate r along the cathode and the bottom wall of the cell at different
instants of time from the transient simulation.

condition, the surface tension and the temperature coefficient were set to that of a water-air system as
σ0 = 0.072 N/m, γ1 = −1.6 · 10−4 N/(m ·K). Transient simulations were performed starting at ambient
temperature from an electrolyte at rest with constant Faradaic current for a period of 6 s at maximum to
investigate the temporal evolution of the cell temperature and the convection inside the electrolyte.

Simulation Methodology

The late stage of the bubble evolution for which simulations were performed is marked gray in figure 6.6.
Here, the bubble growth rate can be estimated to dR/dt ≈ 83 µm/s, which is more than two orders of
magnitude smaller than the amplitude of the observed Marangoni convection, thus justifying the approach
of using a fixed bubble size in the simulations. According to the experiment, the size of the spherical
bubble is estimated to be R = 560 µm, and the center of the bubble is located R−1.5 µm above the center
of the cathode, such that the largest part of the cathode is covered by the bubble, and only an outer ring
of about 9 µm in radial extension remains wetted (see figure 6.2). The resulting contact angle measured
from the bubble center between the symmetry axis pointing downward and the bubble interface position
at the cathode amounts to θc ≈ 4.2◦.

Next the different time scales involved are discussed. The bubble cycle τb in physical units amounts
to about 4.1 s, whereas the sampling period of the velocity and temperature measurement according to
figure 6.6 is about 0.4 s only. In the transient simulations, which start from ambient temperature T0 when
the cell current is switched on, the characteristic time of thermal diffusion in the electrolyte amounts
to τth = R2 ρ cp/k ≈ 2.2 s, whereas in the hydrogen bubble it is only τth ≈ 2.2 ms. However, heat is also
advected by the thermocapillary motion of the electrolyte that is forced immediately at the interface. When
considering the Péclet number (Pe) which describes the ratio of convective to diffusive heat transfer, by
assuming a characteristic velocity u of 10 mm/s, a characteristic length being equal to the bubble radius R
and the thermal diffusivity Dth = k/(ρ cp) of the electrolyte given above, Pe = uR/Dth ∼ 40 is obtained,
stating that convective transport clearly dominates. It can therefore be expected that the temperature and
the velocity profile near the interface develop rather quickly within less than a second. On the other hand,
the thermocapillary motion driven at the interface is expected to create a vortical flow within the r-z-plane,
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Figure 6.4: Experimental set-up.

as sketched in figure 6.1, right. Therefore, in order to account for realistic values also more far away from
the bubble interface, the characteristic time scale of the eddy circulation should be considered. When
approximating the eddy shape by a circle of the size of the hydrogen bubble, by assuming a characteristic
velocity of 10 mm/s, an eddy recirculation time of only about 2π ·R/u∼ 0.35s is obtained.

As mentioned above, inside the hydrogen bubble diffusion of heat is taken into account whereas con-
vective heat transport is neglected. When using a characteristic velocity |~V | of 10 mm/s, a characteristic
length being equal to the bubble radius R, and the thermal diffusivity of hydrogen given above, a small
Péclet number of only about Pe∼ 0.1 is obtained, which justifies the approximation made.

Finally, it is mentioned that the time scale of diffusive heat transfer through the glass bottom based on
the glass height is slow and amounts to about 42s, thus also the temperature at the bottom is determined
mainly by the advective time scale, which becomes also visible from the simulation result shown in figure
6.3.

In summary, the above estimations show that when switching on the electrical current, within a period of
less than 1 s nearly stationary temperature and velocity fields near the bubble interface will develop, which
can be expected to realistically model the experimental data depicted for the late instant of the bubble
cycle. In the following the results of the transient simulation at t = 1s are used for comparison with the
experimental data. The simulations were performed with COMSOL Multiphysics, version 5.3.

6.2 Experiment

Electrochemical set-up

The electrochemical set-up was equivalent to that used by Yang et al. (2018). Water electrolysis was
carried out within a glass cuvette with a three-electrode system under potentiostatic conditions (Karnbach
et al. 2016) (see figure 6.4). As the working electrode a platinum wire with a diameter of 100 µm was
used. The wire was embedded in a glass tube with an outer diameter of 6 mm, which formed the bottom
of the electrolysis cell. A 1 M H2SO4 solution served as the electrolyte. All electrode potentials refer to
mercury/mercurous sulphate electrode (MSE, 650 mV vs. standard hydrogen electrode (SHE)). A potential
of −7 V was applied to the working electrode, which enables the production of relatively large bubbles
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Figure 6.5: a) Timing sequence for temperature and velocity measurements and b) Calibration curve for
temperature measurements.

(∼ 1 mm) without any electrochemical side reactions. As the larger bubble size gives rise to larger flow
structures, accurate measurements of the Marangoni convection and the temperature field at the foot of
the growing bubble become feasible. To avoid continuous heating of the bulk electrolyte the potential was
only applied over a short time period of 30 s. During this electrolysis cycle 7 bubbles were produced.
Since phase averaging over a large number of bubbles was necessary for a high measurement resolution,
as will be discussed later, 100 electrolysis cycles were run which resulted in a total number of approx. 700
single bubbles for this experiment. During the experiment, the bulk temperature of the electrolyte, in the
following denoted as Tref, was continuously measured with a Pt100 resistance thermometer. No heating of
the electrolyte was observed, and therefore Tref equals the room temperature.

Measurement Methodology

Figure 6.4 schematically depicts the measurement set-up. A high speed camera (PCO DIMAX HS4
by PCO GmbH) equipped with a Zeiss EC Plan-Neofluar 10×/0.3 microscope objective lens was used
to visualize the growing bubble and to measure the temperature and velocity field around it, resulting in
a field of view of approx. 1× 1 mm2. To obtain the temperature and velocity field simultaneously, the
lifetime based measurement approach was used with the newly developed EuTTa/perylene particles as
tracers (see chapter 3). Thus, only the red signal of EuTTa is of interest here and the blue light of perylene
was filtered out by a 570 nm long pass filter placed in front of the microscope objective. However, as
already mentioned, the flow field can be considered as two-dimensional and therefore the velocity field
was determined via 2D particle tracking velocimetry instead of APTV. The particles in the center plane of
the bubble were illuminated with a thin laser sheet generated by a 355 nm double pulse Nd:YAG laser (see
figure 6.4). However, an in situ temperature calibration was not possible with the present experimental set-
up and an ex situ calibration had to be performed. For this reason, a correction function depending on the
luminescent intensity in the first image was applied to account for the non-linear response of the camera
sensor, as described in chapter 3. In addition to the flow and temperature field, the bubble geometry was
visualized via shadowgraphy. As sketched in figure 6.4, a white LED background illumination was used
to obtain bubble shadow images.

The timing sequence used for the camera recordings and the two light sources is illustrated in figure 6.5a.
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In general, three images were recorded per laser pulse at approx. 4350 fps (∆t = 230 µs). The first image
in this sequence was triggered prior to the laser pulse together with the LED background illumination in
order to record a bubble shadow image. Note that the blue part of the LED spectrum was removed by
an additional filter to avoid excitation of the particle luminescence during the shadow image. The next
two images were taken shortly after the laser pulse to determine the temperature from the luminescence
decay. The short time delay of 10 µs between the laser pulse and the first luminescence image was chosen
to avoid laser light reflections from the bubble in this image. This is necessary since the long pass filter
in front of the microscope objective does not perfectly block the laser light. The resulting calibration
curve is depicted in figure 6.5b. The uncertainty of the temperature measurement, estimated based on the
calibration data, is approx.±4.4◦C for individual particle images (twice the standard deviation). However,
the accuracy can be considerably increased since phase-resolved ensemble averaging is applied, as will
be explained later. Furthermore, since a gradient of the pH-value can be expected at the bubble foot, it
should be also mentioned that no pH-sensitivity of the luminescence lifetime was found in a separate test
investigating different solutions in the range of 0≤ pH≤ 4.

The flow velocity was measured by particle tracking velocimetry (PTV) using two luminescent particle
image pairs. However, using the two consecutive lifetime images for tracking leads to high relative uncer-
tainties, since the particle displacement between those images was less than 1 pixel. Instead, the images
recorded after the first and second laser pulse were used (denoted as I1 and I3 in figure 6.5). The time dis-
tance between these images, i.e. the pulse distance ∆t = 2000 µs, was set to enable accurate measurements
of the fast Marangoni convection at the gas-liquid interface.

Since the laser sheet is about 500 µm thick, out-of-focus particles may also contribute to the image,
although with a much lower intensity than in-focus particles. However, to avoid the influence of such
out-of-focus particles on the temperature measurements, only a very low tracer particle concentration was
used. Therefore, a simple nearest neighbor tracking approach could be applied for the PTV evaluation
Cierpka et al. (2013). Despite the low particle concentration, temperature and velocity fields with a high
spatial resolution can be obtained by phase-averaging the data measured for a large number of growing
bubbles. This was possible since the bubble evolution cycle is highly periodic, as shown in previous
studies Yang et al. (2015), Baczyzmalski et al. (2017, 2016), Fernández et al. (2014). For this purpose, the
bubble evolution cycle was divided into 10 phases. The bubble size, which was obtained from the shadow
images, served to receive the phase information. After sorting the data according to its phase, the spatial
temperature distribution was determined by averaging the data in bins of 12×12 pixel2 (15.3×15.3 µm2).
For the velocity data, a bin size of 6×6 pixel2 (7.7×7.7 µm2) was applied.

6.3 Results

Bubble dynamics

The evolution of the bubble diameter and of the electric current during one bubble growth cycle are de-
picted in figure 6.6 for a cathodic potential of −7 V. A more detailed discussion of the typical behavior
of the current at a microelectrode during a bubble cycle can be found in Yang et al. (2015). At the be-
ginning of the cycle, the current magnitude reaches a peak since the diameter of the newly formed bubble
and thus the electrode coverage is small. With increasing bubble diameter a growing part of the electrode
gets blocked, which leads to an only slowly increasing current magnitude over almost 80 % of the bub-
ble lifetime. During this phase the bubble diameter follows the db(t) ∝ t1/3 relation, which is typical for
high current densities at the surface, particularly for microelectrodes (Fernández et al. 2014, Yang et al.
2015, Verhaart et al. 1980). Because of the high local supersaturation level in this regime, almost the
entire hydrogen generated at the electrode surface diffuses directly into the bubble at its foot. In the late
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Figure 6.6: Evolution of the electric current and of the bubble diameter during one bubble growth cycle.
The gray range marks the sampling period (see text).

phase, the bubble diameters deviate from this law in form of an accelerated growth due to a strong increase
of the magnitude of the cathodic current. The bubble detaches from the surface approx. 4 seconds after
nucleation with a diameter of approx. 1.3 mm. At this point the buoyancy exceeds the forces that retard
bubble detachment. Immediately after the bubble detaches a new bubble is formed at the electrode and the
process is repeated. The addition of tracer particles does not alter the bubble dynamics as was shown in
previous experiments (Yang et al. 2018). As already mentioned, the bubble growth cycle is highly periodic
which enables phase averaging over multiple bubbles (Yang et al. 2015, Baczyzmalski et al. 2017, 2016,
Fernández et al. 2014, Yang et al. 2018). The gray area in figure 6.6 depicts the time period that was used
for phase averaging (0.75 . t/τb . 0.85). A later state of the bubble growth cycle was chosen, since the
bubble diameter and thus the flow structures are relatively large and the bubble growth is relatively slow,
which enables accurate measurements of the temperature and velocity field with a high spatial resolution.

Marangoni effect

Ohmic losses lead to significant heating of the electrolyte especially near the microelectrode where the
spatial current density is at its maximum. Furthermore, heat conduction in the surroundings influences the
temperature distribution. Figure 6.7 shows a zoomed view of the temperature distribution T −Tref near the
bubble foot from the simulation. Maximum heating occurs in the small wedge between bubble and cell
bottom/electrode near the outer edge of the cathode where the current density is expected to be largest.
The pear-like shape of the heated region visualizes the downward diffusion of heat inside the cathode wire.

Figure 6.8a depicts in a closer view the numerically simulated (left) and the experimentally measured
(right) temperature field of the electrolyte in the vicinity of the hydrogen bubble. A good qualitative
and quantitative match between both can clearly be seen. As already mentioned, due to the high current
density, the electrolyte significantly heats up near the bubble foot. From the simulation data along the
gas-liquid interface in figure 6.8b, a maximum temperature rise of approx. 14 K is found approximately
above the outer edge of the microelectrode where the current density is highest. In the experiment, a
similar temperature increase towards the bubble foot is observed. However, the temperature directly at the
contact between bubble and electrode could not be measured due to shadowing effects and reflections at the
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Figure 6.7: Temperature of gas, electrolyte and cell from the simulation in the (r,z)-plane. Zoomed view
near the bubble foot. The geometry edges are marked as black lines.

bottom wall of the cell. Nevertheless, from figure 6.8b a very good match of the temperature distribution
along the interface between experiment and simulation becomes evident. Here, because of the finite size
of the tracer particles, a normal distance of about 5 µm away from the interface was chosen for detailed
comparison with the experiment. With increasing θ beyond the temperature maximum at about θ ≈ 7◦, an
exponential-like decay of the temperature difference is observed, whith a steep gradient in the beginning.
At θ ≈ 30◦, the gradient has already decreased to about 0.04 K/µm, and for θ ≥ 110◦ the temperature
remains nearly constant.

In figure 6.9a the numerically calculated Marangoni convection, which is solely driven by the tempera-
ture gradient, is compared with the Marangoni convection measured during electrolysis. Both results show
in qualitative agreement a strong flow at the electrode-near part of the gas-liquid interface, from which it
can already be concluded that a substantial part of the measured Marangoni convection is caused by the
thermocapillary effect. However, a more detailed analysis reveals that in the numerical case the accelerated
region near the interface reaches the bubble equator and is thus more extended compared to the experiment
where the velocity decays more quickly with increasing θ . From the simulation results that, despite not
shown in number, the convection which is forced directly at and parallel to the gas-liquid interface reaches
a maximum velocity of approx. 30 mm/s. Normal to the interface, the velocity quickly decays. Because
of mass conservation, the interface-parallel removal of electrolyte from the bubble-foot region leads to a
nearly horizontal replenishment flow, and a vortex forms, as shown in figure 6.9a. In the experiment, the
vortex center is located close to the bubble foot. This observation of Marangoni convection coincides with
results of similar measurements from Yang et al. (2018) (see figure 6.1). In the simulation, however, as the
accelerated region along the interface is larger, the vortex center is located further away from the bubble
foot.

Figure 6.9b investigates in detail the behavior of the velocity magnitude along the interface. Again,
because of the finite size of the tracer particles, a curve at 5 µm distance and a second curve at 35 µm dis-
tance away from the interface are depicted for comparison of experimental and numerical results. Within
the wedge-like electrolyte volume at the bubble foot, the velocities agree very well in both cases. The
first velocity peak at θ ≈ 10◦ (5 µm) and respectively θ ≈ 25◦ (35 µm) is attributed to the flow close to
the bottom wall directed towards the bubble foot, which replenishes the displaced electrolyte. At the first
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Figure 6.8: (a): Temperature of the electrolyte near the bubble interface. Left: simulation, right: measure-
ment. The maximum of the color bar is limited by hand to 5 K to facilitate comparison. (b):
Temperature at and in 5 µm distance along the interface. The angle θ is measured from bottom
to top, as defined in figure 6.1.

peak, the measured velocity magnitude at 5 µm away from the interface is approx. 1 mm/s smaller than in
the simulation, whereas at 35 µm it is 2 mm/s smaller. However, this difference can be explained by the
averaging imposed by the spatial binning. The experimental data represents the mean velocity in each bin.
Since the velocity gradient is very steep, the velocity peak is biased to smaller values due to the spatial
averaging Kähler et al. (2012b). Continuing along the interface, the experimental and numerical data keep
on to coincide very well up to θ ≈ 40◦ for the case close to the interface and up to θ ≈ 50◦ at a distance
of 35 µm.

At the interface distance of 5 µm, in good agreement of simulation and experiment, the largest velocity
of about 20.5 mm/s is found at a second local maximum at θ ≈ 33◦. Further upward along the interface,
the measured velocity starts to sharply decrease, whereas the simulated value of the velocity, is decaying
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Figure 6.9: (a): Marangoni convection |~V | in the electrolyte near the bubble interface. Left - numerical
simulation of the thermal Marangoni effect. Right - measurement of the Marangoni convection
during electrolysis. The color bar is limited by hand to 15mm/s to facilitate comparison. (b):
Comparison of the electrolyte convection |~V | along the interface. Simulation and measurement
results at normal distances of 5 µm and 35 µm away from the interface. The angle θ is
measured from bottom to top, as defined in figure 6.1.

more slowly. At a distance of 35 µm away from the interface, the simulation yields a maximum of about
u= 9.8 mm/s at θ = 65◦ whereas the velocity maximum found in the experiment is of only about 7.1 mm/s
at an angle of about θ = 50◦. This difference can be attributed to the different position of the recirculating
vortex discussed above. Again, when moving on along the interface, the experimental velocity decays
much faster than the simulated one. From the experimental data it can be seen that the velocity in both
discussed cases falls below 1 mm/s at θ ≈ 75◦ and reaches zero at θ ≈ 120◦. In comparison, the decay of
velocity in the simulation is clearly less steep, which coincides with the larger extent of of the accelerated
interface region discussed in figure 6.9a.
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Figure 6.10: Comparison of the shear stress τ originating from different sources along the bubble interface.

6.4 Discussion

The numerical and experimental data show a very good agreement within the wedge-like electrolyte vol-
ume at the bubble foot for both the temperature and the velocity. The high current density close to the
electrode leads to a significant temperature increase with a strong gradient, which could be predicted well
by the numerical model. The temperature gradient drives a fast Marangoni convection, as can be seen
from the simulation which only takes the thermo-capillary effect into account. Close to the bubble foot,
the experimentally determined velocities agree very well with the numerically calculated values. Thus, it
can be concluded that the thermal effect is in fact the major driving mechanism for the Marangoni con-
vection observed in this experiment and by Yang et al. (2018). If a solutal Marangoni effect exists, it only
plays a minor role in this configuration. However, the extension of the Marangoni-accelerated interface is
clearly over-predicted by the simulation. The fluid decelerates much faster in the experiment than in the
simulation to become almost stagnant near the bubble equator.

The thermal Marangoni balance (6.1) at the interface between bubble and electrolyte can be simplified
by neglecting the hydrogen shear part. As the interface-normal component of the velocity must vanish, it
reads (Clift et al. 2005):

τ = η R
∂

∂ r

(
Vθ

R

)
=

1
R

dσ(T )
dθ

(6.6)

Here, axial symmetry is assumed, and spherical coordinates where used. This equality allows for the
comparison of the shear stress τ originating from different sources, based on the interface-normal gradient
of the tangential velocity Vθ and on the tangential gradient of the surface tension. As a linear dependency
of the surface tension on temperature given by the Eötvös rule σ(T ) = σ0− γ1 · (T −Tref) is assumed, its
gradient can be determined from the temperature data.

For the experiment, the interface-normal velocity gradient ( ∂

∂ r

(
Vθ

R

)
) along the interface was determined

from a linear fit of the velocity data which are closest to the interface. The results obtained are shown in
detail in figure 6.10. For the simulation results, as expected from the Marangoni boundary condition
(eq. (6.1)) applied, the shear stress calculated from the temperature distribution (black x symbols) per-
fectly matches the calculated velocity gradient (blue line). In comparison, the experimental result of the
shear stress calculated from the temperature distribution measured (green square symbols) shows a rather
close match with the numerics, with slightly smaller values at small angles θ < 48◦ and slightly larger
values further along. However, looking at the shear stress calculated from the velocity data measured (red
circle symbols), larger differences to the numerical data are found. Despite the fact that the scatter of data
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at small angles does not allow a quantitative comparison, it is clearly seen that at larger angles θ > 35◦ the
shear stress is falling much more rapidly to zero when compared to the numerical result. This result coin-
cides with the match of the temperature distribution along the interface and the mismatch of the velocity
distribution arising at larger distances away from the microelectrode as discussed at figures 6.8 and 6.9. It
further underlines the reasoning that other phenomena beyond the thermocapillary effect must exist which
are not yet implemented in the numerical model. These counteract the thermocapillary effect in the upper
part of the bubble and decelerate the Marangoni convection, which is likely also to influence the position
of the center of the recirculation region, as discussed above.

The Marangoni flow driven at the interface leads to a force on the bubble, which adds to the force
balance and thus influences the instant of departure and the dynamics of the bubble. Integration of the
shear stress given in equation 6.6 over the bubble interface

FM =−
∫

τ dA (6.7)

yields a resultant force in vertical direction (figure 1). Hereby, dA denotes the interface-normal area
differential, and according to equation 6.2 it holds

∂σ

∂θ
= γ1

∂T
∂θ

(6.8)

The calculated Marangoni force on the bubble amounts to 0.79 µN and is directed downward, thus re-
tarding the departure of the bubble from the electrode. In comparison, the buoyancy force acting on this
bubble of 0.56 mm radius is 7.2 µN in the upward direction. Therefore, the modulus of the Marangoni
force is one order of magnitude weaker than the buoyancy force.

In the following, possible further aspects neglected in the simulations so far are discussed. Overall, it
has to be kept in mind that in this work results of a transient simulation of electrolysis near a hydrogen
bubble of fixed size attached at a microelectrode are compared with experimental phase-averaged results
from the periodic growth of hydrogen bubbles. For the late stage of the bubble cycle depicted, it can be
assumed that the convection related to the lift-off of the previous bubble has already declined (Yang et al.
2015). Furthermore, as estimated above, the magnitude of flow caused by the growth of gas volume is
small compared to the Marangoni convection.

The instant of time (t = 1 s) depicted for presenting the simulation results was derived from an order
of magnitude estimation. Figure 6.11 depicts the transient behavior of the velocity magnitude 5 µm away
from the bubble interface at θ ≈ 33◦ where the maximum velocity was found (see figure 6.9). As can be
seen, already after 0.1 s the interface is moving almost with its final speed, which gives further support to
the simulation methodology applied and moderates the possible influence of bubble growth. Besides, it can
be stated that the influence of thermal buoyancy, as taken into account also in the simulations according
to equation 6.5, is of minor importance only with respect to the Marangoni convection near the attached
hydrogen bubble. Although not shown, additional simulations performed when neglecting buoyancy were
found to deliver almost identical results, as the buoyant convection is much weaker than the Marangoni
convection. A characteristic ratio of both types of convection can be estimated by calculating the ratio of
Grashof to Reynolds number squared (Bejan 2013). When using the bubble radius as characteristic length
scale, with the maximum values of the temperature difference ∆T and the Marangoni velocity |~V | found
in the simulation, it amounts to about Gr/Re2 = βgR∆T/|~V |2 ∼ 0.07 only.

Furthermore, in the simulations, the convection inside the hydrogen bubble and thus the convective
transport of heat was neglected. However, the recirculating flow driven in the gas bubble but neglected here
is unlikely to cause the difference observed. As mentioned above, diffusion of heat dominates compared to
the advective transport of heat in the bubble. Figure 6.10 shows an additional curve (light blue line) of the
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Figure 6.11: Simulation of the temporal behavior of the velocity magnitude 5 µm away from the bubble
interface at θ = 33◦ where the maximum velocity is found according to figure 6.9. Time is
plotted on a logarithmic scale.

shear stress calulated from numerical temperature data obtained when the thermal diffusivity of hydrogen
is artificially enhanced by a factor of 10. The close match with the experimentally obtained shear stress
from temperature data clearly supports this reasoning.

Due to lack of data, in the simulations, the surface tension data (σ0,γ1) from the material combination
water/air were used instead of electrolyte/hydrogen, which is justified by the following reasoning. The
high surface tension of water is the result of strong cohesive forces between the water molecules due
to the formation of hydrogen bonds. Therefore, the surface tension of water is only marginally affected
by a change in the gas atmosphere from air to hydrogen since the interaction between the gas and water
molecules is very weak. The sulfate anions in the present electrolyte also undergo hydrogen bondings with
the water molecules, thereby increasing the surface tension by about 1-2 %, depending on concentration.
However, for a bubble of given shape, a modification of the value of the surface tension itself (σ0) does not
alter the Marangoni convection at all. The effect is determined by the value of the temperature coefficient
γ1 only. Despite water/hydrogen data were not available, the argumentation above suggests that it is quite
reasonable to assume that the value for water/air is valid, as also the temperature-dependent equilibrium
of water evaporation should be about the same.

Additionally, as it is known that the Henry coefficient depends on temperature, neglected solutal Marangoni
effects are estimated. The saturation concentration of dissolved hydrogen at temperature T can be deter-
mined from Sander (2015)

csat(T ) = csat(Tref) · exp
[

500 K
(

1
T
− 1

Tref

)]
.

If the temperature would rise by 50 K, the saturation concentration would reduce by about 0.17 mol/m3.
The coefficient of solutal H2 variation of the surface tension is γ

H2
2 = −3.2 · 105 Nm2/mol. Thus, the

temperature rise would increase the surface tension by about 5 µN/m. In comparison, by using the ther-
mocapillary coefficient of dissolved hydrogen of γ1 = −1.6 · 10−4 N/(m ·K), a temperature rise by 50 K
directly reduces the surface tension by about 8 mN/m. Thus, the temperature dependence of the Henry
constant can be safely ignored, as the related changes of surface tension are at least 1000 times smaller than
the thermocapillary effect. Besides, as the temperature is reproduced nicely in the simulation, temperature-
related effects are unlikely to improve the match between experiment and simulation.

Further solutal Marangoni effects might arise from the possible depletion of the electrolyte of H2SO4
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Figure 6.12: Concentration of H2SO4 along the interface versus angle θ (logarithmic scaling) at different
instants of time t.

near the microelectrode. The current density in the wedge at the configuration studied here amounts to
about 107 A/m2, at which the pH of the electrolyte can be expected to increase Kuhn & Chan (1983),
and water splitting is likely to contribute to the mass transfer at the cathode. When neglecting electro-
migration effects, the diffusive length scale over which H2SO4 depletion occurs can be estimated from
L ∼

√
DH2SO4 · τb where DH2SO4 ∼ 3 · 10−9 m2/s and τb ∼ 4.1 s denote the coefficient of molecular dif-

fusion of H2SO4 and the bubble cycle, respectively. Thus, a length of only about 111 µm is obtained.
However, thermocapillary convection will at the same time replenish fresh electrolyte in the wedge and
advect depleted electrolyte along the interface. As this effect in the wedge where convection is slow is
difficult to to quantify, the numerical simulations were extended by considering additionally a convection-
diffusion equation for the concentration c of H2SO4:

∂c
∂ t

+~V ·∇T = DH2SO4 ∆c (6.9)

The boundary conditions applied are complete depletion at the cathode whereas at other boundaries species
flux has to vanish. From the result of the simulation shown in figure 6.12 it is to be seen that the concentra-
tion gradient builds up quickly within less than a second and does not change significantly at longer times.
Most importantly, only small changes of concentration at angles θ ≥ 15◦ appear.

Thus, the local depletion of the electrolyte near the microelectrode is unlikely to cause the differences in
convection found only at larger angles of θ > 35◦. Similar arguments apply for possible electromigration
effects neglected so far. Those are expected to play a role only close to the microelectrode where the
electric field is strong but are unlikely to be the reason for the mismatch of velocity and stress more far
away from the microelectrode.

Finally, additional temperature effects due to larger Ohmic losses in the depleted volume and related
buoyancy effects occur but are expected to be negligible, as the maximum values of temperature and
velocity of experiment and simulation nicely match. This also indicates that the approximate use of the
primary current distribution in the simulations is reasonable, as the main specifics of the problem arise
from the drastic increase of the current density near the wetted part of the microelectrode, thereby reaching
values of about 106 A/m2 at the cathode, and the related strong local heating (∼ j2). Possible differences
between experiment and simulation using the primary current density could be caused by the reaction
overpotential, the related energy of which is partially lost for heating, and by spatial variation of the
electrical conductivity. However, based on an extrapolation from data published by Schuldiner (1952),
the overpotential at the platinum cathode at the current density mentioned above can be estimated to about
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0.15 V , which is about two percent of the cathodic potential only. Additionally, those local losses of heating
power might be counterbalanced by a smaller electrical conductivity of the depleted electrolyte near the
cathode, as mentioned above, which is also not considered when using the primary current density. In
summary, using the primary current density is supported by these estimations, which, of course, should be
validated by improved simulation models in the future.

Last, the possible influence of electrocapillarity is discussed, which, as mentioned in the introduction,
arises from the dependence of the surface tension on the electric potential at the interface, and is not taken
into account in the simulation. It should be pointed out here that this effect is equivalent to considering
Maxwell stress boundary conditions with a known surface charge density at the interface, as defined in the
Taylor Melcher leaky dielectric model (Baygents & Saville 1991, Johnson 2003). From earlier analytical
work it is known that the Maxwell stress arising at the interface of a gas bubble and a conductive medium
in a vertical electrical field will cause upward interfacial convection below the equator and downward
interfacial convection above it, thus leading to a double vortex flow in the meridional plane (Melcher &
Taylor 1969). Despite in our case the geometry and the electric field distribution are more complex, as the
bubble is attached at a microelectrode, it could be speculated that a qualitatively similar shear pattern would
be caused. Then, the electrocapillary effect might be too weak to become visible below the equator where
the thermocapillary effect dominates, but it might prevail above the equator where the thermocapillary
effect is much weaker to trigger the departure of the interfacial flow, as seen in the experiment. Thus, it
could also contribute to an improved match of both the velocity stress along the interface and the center
position of the recirculating flow. However, evidence has to be left to future investigations.

6.5 Summary and conclusion

In order to give a deeper insight into the origin of the strong electrolyte convection observed at hydrogen
gas bubbles evolving at microelectrodes during hydrogen electrolysis, highly resolved simultaneous mea-
surements of the temperature and velocity field in the vicinity of the bubble were compared to numerical
simulations. The results show a very good match between simulation and experiment for both the ve-
locity and the temperature field within the wedge-like electrolyte volume at the bubble foot close to the
electrode. Further away from the microelectrode, but still below the bubble equator, however, quantita-
tive differences between experiment and simulation appear in the velocity field, whereas the temperature
gradient still matches well.

In conclusion, the convection found in the hydrogen evolution electrolysis experiments at microelec-
trodes can largely be attributed to the thermocapillary effect caused by Ohmic heating due to the high
current density appearing at the microelectrode. Numerical simulation proves that main features of the
convection forced parallel to the interface near the microelectrode and also the related temperature distri-
bution can be attributed to the thermal Marangoni effect. The thermocapillary effect is found to exert a
force on the bubble which is retarding its departure from the electrode. The discussion above tends to rule
out solutal effects whereas electrocapillary effects are likely to play a role.
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7 Summary and outlook

The knowledge of the velocity and temperature field on sub-millimeter scales is of high technical and sci-
entific interest for a wide variety of applications. In many microfluidic systems, convective heat transfer
or thermally induced flow phenomena play a significant role. A deeper understanding of these coupled
processes will lead to major improvements across a large range of engineering and scientific disciplines.
For many cases, however, numerical simulations alone are insufficient due to complex geometries with a
fully three-dimensional flow field and unknown boundary conditions as well as multi-physics phenomena
and experimental investigations become necessary. Nevertheless, despite considerable research effort in
the past, a reliable and accurate measurement method that enables the simultaneous determination of the
three-dimensional velocity and temperature field for a variety of velocity and temperature ranges is still de-
sired for microfluidic applications. Therefore, two novel measurement techniques were introduced in this
work, that are based on the astigmatic imaging of polymer tracers doped with luminescent dyes. By evalu-
ating the shape, the displacement and the luminescence signal of individual particle images, simultaneous,
spatially highly resolved and accurate measurements of the three-dimensional velocity and temperature
field were made possible, for the first time, without systematic errors caused by volume illumination and
the reduced spatial resolution due to ensemble averaging as in µ-PIV and LIF.

In order to determine the temperature from the luminescent signal of individual particle images, two
different approaches were implemented. One technique is to separately image the intensity of a tempera-
ture insensitive and a temperature sensitive dye and relate the ratio of the two signals to temperature. For
this purpose, both dyes were integrated together inside the tracers. To make this possible, new monodis-
perse PMMA-polymer particles were synthesized using suspension polymerization, which are doped with
perylene as the reference dye and EuTTa as the temperature sensitive dye. Two methods to separately
image the signal of the dyes were investigated, first by means of two monochromic cameras with appro-
priate optical filters and dichroic mirrors and secondly with a single color camera. As a second approach
a rapid lifetime determination based technique was utilized and the temperature was obtained from the
ratio of two images recorded via a highspeed camera during the temperature sensitive luminescent decay
of EuTTa. Different signal processing methods were evaluated, resulting in the lowest measurement un-
certainty when the noisy intensity distribution of the individual particle images is approximated with a 2D
Gaussian before rationing. Furthermore, a strong increase in the uncertainty for the temperature measure-
ment was found for decreasing particle image diameters and decreasing SNRs, especially in the range of
SNRs < 10. A detailed investigation of the influence of the experimental conditions for the respective
measurement techniques revealed a strong dependency of the intensity based results on photo bleaching,
the stability of the light source, optical abberations and absorptions and the particle diameter in the case
of polydisperse particles. The lifetime based method was insensitive to these parameters, giving a more
robust measurement method. However, in the case of very low signal intensities, the lifetime estimation
is biased due to a non-linear transfer function of the CMOS sensor of the highspeed camera, which has to
be corrected. Simultaneously to the temperature, the 3D particle position and particle image displacement
can be estimated via APTV, giving the 3D temperature field and the 3D3C velocity field.

The intensity and lifetime based techniques were qualified via a benchmark experiment in a straight
heated channel and the experimental results were compared to numerical simulations, which served as a
benchmark solution. The results demonstrate an exceptionally high spatial resolution and accuracy for
both measurement approaches. The uncertainty of the estimation of the depth position was in the order
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of only ±1 µm, when ensemble averaging was applied. For the intensity based method, the uncertainty
of the temperature estimation after ensemble averaging was ±1.1 ◦C for the two camera measurement
set-up and ±0.8 ◦C when a single color camera was used for imaging (95.5 % confidence interval). With
the lifetime based method, the uncertainty could further be reduced to ±0.4 ◦C. Furthermore, the lifetime
based method can easily be optimized for the investigated temperature and velocity scales by adapting the
timing sequence and offers the possibility of an ex situ calibration, which is often necessary in microfluidic
experiments. Thus, in most cases the lifetime based method is preferable to the intensity based method.
However, it has to be noted that the practical implementation of the lifetime based method is more complex
and that the required imaging hardware is more expensive. Furthermore, the intensity based method gives
lower measurement uncertainties for experiments with temperature differences of more than 60 ◦C and
with additionally high possible exposure times due to slow flow velocities as well as the possibility of an
in situ calibration.

Nevertheless, both measurement approaches at their current state are subjected to several limitations.
Due to the large density of the applied polymer matrix, the particles suffer from a high density compared to
water, which leads to sedimentation (ρp ≈ 1.25 g/cm3). Furthermore, due to a relatively small luminescent
signal, the uncertainty in determining the depth position is currently one order of magnitude higher than in
previous APTV experiments using highly fluorescent particles. Additionally, the maximum frame rate at
full sensor size offered by modern sCMOS color cameras is limited to 49 Hz and therefore only moderate
flow velocities of approx. 10 mm/s could be resolved in the presented experiments using such a camera
and a magnification of 10. However, this limitation does not hold for highspeed color cameras, two
monochrome double-frame cameras or the lifetime based method. Finally, reflections at the channel walls
strongly affected the intensity based method by causing systematic errors, whereas the lifetime based
measurements were still affected but to a much smaller extend.

Despite these current limitations, the measurement techniques presented herein give new and powerful
methods to simultaneously reconstruct the three-dimensional velocity and temperature fields in many mi-
crofluidic applications with low uncertainty. In addition, there is a high potential for future improvements
of the measurement techniques. On the one hand, developments regarding more sensitive cameras and
stronger light sources can be expected. This will increase the signal to noise ratio for all measurement ap-
proaches, thus reducing both the temperature and the depth position uncertainty. Furthermore, highspeed
cameras with higher frame rates at full sensor size will enable shifting from only two lifetime images
toward capturing multiple images during one decay, which will additionally reduce the temperature uncer-
tainty of lifetime based measurements. On the other hand, the field of particle synthesis leaves much room
for progress, as there are countless combinations of luminescent dyes and polymers. For example, new lu-
minescent complexes with more than two times higher temperature sensitivities and a higher luminescent
signal than EuTTa have recently been developed by Ondrus et al. (2015). Doping appropriate polymer par-
ticles with these dyes will substantially reduce the uncertainty of all measurement approaches. In addition,
the relatively large density of the current particles compared to water can be addressed in future develop-
ments, by using polymer materials that have a density which is closer to that of water, e.g. polystyrene
(ρps = 1.04 g/cm3). Following this conclusion, polystyrene particles were doped with the new EuTTa
complex 2 developed by Ondrus et al. (2015) via the dispersion polymerization technique as proposed by
Zhu et al. (2013). Figure 7.1 compares the temperature sensitivity of the intensity ratio determined with
the lifetime based method of standard EuTTa in polystyrene with that of EuTTa complex 2 in polystyrene.
Both type of particles were synthesized with the same method and 100 mg of each respective dye was used
during synthesis. The results clearly show a 3.5 times larger temperature sensitivity of the new luminescent
complex. With these types of particles, the measurement uncertainty could be potentially greatly reduced.
Nevertheless, the particles are currently very polydisperse and further optimization has to be performed
also to increase the signal intensity, which is approx. one order of magnitude lower for the particles synthe-
sized here than for the commercially available EuTTa/perylene particles. However, with these prospects
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Figure 7.1: Intensity ratio determined via the rapid lifetime determination method for EuTTa and EuTTa
complex 2 (C2) from Ondrus et al. (2015) in polystyrene particles. For EuTTa C2, particle
images could only be detected up to 50 ◦C due to low signal intensities at higher temperatures.

in mind, it can be concluded that time resolved measurements with temperature uncertainties below 1 ◦C
will be feasible in the near future. Thus, the range of possible applications can be extended to steady and
unsteady heat transfer phenomena with small temperature differences, as they are found e.g. in droplet
microfluidics, two-phase heat transfer, electrothermal micro vortices, optical and acoustic tweezers, etc.,
consequently enabling further improvements of a large number of microfluidic devices.

The novel lifetime based technique was applied to give unprecedented insight into two applications of
high topical interest in the field of electrochemical energy conversion. First, a novel rapid heating system
for µ-DMFCs was investigated experimentally, solving the issue of relatively long start up times of this
type of fuel cells. The simple and effective heat up of the cell was realized by a thin electrical ITO heating
layer that was applied to the glass cover plates on the anode and cathode side. The experimental results
show a fast heat up of the cell to temperatures of 70 ◦C within 25 s, enabling a start up time of less than 5
min. Furthermore, investigations of the influence of the water-methanol and air flow rate were conducted
to clarify the influence of convective heat transfer in the cathode and anode flow field on cell temperature.
The results show significant cell cooling by the anode flow, whereas the influence of the air flow rate
is relatively small. For future commercial applications, several possible improvements were identified to
increase the efficiency of the heating system. To avoid the time delay associated with heat transfer from the
cover plate to the membrane, the heating layer could be integrated into the bipolar plates of the cell close
to the membrane. With this method, the heat up could be realized up to 68 % faster and a large part of the
required energy could be saved. Additionally, future optimization regarding the thickness and the material
of the heating layer could lead to a better conversion of electrical energy to heat. As the water-methanol
flow significantly cools the fuel cell, a further increase in efficiency could be achieved by using the anode
outlet flow to heat the cell or preheat the fuel. Finally, a better insulation would minimize the losses to the
environment due to natural convection.

In conclusion, a significant step toward the development of µ-DMFCs with rapid start up capabilities
was achieved. Thus, this work makes an important contribution to the ongoing commercialization of µ-
DMFCs for portable electronic devices as a possible solution for problems due to low battery lifetimes and
long charging times. Furthermore, it was shown that the measurement technique developed in this work
provides a robust technique to investigate flows in experimentally highly challenging environments, such
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Summary and outlook

as two-phase flows in µ-DMFCs.
As a second important scientific question, the origin of strong electrolyte flow observed at gas bubbles

during hydrogen electrolysis at microelectrodes was clarified. Simultaneous measurements of the velocity
and temperature field in the vicinity of the bubble in conjunction with numerical simulations reveal the
thermocapillary effect as the main driving mechanism of the observed Marangoni convection. However,
small differences between experiment and simulation were still present. Solutal effects were ruled out as
the origin of these differences by a detailed discussion, whereas electrocapillary effects are likely to play
a role.

It was shown that the thermal gradient driving the convection at the bubble interface was caused by
strong Ohmic heating due to the high current density close to the microelectrode. In practical electrolyz-
ers, however, larger electrodes are installed, which mitigates these very high current densities at the foot
of single bubbles. Thus, the question needs to be answered if a similar Marangoni convection is also
found in practical cases and if it is driven by thermocapillary effects, if existing. Designing a suitable
experiment is quite challenging, though, as the repeatable observation of single gas bubbles nucleating on
macroscopic electrodes has not yet been successfully realized and future research effort is needed. The
enhanced understanding of the nucleation and growth of hydrogen bubbles in commercial electrolyzers
will contribute to the design of more efficient electrolysis systems. These improvements will pave the way
for a more widespread use of hydrogen energy storage which is a critical step on the road to a sustainable
future energy supply. Through the advancements made in this work, a measurement technique to inves-
tigate these and other important scientific questions concerning coupled thermal and flow phenomena on
sub-millimeter scales now exists.
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ROSSI M, SEGURA R, CIERPKA C & KÄHLER CJ (2012). On the effect of particle image intensity and
image preprocessing on the depth of correlation in micro-PIV. Experiments in Fluids 52:1063–1075

SACKMANN EK, FULTON AL & BEEBE DJ (2014). The present and future role of microfluidics in
biomedical research. Nature 507:181

SAKAKIBARA J & ADRIAN RJ (1997). Measurement of whole field temperature using two-color LIF. In:
National Heat Transfer Symposium of Japan, pp 421–422

SAKAKIBARA J & ADRIAN RJ (1999). Whole field measurement of temperature in water using two-color
laser induced fluorescence. Experiments in Fluids 26:7–15

SAKAKIBARA J & ADRIAN RJ (2004). Measurement of temperature field of a Rayleigh-Bernard convec-
tion using two-color laser-induced fluorescence. Experiments in Fluids 37:331–340

SANDER R (2015). Compilation of Henry’s law constants (version 4.0) for water as solvent. Atmospheric
Chemistry and Physics 15

SANTIAGO JG, WERELEY ST, MEINHART CD, BEEBE D & ADRIAN RJ (1998). A particle image ve-
locimetry system for microfluidics. Experiments in Fluids 25:316–319

SCHAEVITZ SB (2012). Powering the wireless world with mems. In: Micromachining and Microfabrica-
tion Process Technology XVII, International Society for Optics and Photonics
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