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Abstract

Experimental temperature measurement in solid-fluid systems is essential to the de-
velopment of new energy-efficient chemical processes involving pyrolysis, calcination,
and catalysis. Compared to the conventional thermometry method with physical
probes, e.g., thermocouples, optical thermometry techniques are preferable since they
would not perturb the measured environment. However, a challenge in the applica-
tion of optical techniques to solid-fluid systems is the presence of solid boundaries
which can lead to multiple reflections. In extreme cases, such as in porous structures
composed of solid particles, the use of direct imaging methods is prevented as opaque

particles would block the direct light paths.

Phosphor thermometry as an optical technique has been demonstrated for temper-
ature imaging, relying on solid luminescent particles, i.e., phosphor particles, dispersed
in fluids or coated on solid surfaces. To derive temperature, the temporal or spectral
dynamics of the luminescence with temperature are exploited. For this, the lumines-
cence is spectrally or temporally separated into two separate signals, resulting in a
temperature-dependent ratio of these signals. This thesis introduces two innovative
concepts based on ratiometric phosphor thermometry, aimed to address the scattering
and reflection issues caused by solid boundaries. Both concepts leverage the fact that

luminescence originates from discrete emitters.

The first concept involves dispersing micron-sized phosphor particles in trans-
parent fluids and subsequently forming separated diffraction-limited images of the
particle luminescence on high-resolution cameras. In this way, each phosphor particle
is treated as an independent temperature detector located at discrete particle positions.
2D rotated Gaussian functions are fitted to each particle image, allowing for integrating
particle signals in the separated images for ratiometric thermometry and locating the
particles with sub-pixel resolution (< 10 um). This fitting process can separate the

luminescence signal of the imaged particles from interfering signals with a low spatial
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frequency, such as those from surface reflection or re-scattering of luminescence light.
Initial experiments are conducted in a liquid dispersion and in a seeded gas with an
imposed scattering interference from an LED light, which demonstrate the feasibility
of this concept, and the robustness of the temperature measurements against high
levels of re-scattered signals. The concept focuses on finely resolving the temperature
distribution within a 500 pym thermal boundary layer. The results are validated against
the laminar Prandtl-Blasius equation. Moreover, the performance of different optical
imaging configurations employing the spectral separation method is compared to
analyze the measurement deviation. As an alternative ratiometric way to the spectral
separation method, the dual-frame lifetime method is also explored by performing

some test cases in isothermal liquid dispersions.

The second concept combines phosphor thermometry and ray tracing simulations
to determine the internal temperatures of an opaque porous structure. To establish and
validate this concept, a reproducible regular packed bed is selected. The luminescence
from a phosphor-coated sphere inside the packed bed, excited by penetrating laser,
exits the bed after multiple reflections and is collected to determine the sphere’s
temperature using the dual-frame lifetime method. When multiple phosphor-coated
spheres are present in packed beds, their signals can be separated by linear regression
of their spatial intensity distributions in the acquired images. This is demonstrated
using a setup including three luminescent spheres, with the results validated against
thermocouple readings. However, purely experimental measurements only apply to
regular packed beds, whereas the practical situation is ordinarily irregular. Hence, a
ray tracing simulation is carried out and the results demonstrate that its combination
with phosphor thermometry can substantially streamline the measurement process

while offering adaptability for temperature detection in irregular packed beds.

This thesis contributes to the development of advanced temperature measurement
techniques in solid-fluid systems, constituting a solid foundation for downsizing the

measurement scale and optimizing the CFD simulation.
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Kurzzusammenfassung

Experimentelle Temperaturmessungen in Fest-Fluid-Systemen sind fiir die En-
twicklung neuer energieeffizienter chemischer Prozesse, einschliel{lich Pyrolyse,
Kalzinierung und Katalyse, unerlédsslich. Im Vergleich zu konventionellen Ther-
mometriemethoden mit physischen Sonden, wie beispielsweise Thermoelementen,
sind optische Thermometrietechniken hdufig bevorzugt, da sie die Messumgebung
nicht storen. Eine Herausforderung bei der Anwendung optischer Techniken in
Fest-Fluid-Systemen besteht jedoch in der Anwesenheit von festen Grenzfldachen,
die zu mehrfachen Reflexionen fithren konnen. In extremen Féllen, wie in porésen
Strukturen aus festen Partikeln, wird die Verwendung direkter Bildgebungsverfahren
verhindert, da undurchsichtige Partikel die direkte Sichtverbindungen blockieren.
Phosphor-Thermometrie wurde in optischen Temperaturmessungen demonstri-
ert und basiert auf festen leuchtenden Partikeln (Phosphorpartikel), die in Fluiden
dispergiert oder auf festen Oberfldchen beschichtet werden. Zur Ableitung der Tem-
peratur werden die zeitlichen oder spektralen Dynamiken der Lumineszenz mit
der Temperatur ausgenutzt. Hierbei wird die Lumineszenz spektral oder zeitlich in
mehrere Signale getrennt, was zu einem temperaturabhingigen Verhdltnis dieser
Signale fiihrt. Diese Arbeit stellt zwei innovative Konzepte der ratiometrischen
Phosphor-Thermometrie vor, die darauf abzielen, die durch feste Grenzflachen verur-
sachten Streu- und Reflexionsprobleme zu bewaltigen. Beide Konzepte nutzen die
Tatsache aus, dass die Lumineszenz von diskreten Emittern ausgeht. Das erste Konzept
beinhaltet die Dispergierung mikrometergro8er Phosphorpartikel in transparenten
Fluiden und die anschliefende Bildung separater beugungsbegrenzter Bilder der
Lumineszenz der Partikel auf einer hochauflésenden Kamera. Auf diese Weise wird
jeder Phosphorpartikel als unabhéngiger Temperatursensor an diskreten Partikelpo-
sitionen behandelt. Jedes Partikelbild wird mit 2D GaulR-Funktionen modelliert, um
Partikelsignale in den separierten Bildern fiir die ratiometrische Thermometrie zu

integrieren und die Partikel mit subpixelgenauer Auflésung (< 10 um) zu lokalisieren.



Dieser Anpassungsvorgang kann das Lumineszenzsignal der abgebildeten Partikel
von storenden Signalen mit niedriger raumlicher Frequenz trennen, wie z.B. von
Oberfldachenreflexionen oder der erneuten Streuung des Lumineszenzlichts. Erste
Experimente wurden in einer Fliissigdispersion und in einem mit Partikeln versehenen
Gasstrom mit einer aufgepragten Streuinterferenz von einem LED-Licht durchgefiihrt,
was die Machbarkeit dieses Konzepts und die Robustheit der Temperaturmessun-
gen gegeniiber hohen Leveln an erneuten gestreuten Signalen zeigt. Das Konzept
konzentriert sich darauf die Temperaturverteilung innerhalb einer 500 ym diinnen
thermischen Grenzschicht fein aufzul6sen. Die Ergebnisse werden gegen die laminare
Prandtl-Blasius-Gleichung validiert. Dariiber hinaus wird die Leistung verschiedener
optischer Bildgebungskonfigurationen, die die spektrale Separationsmethode verwen-
den, verglichen, um die Messabweichung zu analysieren. Als alternative ratiometrische
Methode zur spektralen Separationsmethode wird auch die Doppelbild-Lebensdauer
-Methode durchgefiihrt, indem einige Versuche in isothermer Fliissigdispersion
durchgefiihrt werden. Das zweite Konzept kombiniert die Phosphor-Thermometrie
und Ray-Tracing-Simulationen, um die internen Temperaturen einer undurchsichtigen
pordsen Struktur zu bestimmen. Um dieses Konzept zu etablieren und zu validieren,
wird ein reproduzierbares, regelméfiges Festbett ausgewdhlt. Die Lumineszenz einer
phosphorbeschichteten Kugel im Inneren des Festbetts, angeregt durch eingeleitetes
Laser-Licht, verldsst das Bett nach mehrfachen Reflexionen und wird gesammelt,
um die Temperatur der Kugel mithilfe der Doppelbild-Lebensdauer-Methode zu
bestimmen. Wenn mehrere phosphorbeschichtete Kugeln im Festbett vorhanden sind,
konnen ihre Signale durch lineare Regression ihrer riumlichen Intensitdtsverteilungen
in den aufgenommenen Bildern getrennt werden. Dies wird anhand eines Aufbaus
mit drei leuchtenden Kugeln gezeigt, wobei die Ergebnisse gegen Thermoelementmes-
sungen validiert werden. Allerdings gelten rein experimentelle Messungen nur fiir
regelméllige Festbette, wihrend die praktische Situation in der Regel unregelméallig

ist. Daher wird eine Ray-Tracing-Simulation durchgefiihrt, und die Ergebnisse zeigen,
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dass ihre Kombination mit der Phosphor-Thermometrie den Messprozess erheblich
vereinfachen kann und gleichzeitig Anpassungsfahigkeit fiir die Temperaturmessung
in unregelmifligen Festbetten bietet. Diese Arbeit tragt zur Entwicklung fortschrit-
tlicher Temperaturmessmethoden in Fest-Fluid-Systemen bei und bildet eine solide

Grundlage fiir die Verkleinerung des Messmal3stabs und der Optimierung von CFD-

Simulation.
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Introduction

As minute as chemical reactions within cells or as vast as the wind current on Earth’s
surface, heat transfer phenomena are ubiquitous in daily life. The investigation of com-
plex heat transfer consequently has received considerable attention from researchers
who continually dedicate themselves to better understanding it. In particular, resolving
the complex heat transfer in solid-fluid particle systems by experimental methods
is crucial to the development of new energy efficient chemical processes involving
combustion, pyrolysis, and catalysis (TOSCANO et al., 2022; L1 et al., 2023). One of the
important ways, or even the most important, to gain insight into heat transfer is to
obtain the temperatures in the system. However, in many thermochemical processes,
traditional thermometry methods with physical probes such as thermocouples may
generate additional measurement uncertainties. For example, in microwave reactors,
the physical probe has the potential to couple with the microwave radiation, which
causes erroneous temperature readings due to the induced currents in it (GANGURDE
etal., 2017; SIDDIQUE und SALEMA, 2023; GARCIA-BANOS et al., 2019). In the plasma re-
actor, the material of the physical probe might react with the plasma, especially at high
temperatures, leading to degradation or contamination of the plasma (PIEJAK et al.,

1998). In the flow sub-region such as the thermal boundary layer, the intrusiveness



of the physical probe would extensively perturb the flow as the probe size is relatively
large compared to the extremely thin boundary layer (ZHAO et al., 2019), and it can
bias the temperature profile in the layer since it would act as a heat sink that absorbs
or releases heat (BECK und HURWICZ, 1960). Because of those limitations, alternative
methods of optical diagnostics, are particularly attractive as they do not disturb the
system and are not affected by the aggressive environment in the same way a physical

probe might be.

Optical diagnostics refer to a set of techniques and methods that employ light to
investigate, diagnose, and monitor various phenomena, primarily in the thermody-
namics and biomedical field. A salient category within optical diagnostics is lumi-
nescence imaging. In traditional luminescence imaging methodologies, photons are
generally emitted by the objects under study and then traverse directly to the camera.
Luminescence signals collected on the imaged plane are subsequently interpreted on a
pixel-to-pixel basis. Since the emissions of luminescence vary temporally or spectrally
in response to temperature change, temperatures can be derived accordingly. In this
way, luminescence imaging directly provides spatial insights as the investigated objects
can be directly observed in the images. However, some cases necessitate temperature
measurements inferred on indirect light paths. For instance, in-vivo temperature
imaging typically applies fluorescent thermometers that emit temperature-dependent
luminescence diffusing throughout the tissue (CHIHARA et al., 2019), enabling indirect

temperature measurements at deeper levels within biological tissues.

When solid boundaries are present in the measurement systems, the main chal-
lenge in the application of luminescence imaging arises from the fact that the lumi-
nescence light is rescattered or reflected multiple times before reaching the detector.
Such phenomena can bias the signals originating from luminescent entities, thereby
perturbing the temperature readings and blurring the spatial information, as observed
in the near wall region of luminescent particles seeded flows. In a highly scattering

media where light paths are obscured or cannot be directly accessed, such as in packed



beds containing luminescent-coated particles, the inherent configuration prevents
the use of traditional direct imaging methods, and leads to multiple reflections of
luminescence before exiting the system. Consequently, determining the precise origin

of luminescence in such case is of difficulty.

The phosphor thermometry technique is one of the luminescence imaging meth-
ods using solid luminescent phosphor particles, as local thermometers. Most of the
phosphor particles, especially those designed for high-temperature applications, often
possess high thermochemical stability, meaning that they do not degrade, decompose,
or react easily when subjected to high temperatures or when exposed to potentially
reactive chemicals. This ensures that their luminescent properties remain consistent
and reliable under extreme conditions, which is crucial for accurate temperature mea-
surements. Additionally, their luminescence can be spectrally or temporally filtered,
allowing for the specific isolation of particle luminescence against other radiation
sources. These characteristics enable the use of phosphor particles in a wide range of
high-temperature and potentially reactive environments, by dispersing the particles

into fluid or coating particles on the surface of objects.

This thesis develops and demonstrates two advanced phosphor thermometry con-
cepts that exploit the luminescence emitted from discrete emitters to measure tem-
perature distributions, despite the issues caused by the presence of solid boundaries.
By analyzing luminescence images using linear and nonlinear regression approaches,
the information of a discrete emitter is isolated from the light originating from other
sources and extracted to infer temperature. In the first concept, luminescence images
from particles seeded into the flow near solid-fluid interfaces are fitted with 2D Gaus-
sian functions to obtain temperature data points extremely close to the solid-fluid
interface (< 50 um). In the second concept, selected particles in a packed bed assembly
are coated with thermographic phosphors. The luminescence emitted from coated

particles is imaged after multiple light reflections/scattering through the bed, and is
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analyzed to separate the contribution from each individual sphere in order to obtain

multi-point temperature measurements.

1.1 Non-linear regression analysis concept to measure

temperature near solid walls

Very near solid boundaries, a thermal boundary layer typically arises where heat is
transferred between the solid surface and the surrounding fluid medium at a different
temperature. Various factors, such as boundary conditions, fluid properties, surface
roughness, flow regime, and irregularities in surface geometry including obstacles, can
influence the intricacies of heat exchange within this layer. The aforementioned factors
contribute to complexities in heat transfer analysis, manifesting in detailed phenom-
ena including flow separation, the transition from laminar to turbulent flow regimes,
and modifications in heat transfer efficiency, either enhancement or degradation.
Gaining a comprehensive understanding and characterization of these complexities is
vital to optimize thermal systems, analyze natural phenomena, and design effective
heat exchange devices. This requires accurately determining temperature distribu-
tion within the thermal boundary layer. Though heat transfer simulation in flows can
provide detailed spatial and temporal insights, they inherently contain uncertainties,
which are often caused by the factors such as mathematical model approximations,
difficulties in obtaining precise boundary conditions, and heterogeneities in material
properties. Concurrently, with the rise in experimental techniques like Particle Image
Velocimetry (PIV) and Laser Doppler Anemometry (LDA) for thermal flows, there was
a growing emphasis on validating and verifying simulation methods against accurate

experiment data.

The use of luminescence imaging to experimentally measure temperature in ther-

mal boundary layers often suffers from moderate spatial resolution due to the typical
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spatial averaging effects (ABRAM et al., 2018). It is also susceptible to interfering lights
from other sources, leading to additional uncertainties in the obtained results. To
address these obstacles, researchers have been dedicating significant efforts to devel-
oping temperature measurement methods with a high spatial resolution for accurately
resolving temperature gradients and distributions within thermal boundary layers.
The proposed technique, using individual tracer particles as independently discrete de-
tectors, aims at improving spatial resolution and simultaneously enabling the rejection

of multiple scattering effects during temperature measurement.

The proposed concept builds upon imaging fields of particles as in thermographic
particle image velocimetry, while treating the luminescence image of each particle in-
dividually. For this, the technique presented in the thesis leverages the high-resolution
capabilities of the scientific CMOS camera combined with a macro lens to produce
well-defined Gaussian-like images of the particles. The identical particles are antici-
pated to be imaged in two spectrally- or temporally-separated frames to enable the
intensity ratio phosphor thermometry method. As a result, the intensity distribution
in individual particle images can be approximated by the two-dimensional Gaussian
function to derive total intensity for intensity ratio computation. In principle, by non-
linear regression of the particle image, the particle image is able to be separated into
two contributions: a 2D Gaussian distribution containing the particle intrinsic temper-
ature information and a non-Gaussian contribution which is the low spatial frequency
interference from the solid wall. This concept is expected to remain robust despite
variations in particle center-pixel alignment from particle to particle and between the
two frames of identical particles, while also allowing for the determination of sub-pixel

particle locations to achieve an extremely high in-plane spatial resolution.
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1.2 Linear regression analysis concept for packed beds

internal thermometry

In the realm of industrial reactor systems, packed beds are the most common reactor
for particle transformation processes, including drying, combustion, and catalytic
reactions. A large number of applications involve packed bed reactors with particles
of arbitrary shape (HORN, 2020) and the reactions there occur very often at high
temperature. The measurement and control of the packing particle temperature in the
beds are thus crucial to optimize product quality, the energy efficiency of the systems,

and pollutant emissions.

Given the inherent randomness in the size and distribution of pores within a packed
bed, coupled with the opacity of the packing material, the accurate measurement of the
global temperature distribution inside the bed poses significant difficulty. Therefore,
researchers and engineers frequently resort to numerical simulations to analyze the
internal temperature characteristics of packed beds, which offers a means to overcome
the limitations of direct measurements (CHEN et al., 2019; MA et al., 2023; BETTEGA
et al., 2013). However, the numerical simulation of thermochemical processes in
packed beds is also very challenging due to the large domain size, the multi-scale na-
ture of the problem, and the different heat transfer modes that are presented, including

convection, particle-to-particle conduction, and radiation.

Even in the absence of radiation, convection and chemical reactions, the simulation
of heat transfer in packed beds remains particularly intricate due to the difficulty in
resolving complex particle surface properties at contact points and also the variability
inherent in the packing structure as a result of the particle filling step (BAHRAMI et al.,
2006; BEAULIEU et al., 2021; BUONANNO et al., 2003; TSOTSAS und MARTIN, 1987; DAI
et al,, 2019). Notably, when dealing with particles of high thermal conductivity and

regular geometries like cubes, surface roughness can significantly influence particle-



1.2. LINEAR REGRESSION ANALYSIS CONCEPT FOR PACKED BEDS INTERNAL
THERMOMETRY

to-particle heat transfer (RODRIGUES et al., 2022; BEAULIEU et al., 2021). Although
the implications of such roughness can theoretically be modeled by a minor air gap
between particles (BEAULIEU et al., 2021; PICHLER et al., 2021; YANG und CAI, 2019;
TSoRy et al., 2013), effective simulation necessitates prior knowledge of this gap size
which is often unattainable because of its various determinants such as particle man-
ufacturing methods (RODRIGUES et al., 2022; DAI et al., 2019). It is therefore crucial
to have accurate local temperature measurements within the packed bed, especially
for multi-point measurements which can provide information on the direction and

magnitude of heat transfer rates.

Based on the luminescence imaging methods, we developed a non-contact ther-
mometry concept to experimentally measure the internal temperature of packed beds.
This concept also builds upon the thermographic phosphor particle imaging as in
the proposed concept above for resolving the thermal boundary layer. In phosphor
thermometry, phosphor-coated surfaces (BRUBACH et al., 2013) or phosphor particles
seeded into the fluid flow (ABRAM et al., 2018) are directly illuminated by a laser source
and imaged onto a point detector or a camera, but this requires transparency of the
medium and a low amount of refraction for direct optical access to the probe location.
In this thesis, we explore a method using temperature-sensitive phosphor and binder
to coat some selected granules inside the packed bed. In this way, phosphor coatings
can be excited indirectly as the laser propagates through the bed by scattering between
packing granules surfaces. Consequently, the phosphor luminescence exiting the bed
can be exploited to reconstruct the originating location and estimate the temperature

at the reconstructed location.

When multiple luminescent particles are presented, the resulting luminescence
field is a sum of the individual particle contributions. This thesis proposes to isolate
the relative contributions of each particle by linear regression of their radiative trans-
fer. For this, the key point is to obtain the individual particle intensity distribution

functions, which provide the spatial distribution of the luminescence formed on the
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camera image while only one of the internal particles is emitting light. In simple se-
tups where the packing is regular and repeatable, these distribution functions can be
measured experimentally. For complex cases of irregularly packed beds, we propose to
obtain the functions using simulations where one can turn individual particles “on”
and “off” more easily. The objective is to pave the way for multi-point temperature
measurements in general laboratory-sized packed beds with arbitrarily shaped but
known geometry so that allows one to obtain dense temperature fields through data
assimilation that simulates the dense fields with the measurements as input boundary

conditions.

Overall, two concepts for temperature measurement in solid-fluid systems are
proposed. On one hand, the particle Gaussian fit approach resolves the sophisticated
thermal dynamics near solid boundaries, which seeks to capture the minute details
of temperature fluctuations on a single particle basis, thus affording a higher level of
spatial resolution. On the other, the multi-particle luminescence separation method
offers a pioneering solution to monitor and manage heat within densely packed beds —

environments where unpredictability region.

This thesis threads together these seemingly disparate research areas, united by a
common underpinning: the potential and versatility of utilizing the spatial discrete na-
ture of single luminescence particles based on phosphor thermometry. Both proposed
concepts represent significant strides in the ability to better interpret the temperatures
in solid-fluid systems, paving the way for more efficient and sustainable thermochemi-
cal processes. Through these advanced concepts, the overall goal is to not only bridge
the gap between experimental methods and computational simulations but also to

foster a holistic understanding of temperature dynamics in varied environments.
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1.3 Structure of this thesis

An overview of the 6 other chapters that compose the main content of this thesis is
outlined here. This work focuses on exploiting the discrete nature of luminescence
particles to measure the temperature within the thin thermal boundary layer with high
spatial resolution, and to enable multi-point temperature detection inside a packed

bed of opaque granules.

Chapter 2 briefly reviews the current state of thermometry techniques that can or
might be employed to resolve the thermal boundary layer and to probe temperature
inside packed beds. These techniques are broadly classified into contact and non-
contact methods. Phosphor thermometry techniques, as the basis of the methods used

in this thesis, are discussed in detail in this chapter.

Chapter 3 explains the principle of two methods, spectral separation method and
dual-frame lifetime method, to obtain the luminescence intensity ratio of particles
for ratiometric phosphor thermometry. This chapter introduces the optical config-
urations selected to implement both methods for imaging individual micron-sized
particles dispersed in transparent fluids. Another case of imaging particles with lumi-
nescent coatings in highly scattering media consisting of large solid particles is also
presented, associated with the optical configuration implementing the dual-frame

lifetime method for this case.

Chapter 4 details the image processing to extract the intensity ratios of individual
luminescence particles and thus derive their temperature (and spatial) information.
When imaging micrometer-sized dispersed particles, the processing mainly involves
applying 2D Gaussian fits to their individual luminescence images. On the other hand,
for luminescence-coated spheres placed inside an opaque packed bed, the processing

of extracting the temperature information from their indirectly recorded image is
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described. Multi-point measurements are also addressed where several luminescence-

coated spheres are presented inside the bed.

Chapter 5 presents some flow experiment setups that implement the individual
particle image fit concept, and discusses the experimental results. The emphasis of the
experiments is the temperature distribution measurement in a thin thermal boundary
layer. In addition, the flow thermometry performance of some imaging configurations

employing the spectral separation method is compared and analyzed.

Chapter 6 demonstrates the use of indirectly recorded images of luminescence-
coated spheres in a regular opaque packed bed to achieve a single point or even a multi-
point internal temperature detection. The possibility of extending the measurements
to an irregular packed bed by combining the thermometry strategy with ray tracing

simulation is also discussed.

Chapter 7 provides a comprehensive summary of the obtained results and corre-
sponding conclusions, and offers insights into future prospects and plans for advancing

the proposed technique.

10



Thermometry techniques in solid-fluid
systems: packed beds and thermal

boundary layer

Temperature measurement is a critical component in the study of solid-fluid systems,
particularly those involving complex heat transfer processes. Various thermometry
methods have been developed to enable the detection in solid-fluid systems where
local temperature perturbations or measurement interfering lights frequently exhibit
significant randomness. The reviews here are restricted to the methods that can
potentially be implemented to measure temperature in packed beds or in thermal
boundary layers, the two cases that are the focuses of the concepts presented in this
thesis. This chapter first discusses the techniques applied in thermal boundary layer
temperature measurement with high spatial resolution, which are mostly laser-based
optical thermometry. The brief overview of temperature diagnostics applied to packed
beds is provided in the second section of this chapter. Limitations are identified and

we propose in this thesis to overcome them by developing novel concepts using the
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phosphor thermometry technique. The work in this chapter is partly derived from the
publications XUAN et al. (2023) and XUAN et al. (2024).

2.1 High spatial resolution thermometry applicable to

thermal boundary layers

Measuring the temperature distribution in the near-wall region can provide validation
data of CFD models aimed at simulating wall-to-fluid convective heat transfer, for
example in the context of film cooling technologies for gas turbines (UNNIKRISHNAN
und YANG, 2022; ACHARYA und KANANT, 2017). Compared to the velocity boundary layer
which has been investigated by hot wire anemometers (KLEWICKI und FALCO, 1990) or
laser velocimetry techniques such as Laser Doppler Velocimetry (LDV) (BAUER et al.,
2019; YAO et al., 2016), Particle Tracking Velocimetry (PTV) (SCHNEIDERS et al., 2017;
FucHs2022 et al., 2022) or macro and micro Particle Image Velocimetry (PIV) (CUVIER
et al., 2017; SHIMURA et al., 2019), there are much fewer observations on thermal
boundary layers, as measurement techniques for flow thermometry are less mature,
especially when applied near-walls. Various high spatial resolution techniques with the
potential to measure temperature profiles in the thermal boundary layer are reviewed

in the following.

2.1.1 Micro-thermistors

Micro-thermistors, also known as cold wire anemometers, have long been applied in
measuring temperature distributions in thermal boundary layers (NAGANO und TsUJI,
1994). These sensors operate based on the change in electrical resistance of a probe as

a function of temperature, allowing for precise temperature measurements.

12
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Puits etal. (2017) employed a micro-thermistor to investigate the near-wall temper-
ature field in thermally driven convection at a rough surface within a large experimental
facility named the "Barrel of [Imena". They found that the heat flux enhancement
generally observed at rough surfaces resulted from an increase in the local heat transfer
coefficient at the top of the roughness elements. Likewise, HERTLEIN und DU PUITS
(2021) employed a combined probe of 4 micro-thermistors to resolve the temperature
gradient in Rayleigh-Bénard convective boundary for thermal dissipation evaluation.
Both studies achieved a temperature precision below 0.05 K but with a relatively long
temperature response time on the order of 100 ms in the air due to the physical size of

the thermistor, which is above 100 um in diameter and 330-350 um in length.

Smaller probes have also been developed for turbulent gas flows (YEH und ATTA,
1973; MYDLARSKI und WARHAFT, 1998), with probe diameters on micron order
that can reach a fast response below 1 ms, allowing for instantaneous measurement
even in oscillating flows (BERSON et al., 2010). As stated in the study by CLEVE et al.
(2017), the authors applied a 3 um diameter wire to measure temperature and velocity
fluctuations close to the stack of a thermoacoustic refrigerator, demonstrating the
possibility of measuring the enthalpy flux, which is a characteristic of thermal energy
transfer in thermoacoustic devices. However micro cold wire anemometers are limited
to single or several point measurements and the probe must be oriented to minimize

the intrusiveness of the large support claws.

2.1.2 Rayleigh scattering thermometry

Laser-based optical diagnostics avoid local disturbances to the flow and offer the po-
tential for high spatial/temporal resolution measurements. An example is Rayleigh
thermometry, which is based on the phenomenon of Rayleigh scattering. This process
involves the scattering of light or other electromagnetic radiation by atomic and molec-

ular particles that have a size significantly smaller than the radiation wavelength, such

13
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as the scattered sunlight by the nitrogen and oxygen molecules in the atmosphere,
leading the sky to appear to have a blue color. Rayleigh scattering is elastic, meaning

that the scattered radiation has the same wavelength as the incident radiation.

The intensity of the scattered light is proportional to the concentration of the par-
ticles, as well as the intensity of the incident light. Therefore, the Rayleigh scattering
enables the determination of the temperature of the gas medium, since the molecule
number density drops due to an elevation in temperature for fixed pressure, and so the
Rayleigh scattering intensity reduces accordingly. This method is particularly useful
for temperature measurements in turbulent flows, where contact-based thermometry
techniques are often sensitive to local disturbances, or limited by their spatial reso-
lution such as thermistors discussed above. With Rayleigh scattering thermometry,
the spatial resolution of temperature measurements is typically on the order of a few
hundreds of microns, but some researchers have been working on achieving a higher

resolution.

FRANK und KAISER (2008) performed high resolution Rayleigh thermometry to
probe dissipative structure in flames. The experiment used two high energy (>800
m]/pulse) pulsed laser sheets overlapped into the near field of a turbulent jet flame
resulting in a thickness of about 100um. An out-plane spatial resolution was thereby
100 um according to the laser thickness, and an in-plane resolution of 20 um was

achieved using a combination of three imaging lenses.

KRISHNA et al. (2021) proposed the implementation of a high-speed filtered Rayleigh
scattering (FRS) system to measure the temperature profile of premixed flames in a
millimeter-scale channels. An iodine cell was added in front of the camera as a molec-
ular filter, compared to the conventional Rayleigh thermometry. In the experiment,
the laser frequency was tuned to the iodine absorption line, which suppressed the
surface scattering to enable FRS in near wall measurement. The FRS systems provided
a direct mapping from the measured signal to temperature, with a precision about 3%

at temperatures above 1500 K and a spatial resolution of about 200um. By combining
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FRS thermometry with stereoscopic particle image velocimetry (sPIV), MCMANUS et al.
(2020) carried out an experimental approach to quantitatively measure temperature
and three-component velocity in turbulent non-premixed jet flames simultaneously.
Their experimental protocol provided detailed statistical assessment and accurate
determination of thermal gradient, dissipation rates, and fluid flow interactions with
temperature fields. In their study, the in-plane spatial resolution of temperature mea-
surement was estimated to be 186um, while the out-of-plane spatial resolution was

found to be about 129um determined by the laser sheet thickness.

When employed to near wall measurements, traditional Rayleigh thermometry
often has limitations because of the interfering signal caused by surface scatterings.
Though FRS method offers a solution to this problem, its application commonly
involves a complex optical setup including components of, for example, a wavelength
monitor for measuring the frequency of the excitation laser and tuning the frequency
to the desired absorption line of the molecular filer. In addition, in order to provide
sufficient Rayleigh scattering signals for measurement, a high illumination energy
is typically preferable in Rayleigh thermometry, thereby carrying a risk of damaging
the optics. In the case of the FRS method, reaching a sufficient excitation energy
necessitates a laser generator capable of temporally stretching the laser pulse. For
this, the use of a long-pulse laser or a pulse-stretcher is required (KRISHNA et al., 2019),

which can however further increase the complexity of the optical setup.

2.1.3 Coherent anti-Stokes Raman spectroscopy (CARS)

Coherent anti-Stokes Raman spectroscopy (CARS) is another molecular optical tech-
nique for temperature and species concentration measurements in various appli-
cations. CARS is an advancement of Raman spectroscopy that leverages inelastic
spontaneous Raman scattering by illuminating a molecule with monochromatic light,

such as a laser, leading to a change in the molecule‘s vibrational or rotational energy
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level. This change prompts the molecule to emit light with a frequency shift relative
to the illumination, allowing for identifying the vibrational modes of the measured
molecule. However, the spontaneous Raman scattering, including Stokes Raman signal
and anti-Stokes Raman signal, is often very weak due to a much higher possibility of
elastic scattering occurring, i.e., Rayleigh scattering. Unlike the traditional Raman
spectroscopy, CARS typically uses three synchronized lasers, a Stokes laser (frequency
ws), a pump laser (frequency wp) and a probe laser (frequency wy, often wy; = wp),
to focus on the probe volume location, generating a CARS signal at the frequency
of wpr + wp — ws in response to the probe laser. In CARS, the frequency difference
between pump and Stokes lasers (wp — ws) is modulated to match the Raman-active
vibrational frequency of the molecule, thus resonantly enhancing the CARS signal to
orders of magnitude intenser than the spontaneous Raman signal. Since the CARS
signal is nonlinearly related to the population of vibrationally excited state that fol-
lows the temperature-dependent Boltzmann distribution, it is applicable to gas phase

thermometry by, for example, analyzing the spectra of CARS signals.

This technique can provide accurate point thermometry at sampling rates of up
to a few kHz and can efficiently reject stray light for measurements near walls. Using
CARS, KosAkaA et al. (2018) measured gas phase temperatures as close as 100um to a
temperature-controlled wall with a spatial resolution of 80um, as given by the diameter
or the interaction volume at the intersection of the laser beams. KRISHNA et al. (2017)
performed a CARS thermometry system on a wall-stabilized methane-air and ethylene-
air flames at various strain rates, to measure temperatures as close as 275um to the
isothermal wall. Their measurement had an in-plane spatial resolution of 30um with a

dimension of 650um in the laser propagation direction.

Extending to 1-D measurements, BOHLIN et al. (2015) implemented hybrid fem-
tosecond/picosecond rotational CARS (HRCARS) to measure the temperature profile
in a methane/air premixed flame, at Reynolds number 5000, impinging on a cooled

steel surface. The authors achieved a 1D spatial resolution of about 60um, while mea-
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surement depth was tuned to 1.5mm to enable the validation against the previous
results from a point-wise CARS experiment. ESCOFET-MARTIN et al. (2021) and OjoO
et al. (2021) employed a consistent optical system to facilitate HRCARS for gaining
insights in thermal boundary layers. They measured 1D transient near-wall tempera-
ture profiles in a chamber, where a 40 um spatial resolution at a wall-normal distance

below 200um with a precision of 3% of the absolute temperature could be achieved.

Though CARS has demonstrated a high in-plane resolution, mostly below 100 pum,
the probe volume of CARS is typically elongated to more than 600 um in the laser
propagation axis which can cause low path filtering if small-scale turbulent structures
are present. In addition, CARS typically performs only point detection, and achieving
1-D measurements requires ultra-fast laser pulses on the order of femtoseconds or

even picoseconds.

2.1.4 Planar laser-induced fluorescence (LIF)

Laser Induced Fluorescence (LIF) is also a molecule-based spectroscopic technique
that uses a laser light to excite atom or molecule luminescent tracers, such as polycyclic
aromatic hydrocarbons (e.g., toluene) or ketones (e.g., acetone) that are seeded as gas
tracers for gas thermometry, or dyes dissolved in liquids for liquid thermometry. The
tracers then emit light spontaneously with a frequency shift relative to the excitation
light, enabling the removal of laser reflections using a spectral filter. In some cases,
the use of a two-line LIF approach involving two different laser excitation wavelengths
is also possible for simultaneous imaging of temperature and species concentration
(KOEGL et al., 2020). By analyzing the thermal-dependent characteristics of the emitted
light, generally the fluorescent intensity or the spectral distribution, the temperature

of the system can be determined.

Planar LIF, as a specialized form of LIF, uses a laser sheet to illuminate the sample

of interest, thereby capable of two-dimensional temperature imaging. It has been
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utilized in numerous studies to accurately measure temperatures near walls or in
large gradient regions owing to its advantages, such as selective excitation to match
the absorption peak of target species. BANKS et al. (2019) employed planar LIF to
observe the temperature in a thermal boundary layer on the cuvette wall due to spot
heating, and measure the temperature field around laser-induced cavitation bubbles,
without disturbing the bubble dynamics. The authors achieved an in-plane spatial
resolution of 90x200um with a maximum temperature uncertainty of +17 °C and
an average uncertainty of +7 °C over 25 - 85 °C. In addition, toluene-based planar
LIF was frequently implemented to measure the temperature stratification near walls
through the thermometry strategy of one-color detection or two-color detection. The
former strategy extracts the temperature information from the spectrally integrated
fluorescence signals, while the latter relies on the temperature-dependent ratio of two
spectral bands. The applications of toluene-based planar LIF has been reported in an
optical engine (PETERSON et al., 2014), a shock tube (YOO et al., 2011), and an impacting
jet (JAINSKI et al., 2014). In these studies, in-plane spatial resolutions on the order of
100um were achieved, limited by the resolution of the intensifier microchannel plate
and the smoothing steps performed on the image for noise reduction. On the other
hand, the laser sheet thicknesses were in the range of 500-700um which also limits the

spatial resolution in the third direction.

2.1.5 Microfluidics fluorescence thermometry techniques

In microfluidics, a high level of spatial resolution in temperature measurements can
be achieved by fluorescence microscopy techniques. Those techniques typically use
fluorescent dyes or molecular species as temperature tracers, thus allowing for a

thermometry mechanism similar to that in the Planar laser-induced fluorescence.

An example is the widefield fluorescence microscopy. In contrast with confocal mi-

croscopy which uses a pinhole configuration to focus the excitation laser on the point
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of interest and scans the laser to access different regions, widefield fluorescence mi-
croscopy exposes the entire sample to the excitation light, generating a luminescence
image that can be viewed via eyepieces or on a digital camera-connected monitor
for 2D temperature imaging. Ross et al. (2001) exploited the temperature-dependent
fluorescence of Rhodamine to demonstrate temperature measurements in microflu-
idic systems affected by Joule heating. A temperature field was successfully resolved
in a 70um wide liquid channel, with an in-plane spatial resolution of 1um and an

out-of-plane resolution determined by the 30um channel height.

In contrast with the widefield fluorescence microscopy, total internal reflection
fluorescence (TIRF) microscopy exploits the confined evanescent wave to selectively
illuminate and excite fluorophores in a very thin layer of the specimen, usually a few
hundred nanometers, immediately adjacent to a solid-liquid interface (AXELROD D,
1983). This means it has the potential to limit the measurement volume depth to very
near the wall. As such, TIRF imaging of a suspension of quantum dots (nanometer-
sized single fluorophores) in a solution also containing Rhodamine dye was proposed
for thermometry and velocimetry within 200 nm of the wall with an uncertainty of
about 5K (GUASTO und BREUER, 2008). It should be noted that here the Rhodamine was
used as a reference dye, and the fluid temperature is derived from the two-color imag-
ing, which is based on the temperature calibration curve of the ratio of the quantum

dots fluorescence intensity to the Rhodamine fluorescence intensity.

Microcapsules doped with encapsulating fluorescence dyes were also reported for
temperature measurement in liquid microfluidics (SOMEYA, 2021; VOGT und STEPHAN,
2012). Such tracers are generally in the 5-15 ym range with a density close to that of
the fluid, offering the advantages of size control. In addition, when combined with
Astigmatic Particle Tracking Velocimetry (APTV) method (CIERPKA et al., 2010a), seed-
ing luminescent particles instead of using dissolved dies allows a 3D positioning of
the particles, enabling measurement resolution better than a few microns in all three

directions CIERPKA et al. (2010b). MASSING et al. (2018) implemented this concept
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2.2. MEASUREMENTS OF PACKED BED INTERNAL TEMPERATURE

with the tracer particles of encapsulated europium chelate to probe temperature based
on lifetime imaging by a high-speed camera, simultaneously achieving 3D thermom-
etry and velocimetry in their research. Similar to the work (GUASTO und BREUER,
2008) mentioned previously, here the author also applied the two-color imaging to
perform temperature measurement, while the intensity ratio is obtained only from the

europium chelate luminescence by temporally separating it.

These microscopic techniques are primarily constrained to near-field applications,
offering a limited observation only at millimeter scale or even lower. While long
distance microscopes can be used to achieve a longer working distance, they typically
come with a lager f-number, which tends to diminish light-gathering ability and spatial
resolution. This thesis aims to explore techniques capable of providing a broader
application spectrum in macroscopic fields, thereby serving as a complement to the

aforementioned near-field techniques.

Various techniques potentially available for measuring temperature distributions
near the wall have been discussed. The next section will present another key focus
of this thesis, involving the methods and challenges related to temperature detection

inside opaque packed beds.

2.2 Measurements of packed bed internal temperature

Temperature measurements inside packed beds are key for process control, safety,
and understanding of the phenomena occurring within the beds. Different contact
measurement techniques to access internal particle temperatures of packed beds
exist in the literature. Thermocouples are often used (THOMéO et al., 2004) by placing
thermocouples either directly in packed beds, or inside a thermowell which normally
is a protective metal tube vertically/horizontally inserted in packed beds to lead and
protect the thermocouples. YANG und CAI (2019) employed twelve K-type thermocou-

ples to measure the temperature of the molten salt in a thermocline storage system
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packed with sensible heat material and phase change material. The temperature in the
system was in the range of 200-350°C, and the authors achieved a precision of 0.3°C.
ROUSSEAU et al. (2014) used various types of thermocouples to measure temperature
distributions and gradients along the radius direction in a pebble bed. The thermocou-
ples were embedded at different levels within the bed, with three sets of thermocouples
spaced at 120° intervals around the circumference for each level. The repeatability of
the measurement was demonstrated over the range of 100-1200°C, with a maximum
temperature variation of 10.5°C. In the study carried out by DE BEER et al. (2018), the
thermocouple wires were led through drilled spheres of the packing, and the junction
inserted into a target sphere at temperatures of up to 800°C. The temperature distribu-
tion in packed beds was obtained, with a precision better than 5°C, to infer the local
temperature gradient, which is required to determine the effective thermal conductiv-
ity of packed beds. Some other studies using thermocouples to estimate the effective
thermal conductivity in packed beds are reviewed in DiAzZ-HERAS et al. (2020). Though
these works showed good temperature precision of thermocouple measurements in
packed beds, the presence of metals prevents its application in environments where
plasma, microwave heating or electric resistance heating is applied. In addition their
readings are sensitive to electromagnetic interference (BLAIR und BENNETT, 1987),
magnetic fields (KOLLIE et al., 1977) and thermocouples can be damaged by ionizing

radiations (SPOSITO et al., 2021).

Instead, for harsh process conditions, such as high pressure or corrosion, methods
based on thermochemically inert optical fibers could be used. An instance of this is
the use of phosphor-tipped fibers, wherein a special coating of phosphors is applied
on the end of the fiber for sensing and excitation purposes. When light is transmitted
through the fiber, it excites the phosphor which then emits light at a different spectral
range from the excitation depending on the temperature, enabling the temperature de-
termination through a process called phosphor thermometry. The details of phosphor

thermometry will be discussed later in Section. 2.3. A measurement originating from
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the phosphor-tipped fiber was carried out by SPosITO et al. (2021), who developed an
hybrid fiber-optic phosphor thermometer to place inside a nuclear fuel waste canister
to detect the temperature in the range of 20 to 220°C, achieving an uncertainty below
0.5°C. In another study (BAO und CHEN, 2012), temperature measurements based on
distributed fibers using time of flight Brillouin Rayleigh or Raman Reflectrometry were
reviewed, with a focus on the spatial resolution and the limitations on sensing length.
However, for the mentioned cases, the use of fibers restricts the temperature range
to below 600 °C and their transmission may degrade, for example when subject to

radiation (PISANI et al., 2022).

With contact-based techniques for temperature measurements, the heat transfer
between the probe, the packing particles, and the fluidized flow must also be consid-
ered. In addition, the fiber or thermocouple wires require appropriate sealing, careful
positioning, and may create additional heat transfer modes in the bed. Non-contact
techniques avoid the above problems. Nevertheless, the geometry of the packing
prevents the direct use of optical techniques. Although transparent particles is able to
restore optical access, the multiple particle/gas interfaces cause severe beam steering
and multiple reflections. The use of transparent particles and liquid with matching
refractive index, for example with glycerol/water mixtures, can avoid reflection and
distortion (WU und MIRBOD, 2018). But the fluid/particle system allows in this case
only fluid mechanical or mixing studies in cold non-reactive flows. For fluids contain-
ing both liquid and gas, refractive index matching is often not applicable. The behavior
of a gaseous system can be simulated by a liquid system via scaling the properties
and conditions of the liquid system, such as the fluid velocity and fluid properties
(like viscosity and thermal conductivity), until their dimensionless numbers match.
However, one can easily find that it is not possible to maintain those dimensionless
numbers match due to large differences in transport properties of, for example, density
and conductivity. Alternatively, X-ray thermometry has also been applied (DUNNMON

etal., 2017) to measure gas phase temperature distribution in a porous media burner
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using a mixture containing krypton, but this does not provide direct information about

the packing particle temperatures.

Unlike using phosphor-tipped fibers, we propose in this thesis a non-contact
approach for measuring the temperature based on phosphor-coated packing par-
ticles inside packed beds, by exploiting the temperature-dependent property of phos-
phors emission decay. Upon incident excitation light, phosphor-coated particles emit
frequency-shifted luminescence that depends on temperature. The coating has high
thermochemical stability and is applicable for measurements over a wide range of
temperatures from cryogenic to 1700K (ALDEN et al., 2010). In addition, the lumines-
cence of many phosphors is insensitive to the surrounding gas composition or pressure
(ABRAM et al., 2018), or the presence of a high magnetic field or electromagnetic inter-
ference (LOWE et al., 2022). Owing to its robustness, phosphor particles were used to
measure on a burning coke particle (CAI et al., 2021), on a burning fiberboard OMRANE
et al. (2002), and in a methanation catalytic reactor (GEITENBEEK et al., 2018). Since
the packing particles are opaque, the concept we proposed uses indirect excitation
and detection of phosphor-coated particles, allowing temperature probes at multiple

locations simultaneously in an opaque packed bed without the need for optical fibers.

2.3 Phosphor themometry

Phosphor thermometry is a non-contact optical method for surface and fluid tempera-
ture measurement. This method uses inorganic phosphor particles as temperature-
sensitive luminescent particles to obtain temperature information (SOMEYA et al.,
2011b; FOND et al., 2012; CAI et al., 2022), and even flow velocity information at the
same time, as reviewed in Refs. (ABRAM et al., 2018; SOMEYA, 2021). The velocity
information can be derived using Particle Image Velocimetry or Particle Tracking Ve-
locimetry approach, by analyzing either particle images in luminescence emission

(GUASTO und BREUER, 2008; SOMEYA et al., 2011a,b; FAN und HOCHGREB, 2019) or in
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Mie scattered light (FOND et al., 2012; SCHREIVOGEL et al., 2016; STRAUSSWALD et al.,

2021).

To detect temperature, inorganic phosphor particles are employed in a concept
called thermographic PIV or aerosol phosphor thermometry, which has been applied
in a variety of flows spanning a wide temperature range, typically from 200 to 900 K
(ABRAM et al., 2018) and in a recent study even up to ~1400 K (HERZOG et al., 2021).
Upon excitation by UV or visible light, the luminescence properties of phosphor par-
ticles vary with temperature; for example, the particle emission spectrum can shift
with temperature or the decay time of the luminescence is normally decreased with
temperature rise. Aerosol phosphor thermometry exploits those properties by seeding
micron-size phosphor particles into fluids as tracers, especially in turbulent gas flows,
which involve short flow time scales and a low thermal conductivity of the medium
that is more likely to cause non-uniform temperature. The response time of 2 um
size phosphor particles is typically below 50 us in air (ABRAM et al., 2018), allowing
to rapidly follow temperature changes. In general, the temperature is inferred from
probing either the temporal or spectral characteristics of phosphor luminescence
emissions, referring to lifetime-based and two-colour spectrally separated methods,

respectively.

In the lifetime-based approach, the luminescence emission decay is typically re-
solved with a high-speed camera (SOMEYA et al., 2011a,b) to determine the luminescent
lifetime, which is a function of temperature. In a recent study (ABRAM et al., 2020), the
luminescence emission decay of a short-lifetime phosphor was instead resolved by a
global shutter camera that runs in dual-frame mode with a short (<1um) interframe
time at 10 Hz. Consequently, the pixel-wise ratio of the recorded intensities between
these two spectrally identical but temporally separated frames was also a function of
temperature, and thus enabled the 2D measurement of the temperature field. With
2um-size ScVO,:Bi**, ABRAM et al. (2020) achieved a precision for instantaneous 2D

measurements as high as 0.3 K over a 50 K temperature range with an in-plane spa-
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tial resolution of about 400 ym. This dual-frame lifetime-based method can enable
ratio-based phosphor thermometry using only one camera, and offers a simple way
to resolve the phosphor luminescence at a specific point, or even at multiple points,

inside an opaque scattering media.

The two-colour spectrally separated method involves imaging particle lumines-
cence using two distinct imaging detectors equipped with different spectral filters.
Those filters are intentionally chosen to cover wavelength regions with different tem-
perature behavior and to split the luminescence emission spectrum into two spectral
bands, resulting in a temperature-sensitive and -dependent intensity ratio between
the two bands (FOND et al., 2012; MASSING et al., 2016). To obtain temperature infor-
mation, the luminescence intensity ratio can be derived either from groups of particles
(e.g., when combined with PIV (FOND et al., 2012; SOMEYA et al., 2011a)) or from indi-
vidual particles (e.g., when combined with PTV (MASSING et al., 2018; CAI et al., 2022;
STELTER et al., 2023)). An example of luminescence image pair obtained when seeding
particles to measure temperature in the rear wake of a heated cylinder is shown in Fig.
2.1, together with the resulting temperature field estimated from the intensity divisions

of particle groups.

ue) imag

R - e

Figure 2.1: Intensity ratio thermometry technique to measure the instantaneous tem-
perature evolution wake of a heated cylinder, reproduced from ABRAM et al. (2013)

In most previous applications of thermographic phosphors in gas flows, to the

exception of OJo et al. (2015) and STELTER et al. (2023), the temperature informa-
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tion is derived from groups of particles contained in averaging windows (typically of
10x10 pixels, above 200um) that are divided to form temporal or spectral ratio im-
ages. However, when applied for temperature measurements in thin boundary layers,
temperature gradients may be presented within the averaging window. In addition,
strong luminescence from particles deposited on the wall may be re-scattered by the
phosphor particle aerosol causing a near-wall signal interference (SCHREIVOGEL et al.,
2016; ZENTGRAF et al., 2017). In the examples in Refs. (SCHREIVOGEL et al., 2016;
STRAUSSWALD et al., 2021), the area within 3mm of the wall is clipped as the uncertain-
ties in the near wall region would be too high. In experiments involving large seeded
volume, re-scattered luminescence can also interfere with free stream measurements
(VAN L1pPZIG et al., 2013; LEE et al., 2016). This is because the out-of-focus particles can
scatter the luminescence from the particles in the laser path, or can even be excited
by the scattering excitation light, causing the detector to collect signals that do not
originate from particles within the measurement plane. A possible solution to alleviate
the scattering and reflection interference, structured laser illumination planar imaging
(SLIPI), was proposed in Ref. (ZENTGRAF et al., 2017) using a laser sheet that is spatially
intensity-modulated for luminescence excitation. The in-plane luminescence emis-
sion signals are therefore modulated with the same spatial frequency as the excitation
laser whereas the interference is not. Several modulated sub-images, ideally three,
with different spatial phases can reconstruct the light information originating from
emitted luminescence. Multiple pulsed lasers are needed to perform single shot SLIP],
as in Ref. (STEPHAN et al., 2019). Nevertheless, the excitation modulation process was
found to come at the cost of a reduced signal-to-noise ratio. Additionally, it is based
on a linear luminescence response to excitation density which is often not achieved
(FAN und HOCHGREB, 2019). Instead of adopting the averaging window containing
tens of particles as the probe unit, we aim to derive temperature information from
individual micron-size particles for temperature distribution measurements in the

thermal boundary layer.
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Different image processing methods have been proposed to access temporal or
spectral ratios from individual luminescent particle images. The luminescence signal
can be summed in a fixed window (SOMEYA et al., 2011a,b) or recently with an adaptive
window (CAI et al., 2022) to take into account particle displacements when using the
temporal approach. However, MASSING et al. (2016) showed using virtual particle
images that particle center-to-pixel misalignment can cause significant errors in the
ratio determination. To minimize such error, they propose to apply a circular Gaussian
fit on the particle image to determine the mean or peak intensity value for calculating
the ratios. The additional advantages of Gaussian fits are positioning the particle image

center with sub-pixel resolution (KAHLER et al., 2012a).

In this thesis, the Gaussian fit concept is extended and applied to two-color macro-
scopic imaging of phosphor tracer particles in gas flows. There is a double objective
to be achieved, while the first is to obtain high spatial resolution and the second is to
avoid re-scattered luminescence signals. Combining high-resolution scientific CMOS
camera equipped with a macro objective lens, we aim for diffraction-limited Gaussian-
like images of individual particles. Circular Gaussian fit is extended to rotated Gaussian
fit to account for astigmatism, and an offset term is added to determine low spatial
frequency signals such as re-scattered luminescence. By analytical integration of the
Gaussian term, the contribution of re-scattered luminescence is removed from the

particle luminescence.

Although this concept is implemented with the two-colour spectral method, it can
be directly adapted to the dual-frame lifetime-based approach by using temporally
separated images instead. The utilization of both spectrally- and temporally-separated
intensity ratios for the determination of temperatures of dispersed individual par-
ticles and particles within highly scattering media will be discussed in detail in the

subsequent chapter.
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Imaging strategies for implementing

ratio-based thermometry

This thesis employs the phosphor thermometry technique to access temperature
information on the basis of the luminescence intensity ratio. Such an intensity ratio
determination requires obtaining two spatially matched images of a luminescence
field to subsequently calculate the intensity ratio. These two ratio images can be either
separated spectrally or temporally. Both separation ways are considered in this thesis
to image individual luminescent particles in transparent dispersed fluids, opening the
possibility of processing individual particle images to reach a thermometric spatial

resolution on the order of the particle size.

On the other hand, another challenging case is studied involving luminescent
particles within a porous structure composed of millimeter-sized solid particles, that
can be regarded as an opaque and highly scattering media. This case only explores the
use of a temporally separated intensity ratio at this stage, given the advantages such as

adapting only one camera.
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Also, this chapter presents the selected imaging configurations implementing the in-
tensity ratio determination to image discrete luminescent particles for the two distinct

scenarios described above.

3.1 Principle of the intensity ratio determination

The spectral separation method and the dual-frame lifetime method are mainly used
to enable the intensity ratio determination, with their difference lying in separating
the luminescence spectrally or temporally. The principles of these two methods are

briefly presented in this section.

3.1.1 Spectral separation method
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Figure 3.1: Normalised luminescence emission spectra of tin-doped phosphor
(Sr,Mg)3(P04)»:Sn?* from 300 to 900 K in furnace superimposed with the filter trans-
mission curves of BG18 and RG645 (both from SCHOTT), and the derived ratios as a
function of temperature. The spectra data is obtained from FOND et al. (2019).

The intensity ratio for deriving temperature is commonly obtained with a spectrally
separated imaging method, called spectral separation method or two-color imaging.
This method typically involves a light source, two spectral filters with different wave-

length coverage, two cameras, and a beamsplitter for some configurations. The light
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source provides the excitation light that is directed towards the sample to excite the
luminescent particles. Subsequently, the emitted light from the luminescent particles
is filtered by the two spectral filters, which are specifically selected to match the peak
wavelengths of the emission spectrum. The two filtered emission signals are then
collected by the cameras usually with high spatial resolution. After some necessary
processes on the recorded images, temperature information can be extracted based on
the intensity ratio of the two spectrally filtered emission signals. An illustration of this
process for tin-doped phosphor (Sr,Mg)3(P04),:Sn’* seeded in the gas is presented in
Fig. 3.1. It can be observed that the emission spectrum of tin-doped phosphor powders
exhibits notable changes when subjected to increasing temperatures within the range
of 300 K to 900 K. This spectral transformation spans a wavelength spectrum from
approximately 350 nm to over 750 nm. The intensity ratios between the BG18 filter
channel and the RG645 channel is calculated as a monotonically increasing function of
temperature. Consequently, the ratio establishes a unique and direct correlation with
temperature, thus facilitating precise temperature determination within the specified

heating temperature range.

3.1.2 Dual-frame lifetime method

Upon excitation by a radiant energy source, some luminescent materials such as phos-
phors experience an emission that decays exponentially with time. The luminescence
intensity decreases over time due to the gradual relaxation of excited electrons from
higher energy levels to lower energy levels. The decay process is characterized by the
lifetime, representing the average duration for an excited state of a luminescent particle
to return to the ground state by emitting a photon. The decay rate is influenced by
several factors, such as temperature, oxygen concentration, and impurities present in
the luminescent materials. Hence, the luminescence decay, or luminescence lifetime,

can be utilized as a sensing mechanism to measure different physical and chemical pa-
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rameters, primarily temperature. To measure the lifetime of the emission, a high-speed
camera is commonly used to record a sequence of decayed luminescence intensities
of the sample over time. Those intensities are then mathematically fitted using an
exponential function to calculate the time for the luminescence intensity decay to 1/e
of the initial intensity, referring to the emission lifetime. An example of the lifetime
of phosphor YAG:Cr** changing over temperature can be found in Fig. 3.2(a), and
this particle was implemented in the demonstration experiment work which will be

presented in Chapter. 6.
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Figure 3.2: (a) Data of YAG:Cr3* lifetime versus temperature from Lopez-Bonilla et
al. LoPEZ-BONILLA et al. (2023). (b) The time sequences of the optical devices for
implementing the dual-frame 2D lifetime determination. F; and F, are the frame
numbers.

In addition to the spectral separation method in two-color imaging, the intensity
ratio can be alternatively obtained by dividing the luminescence signals into two
temporally separated images, referred to the dual-frame lifetime method (ABRAM
etal., 2018; MASSING et al., 2018; ABRAM et al., 2020). This method typically employs
a single camera capable of capturing two consecutive frames with a very short time
delay between them. In analog to the spectral separation method, the imaging also
includes a light source to excite the phosphor particles and an optical filter but to
isolate the phosphorescence emission wavelength. The total intensities collected in

the two consecutive frames are computed to relate the ratio to temperature. The
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imaging setup of this method generally requires careful synchronization of the light

source and camera to ensure accurate temperature measurement.

Fig. 3.2(b) illustrates the time sequence of the optics to exploit characteristics of
phosphor emission decay for temperature measuring. The camera was operated in
double frame mode, with the first frame gating delayed with respect to the laser pulse
by tp, from 0.1 microseconds to several microseconds depending on the phosphor
lifetime in our experiments, so as to minimize residual laser reflections and the fast
laser induced fast fluorescence from the cuvette material or the binder (MENDIETA
etal., 2019). The temperature-dependent decaying luminescence was split into two
consecutive camera frames with a short inter-frame time (~120 ns for our camera).
Therefore, for a given camera-laser timing, the recorded luminescence intensity ratio
¢(T) between the two frames is a function of temperature, enabling the temperature
measurement of interest. To achieve optimal temperature precision, the ratio of the
exposure time of the first frame (t;) to the lifetime (7) of seeded phosphor should fall
within the range of 0.5-4, which was demonstrated in the study conducted by ABRAM

et al. (2020).

3.2 Imaging of individual particles dispersed in transpar-

ent fluids

Individual luminescent particles can act as independent thermometers in transparent
fluids to reach a high spatial resolution temperature measurement. For this, it is
essential to establish two images of a single particle field and perform the intensity
ratio determination on individual dispersed particles. Various two-color imaging
configurations that have advantages in acquiring two spatially matched images have
been discussed in ABRAM et al. (2018). The main point here is the visualization and

acquisition of well-separated, micron-sized, individual particle images. Within the
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scope of this thesis, we explore both the spectral separation method and the dual-frame
lifetime method for imaging isolated particles dispersed in water and air environments.
This section clarifies the selection and adjustments of the optical configurations for

facilitating the implementation of these two methods.

3.2.1 Two-color imaging applying the spectral separation method

3.2.1.1 Configuration with beamsplitter
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Figure 3.3: Two-color configuration of beamsplitter arrangement to enable spectrally
separated Imaging of individual dispersed particles.

The first configuration enabling the spectral separation method is a high spatial
resolution version of the thermometry part of a typical thermographic PIV setup, which
was employed in previous studies to exploit the usual two-color intensity ratio (ABRAM
etal., 2018). The arrangement of this configuration can be seen in Fig. 3.3. A laser beam,
normally operating in the UV range, is pulsed to go through a convex lens forming a
light sheet, with a dual purpose of exciting the dispersed particles and defining the
measurement plane in the dispersion. The luminescence excitation would first reach
a beamsplitter, which serves a uniform division of the luminescent signals without

any spectral selection. The divided signals are then directed toward two cameras
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that are mounted with different spectral filters and placed at orthogonal angles of 90
degrees to each other. Both of these two cameras run in single-frame mode, leading to
a simultaneous capture of two distinct views of the same individual particle in different
spectral regions. For detection, scientific-CMOS (sCMOS) cameras were chosen. These
cameras possess a full resolution of 2560x2160 pixels, a pixel size of 6.5 ym, and a full
well capacity of 30000e-. The consistent utilization of sSCMOS cameras is across all
imaging configurations within this thesis as they present a lower noise level compared
to other common optical imaging cameras such as CMOS and CCD cameras. To obtain
distinct individual particle images, Tamron 60mm f/2.0 Macro objective lenses were
determined for their advantage in having a high magnification ratio approaching 1:1,
which indicates an individual particle can be reproduced on the camera sensor at

almost life-size, resulting in highly detailed particle images.

Aiming at minimizing the individual particle image aberrations induced by the
beamsplitter, the performance of multiple types of beamsplitters on imaging liquid
dispersed particles was explored. The objective was to obtain Gaussian-like particle
image intensity distribution to implement the two-dimensional Gaussian fit (discussed
later in Chapter. 4). In the first column of Fig. 3.4, images obtained with a 1 mm thin
flat plate 50/50 beamsplitter (Edmund Optics 46-642) are displayed. Due to the com-
promised surface flatness of this arrangement, a significant amount of aberration is
introduced in the reflected image. When a high-quality dichroic beamsplitter (Chroma
T445lp, surface flatness better than 1 A) with a thickness of 2 mm was used, the result-
ing reflection image was found to be Gaussian-like, whereas the transmission images
would exhibit a rhombus shape as shown at the top of the second column of Fig. 3.4,
presumably due to the larger thickness of the beamsplitter causing parallel plates
beamsplitter astigmatism and coma. Therefore, to minimize the thickness, a 2 um
thin 50/50 pellicle beamsplitter (Thorlabs BP245B1) was applied instead, which was

found to almost eliminate aberration in both channels, as shown in the third column

34



3.2. IMAGING OF INDIVIDUAL PARTICLES DISPERSED IN TRANSPARENT FLUIDS

of Fig. 3.4. This pellicle beamsplitter was consequently determined to be used in the

beamsplitter configuration.

1 mm flat 2 mm dichroic 2 pm pellicle Opposite
beamsplitter beamsplitter beamsplitter arrangement

Reflection Transmission

Figure 3.4: Example particle images obtained with different optical setup arrangements:
thin beamsplitter, high flatness beamsplitter, pellicle beamsplitter and no beamsplitter
(cameras on opposite sides). This figure is reproduced from XUAN et al. (2023).

3.2.1.2 Configuration with opposite camera setting

The second configuration selected for implementing the spectral separation method
is shown in Fig. 3.5. This configuration is almost identical to the beamsplitter config-
uration shown previously in Section. 3.2.1.1, while the only discrepancy is that it is
adjusted by positioning the cameras on opposite sides of the measurement plane so
that the beamsplitter can be abandoned. It is important to note that the filters used
here can block light with wavelengths outside the transmission range by absorption.
Therefore, the relfected luminescent signals from the opposite filters can be neglected.
This configuration has the advantage of maximizing the signal-to-noise ratio and
avoiding the abovementionned beamsplitter aberrations, as shown in the final column
of Fig. 3.4. However, because of the distinct acquisition directions of the two cameras,

this configuration may be more sensitive to potential luminescence anisotropy.
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Figure 3.5: Two-color configuration with opposite camera setting to enable spectrally
separated Imaging of individual dispersed particles.

3.2.2 Temporally-separated dual-frame imaging

Fig. 3.6 illustrates the configuration designed for the implementation of the dual-frame
lifetime method to acquire individual dispersed particle images. Rather than using
two cameras to obtain spectrally distinct particle images, this configuration opts for
only one camera (the same camera type) operated in a double-frame mode to exploit
the temporal characteristics of particle luminescence, yielding two time-consecutive
images of the same individual particles within a single particle emission event. On the
other hand, unlike the spectral filters utilized in the spectral separation method, which
match the peak wavelengths of the particle emission spectrum for spectral selection,
the filter set in this configuration primarily serves to mitigate potential interference
signals originating from stray light or unintended reflections of the excitation laser.
This way enhances the reliability of the acquired images by minimizing undesirable

sources of noise or artifacts.
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COMPOSED OF MILLIMETER-SIZED SOLID PARTICLES
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Figure 3.6: Single camera configuration to enable temporally separated Imaging of
individual dispersed particles.

3.3 Imaging of luminescent particles in a porous struc-

ture composed of millimeter-sized solid particles

To explore the temperature measurement utilizing the luminescent particles in highly
scattering media, a media with an opaque porous structure composed of millimeter-
sized solid particles is chosen. When the luminescent particles are situated inside such
a media, their direct excitation or direct imaging of luminescence becomes impossible.
In order to implement the intensity ratio determination, this section presents an optical
configuration to obtain the two ratio images in an indirect way using the dual-frame

lifetime method, as shown in Fig. 3.7.

Imaging of dispersed individual particles applies both the spectral separation
method and the dual frame lifetime method for intensity ratio determination. In
the above discussions, the former method involves two imaging configurations in
which two cameras are positioned, at 90 degrees to each other, and on opposite sides,
respectively. However, within the context of opaque scattering media, the spectrum

detected by the camera may deviate from that originating from the luminescence
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Figure 3.7: Schematic of the configuration implementing dual-frame lifetime method
to indirectly image luminescence originating inside an opaque scattering media of
large solid particles.

source due to the reflection-induced distortion. In particular, the opposite camera
configuration can manifest pronounced anisotropy owing to the significant disparities
in the light path when the luminescence leaves the opaque porous structure through
multiple scattering/reflection events. On the other hand, this issue also changes the
traversing time of each ray to reach the camera, consequently distorting the lumi-
nescence lifetime detected by the camera. While it should be noted this distortion
generally occurs at the nanosecond scale attributed to the limited size of the porous
structure, such a temporal distortion can be neglected, especially when considering
a luminescent particle with emission decay times on the order of microseconds or
longer. The imaging configuration for this case is therefore designed based on the

dual-frame lifetime method.

Compared to the imaging configuration illustrated in Fig. 3.6, the camera also runs
in a double-frame mode and the spectral filters here serve the same purpose, while
the sheet optic of the convex lens is removed so that the laser beam would directly
illuminate the porous structure. Some of the laser light reaches the luminescent par-

ticles after multiple scattering/reflections to excite them. A portion of the resulting
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luminescence exits the packed bed, also after multiple scattering/reflections, and is ul-
timately collected by the camera. In addition, given that the luminescent particles here
are on millimeter order or possibly even bigger, a standard objective lens may suffice.
Nevertheless, an objective with a lower minimum f-number is preferable, as it provides
a larger aperture for the efficient collection of luminescence, especially considering

that the scattering medium attenuates a significant portion of the luminescent signal.
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Image processing and data evaluation

In order to interpret temperature information provided by the particle luminescence
images, the acquired raw images are subjected to a sequence of treatments. For
micron-sized luminescent particles dispersed in fluids, the goal is to enable each
particle to act as an independent detector by means of locating all particles in the
interrogation two-dimensional plane and subsequently performing Gaussian fits to
each of their images. On the other hand, for large luminescent particles distributed
in highly scattering media of millimeter solid particles, here chosen as a packed bed,
this thesis aims to separate compound signals of multiple luminescent sources into
individual contributions, so that each of the luminescent particles can also act as an
independent probe to measure instantaneous multi-point temperature in the packed
bed. The work in this chapter is partly derived from the publications XUAN et al. (2023)
and XUAN et al. (2024).

40



4.1. TEMPERATURE AND POSITION DETERMINATION OF INDIVIDUAL DISPERSED
PARTICLES

4.1 Temperature and position determination of individ-

ual dispersed particles

This section presents an overview of the theoretical foundation and the processing
steps for high spatial resolution thermometry in fluids through individual particle
image analysis. The process starts with locating particles over one of the two ratio
frames. Subsequently, fitting windows are defined around these locations. A two-
dimensional Gaussian fit is then applied to those fitting windows for quantifying
particle signals, and obtaining sub-pixel positioning of the particle center. Note that
the dual-frame lifetime method, which utilizes only one camera, can acquire two
spatially identical images, meaning there is no displacement of the same particle field
between these two images. Conversely, displacement and distortion correction are
required when implementing the spectral separation method which typically employs
two cameras, even with careful alignment adjustment. To resolve this issue, for each
particle found in the first ratio frame, a fitting window in the other ratio frame is
determined by performing a pixel shift with respect to the first frame. The shift in
the two spatial directions is specified from PIV-like cross correlation process on the
two ratio frames. Finally, the intensity ratio from each individual particle is derived
through analytical integration of the fit expressions, and converted to temperature. At
the end of this section, synthetic particle images are used to evaluate the positioning

accuracy of the processing.

4.1.1 Theory of the concept

When light emanating from a distant point source is imaged on an observation plane
through a round aperture, such as a camera lens, it generates a far-field diffraction
pattern instead of a bright dot, regardless of the size of the light source. Consequently,

the recorded luminescence image of a single particle, even nanometer-sized, exhibits
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Figure 4.1: Illustration of the particle point spread function fitting: (a) raw particle
image and (b) the corresponding 2D Gaussian fit image. This figure is reproduced from
XUAN et al. (2023).

a spatial distribution that resembles a Gaussian-like form, as shown in Fig. 4.1(a).
This intensity distribution, also known as an Airy disk distribution, is thus typically
approximated using the two-dimensional Gaussian function (RAFFEL et al., 2018) or
point spread function (PSF), with the particle luminescence signal at location xy, yo

written as:
(x-x0)*  (y-y0)°

(4.1)
202 2075

Iy(x,y)=1Ip-exp | -

where I, is the spatial intensity distribution of a single particle image, Iy the peak
value of the intensity distribution, o, and o, the particle size constants determining
the particle image size in two in-plane dimensions. Fig. 4.1(b) illustrates the fitting of
Fig. 4.1(a) using the Eq. (4.1). The difference between the fitted and recorded image
is attributed to sensor noise, and the non-gaussian character of the particle image
which contains contribution from image aberrations that are induced by the imperfect
imaging system. When luminescence signals of a single particle are separated into
two channels, either by two different spectral filters or two time-consecutive frames,
temperature information can be extracted from the ratio of the total number of photons
reaching each channel, as this ratio will be a function of temperature due to the

temperature dependence of the emission spectrum or lifetime, respectively. The
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number of photons contributing to one of the channel images of the particles is given

by the double spatial integral of the particle PSF:

Sp:fflo-exp

A temperature-dependent ratio can then be derived for each particle from:

(x=x0)*  (¥—y0)°
202 209,

dxdy =2nly0 0. 4.2)

(Sp)image1 _ ({00 x0 y)imagel

o(T) = (4.3)

(Sp)image2 - (lo0 x0y)image2

Fig. 4.2(a) illustrates an example of a subset of a luminescence image containing two
phosphor particles in one of the two intensity-separated channels, and Fig. 4.2(b) is the
fitted image as a superposition of the fit of the these two particles. After performing the
fit on both channel images, the ratios of signals from these two particles are derived,
and are associated with the center location of the particles, as shown in Fig. 4.2(c). In
this way, every seeded phosphor particles acts as an independent thermometer with

the spatial resolution approaching the particle-size.
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Figure 4.2: Tllustration of particle image processing. (a) Raw image in one recording
channel; (b) corresponding fitting and (c) derived intensity ratios. This figure is repro-
duced from XUAN et al. (2023).
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4.1.2 Particles detection and localization

To enable the Gaussian fit to individual particle images, it is necessary to identify a
subregion of the image centered on each particle locations. Therefore, all the particle
locations on at least one ratio image must be determined first. An in-house developed
algorithm was used, consisting of a combination of local maximum determination and
gradient threshold filtering which is illustrated in Fig. 4.3. The aim of this algorithm is
to detect a particle from the values of local differences rather than threshold on the
absolute intensity value to be robust in the presence of high background signals. As a
first step, pixels with an intensity higher than their eight neighboring pixels are consid-
ered local maxima, as presented in Fig. 4.3(b). One can see that there are many more
of such local maxima than actual particles, due to spatial features in the dark image
or background signals, as well as contributions from the so called "hot" pixels. Since
those "fake-particles" are normally isolated pixels without any intensity distribution,
we applied an additional gradient filter to distinguish the actual particles. This gradient
filter calculates for each pixel D; ; the mean of the local intensity differences between
I; j to its 4 adjacent pixels, I;_1 j, Ii11,j, 1;,j-1, I; j+1. Next it evaluates G; j the mean
of the four corners of its centered 9x9 subareas D;_1,j-1,D;+1,j-1,Di-1,j+1, Di+1,j+1- A
thresholding operation of G > G, is then applied to the G image, resulting in the binary

image shown in Fig. 4.3(c). Finally taking the intersection of the two sets of ensemble

a) Raw image b) Local maximum c) Gradient filter d) Particles Located

Figure 4.3: Image processing steps to locate particles: a) raw image b) local maximums
¢) gradient filter d) detected particle positions. This figure is reproduced from XUAN
et al. (2023).
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pixels, yields the particle center locations as shown in Fig. 4.3(d). This method, that
relies only on intensity gradients rather than direct intensity thresholding, has the
benefit of being insusceptible to noise introduced by fluctuations in the background

signal.

This algorithm would exclude particles with very low signal intensity, which ap-
pear as single pixel-wide images despite a minimum image size constant dictated by
diffraction. Additionally, particles with very large particle image size constant would
also be discarded. Since the optical system employed limits blur (thin laser sheet)
and aberration, such images would originate either from large agglomerates or from
re-scattered luminescence. If two particles are present along the same line of sight
within the laser sheet thickness, they would incorrectly be detected as a single particle
given their image center is less than 2 pixels apart. However, given the light sheet
thickness (150 um) and the average particle distance (450 um) used here, such a case
is highly unlikely. In addition, unless the particle perfectly overlaps, it will lead to a
non-Gaussian particle image, which could be detected by a threshold filter based on a

fit quality criterion.

4.1.3 Particle image fitting

For each individual particle image it is essential to define a fitting window, i.e. an
ensemble of pixels centered on the particle center, so as to utilize the data in those
pixels as the input in the fit. A square window was chosen, whose width should be large
enough to cover the entire particle signals but also conversely small enough to prevent
integrating two or more particles. To guide the selection, we considered a Gaussian
function with a theoretical sigma of 1 pixel approximated by the lens modulation
transfer function (MTF) provided by the manufacturer following the description in
RAFFEL et al. (2018). Note that the implemented optical setup in this study has a

diffraction limited diameter of only 0.7 pixels. Therefore, if the particle intensity
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follows a Gaussian distribution, a 6 x 6 pixel region should in principle encompass 97
% of the overall intensity of single particle. To accommodate the disparity between the

window center and the particle’s center, we settled on a 9 x 9 pixel window.

Subsequently, it is important to emphasize that the recorded signal can contain
contribution which do not originate from the image particle themselves, e.g. stray
light, gas emissions, or re-scattering of luminescence. Those contributions originating
outside of the focus plane of our imaging system, we can simply assume that over the
length scale of a single fitting window, its spatial variation is negligible. A constant

term is thus added into Eq. (4.1), to consider such contributed signals:

(x=x0)* (¥ =y0)?
202 205,

I(x,y)=1y-exp | — + 1. (4.4)

where the I, is the recorded intensity and I, the pixel independent low spatial fre-
quency signal specific to each particle, meaning that the term I, varies from fitting

region to fitting regions.

An example of a raw particle subimage before fitting in one out of the spectrally
separated channels can be found in Fig. 4.4 (left), and its peak to background signal-
to-noise ratio (SNR) is estimated to be about 50. The fitting intensity distribution of
this particle image using Eq. (4.4) based on least square method is in Fig. 4.4 (right).
The detailed fitting results are shown in Table. 4.1. During the fitting, the first guess of
particle position is obtained from the particle detection (including shift mentioned
later in Section. 4.1.4 for identifying the corresponding particle in the other spectrally
filtered channel). The initial value for the peak of intensity distribution is taken as the
maximum signal within the fitting window. Parameters oy and o, are set to 1 pixel
as discussed above. The initial guess of interference term I is set to be zero as the

background signal is subtracted.
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If the measured data in i;; pixel of the fitted area is represented as I; and the
predicted value from Eq. (4.4) as f;, a criterion, R-squared or R?, to quantify the

performance of the prediction on measurement is expressed as:

SS
RP=1-—"= (4.5)
SSiot
with S§S,.; being the residual sum of squares (RSS):
SSres:Z(Ii_fi)z (4.6)
i
and SS;,; is the total sum of squares:
2
SStot :Z(Ii_Ii) (4.7)

i

The closer this R? is to 1, the better Eq. (4.4) describes the measured intensity distri-
bution. With a R? of 0.98, the fitting illustrated in Fig. 4.4 closely match the measured

particle image.

px) Raw image Fitting

5
7
9 0 Iy X0 Yo Oy Oy 1. Rz

13579135729 (cts.) px) (Px) ((Ex) (Px) (cts) -
1.12-103 5.19 494 0.71 0.80 27.16 0.98

600
400 Table 4.1: Results of the fitted single particle

200 image example

Figure 4.4: Particle fit example,
reproduced from XUAN et al.
(2023).

In reality, however, aberrations in the optical system will prevent the acquisition of
perfectly circular Gaussian particle images. Unlike in the thin lens approximation, if
parallel light rays pass through the system, they will not meet at the same point but
spread out across an area instead of forming an infinitely thin dot in the ideal case.

This phenomenon results in the recorded particle image being blurred or distorted
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Figure 4.5: Fitting for astigmatic particle images. a) raw particle image; b) result of
general Gaussian fit; c) result of rotated Gaussian fit. This figure is reproduced from
XUAN et al. (2023).

by astigmatism, especially when the interrogation region is closer to the edge of the
view field, where the symmetry axis of the particle image is rotated with respect to the
camera axis. Fig. 4.5(a) shows the image of a particle at the edge of view field, whose
peak to background SNR is estimated to be about 40. One can easily see that this image,
along with a discernible tilt, vaguely spreads out. To address this problem and increase
the fitting quality, Eq. (4.4) is transformed into the two-dimensional rotate Gaussian

function by introducing an extra coefficient, the shifting angle 0:

I(x,y) = Ip-exp [—a(x — x0)* = 2b(x — x0) (¥ — Yo) — c(¥ — y0)*] + I, (4.8)

with
ae cos26 N sin26 4.9)
205 209 '
sin260 sin20
b=- > + — (4.10)
40% 409
sin?0 cos%6
= (4.11)

S T —

20% 209
Again, both Eq. (4.4) and Eq. (4.8) are applied to the distorted particle image in Fig.
4.5(a) based on the nonlinear least squares fit, the outcomes are in Fig. 4.5(b) and (c)

separately. Compared to the general Gaussian fit, the rotated Gaussian form matches
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better the observed distribution for particle images with significant aberration, with

an improvement in R? from 0.63 to 0.9.

In Section. 5.1.5, the performance of the two types of fitting functions is com-
pared, and the rotated Gaussian is shown to provide a lower measurement uncertainty.
The rotated Gaussian function was therefore used otherwise stated. Note that when
the shifting angle 0 is approaching to zero, the rotated Gaussian form Eq. (4.8) that

describes the image aberration coincides with the non-rotated Eq. (4.4).

Although R-square (Eq. (4.5)) can well quantify the performance of fitting, a good fit
does not always indicate an accurate temperature because the SNR of the raw recorded
data itself may be too low, considering the uncertainties in measured temperature
will significantly increase with SNR decreasing when SNR is below 20 (MASSING et al.,
2016). To avoid contribution from overly weak particles in the temperature statistics,
before fitting, a cutoff of the peak intensity (> 300 counts) and, after fitting, a cutoff
of the integral intensity (> 1000 counts) are applied on all of the detected particles to

make sure they have sufficient SNR.

In addition, prior to performing nonlinear least squares fit, the distance of each
particle to the center of its nearest particle, detected in the particle localization process,
is computed. Consequently, for simplification and minimizing the fitting uncertainty
caused by the particle image superposition, we only select the particles which are
located beyond a minimum distance of 4.5 pixels (45 pm for this setup) from any other
particles. Though there is a possibility to solve such overlapping situation through
considering a sum of 2D Gaussian functions instead of the single term of Eq. (4.1),
it would require to determine prior to fitting how many Gaussian terms have to be
added in accordance to the number of particles contributing to the signals in single 9
x 9 interrogation window. Furthermore, the current method is limited in its ability to
identify particles that overlap completely in the thickness direction, which may intro-
duce bias in temperature measurement. However, the probability of this occurrence is

extremely low, so the resulting errors in a 2D temperature field measurement can be
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considered negligible. To address this issue, a potential way is to incorporate a third

camera to reconstruct the stereo positions of the detected particles.

4.1.4 Misalignment correction between spectrally separated images

Until this point, the described processing steps were only applied to one of the two
ratio frames. To determine the signals of the particle in the other ratio frames, which
is necessary for ratio calculation, the particle image in the other frame should be
identified, i.e., the center of the fitting window must be defined for each particles in
the other ratio frame. This is a straightforward task for an second frame acquired by
the dual-frame lifetime method, since both frames are recorded by the same camera,

indicating that the particles are located in very the same positions in both channels.

However, if the temperature measurement employs a method requiring two distinct
sensors, such as the two-color spectrally separated approach, displacement correction
must be considered, as mentioned above. To address this case, in this study, the inten-
sity distributions of the two frames were subjected to a cross-correlation algorithm in
order to create a vector field that represents the relative distortion between the two
frames and can thus be used to pair the particles. Over a series of recorded frame pairs,
an average vector field was calculated. An example of such vector field was presented
in Fig. 18 of ABRAM et al. (2018). This process is analogous to self-calibration in stereo-
scopic particle image velocimetry (WIENEKE, 2005). The disparity vectors in resultant
vector field would have two components, one for each axis of image displacement,
typically within 20 pixels in our measurement. If we assign them as Ay and Ax, and
we know that the location of the target particle in one ratio image a is at (xo,4, Y0,4)
from the localization in Section. 4.1.2, then the position of this particle (x5, yo,,) in

the other ratio image b is thereupon estimated by the formulas:

Xo,p = X0,a + AX (4.12)
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Yo,p = Yo,at+ Ay (4.13)

The fitting window for the second frame is then centered around the shifted particle
positions. According to the research presented in WIENEKE (2005), the inaccuracy
introduced by this self-calibration procedure is less than 1 pixel, which is satisfactory
for our method. It is sufficient for the corrected displacement to be less than half of the
minimum inter-particle distance to unambiguously establish particle correspondence
between the images in two sensors. Since these two images are fitted independently to
determine both total luminescence signals, once correspondence is established, the

residual displacement should in theory not impact on the intensity ratio calculation.

4.1.5 Intensity ratio calculation, corrections and conversion to tem-

perature

To determine temperatures, it is required to compute the total intensity ratio of each
individual particle between the two images that have been spectrally or temporally
separated. As a result of the fact that Eq. (4.8) splits the recorded intensity from a single
particle into two distinct signals, referring to particle-self emission and interference,
we can then obtain total particle intensity from integrating particle-self emission only
(the first term on the right-hand side of Eq. (4.8). This can seem like a complicated
computation; but note that the difference in physical meaning represented by Eq. (4.8)
and Eq. (4.4) is only in the orientation indicating that they should share the same
integration particle intensity which was described in Eq. (4.2). The temperature-
dependent ratio of the integrated particle intensity in each 9x9 pixels window can thus

also be inferred using Eq. (4.3).

Furthermore, a “white field" correction (sometimes called flat field) is necessary
to remove spatial variations originating from fluctuations in spectral transmittance
across the field of view due to the angular dependence of the beamsplitter and or filters,

as well as potential effect of non uniform laser fluence. Here, we accomplished this
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by obtaining a discrete ratio distribution using the proposed fitting-based technique
under isothermal conditions, such as at room temperature, followed by interpolation
to generate a smooth and continuous intensity ratios field as a reference. The evalu-
ated ratios under non-isothermal conditions are then divided from the ratios at the
corresponding location in the reference field . Consequently, the intensity ratios are
only correlated to temperature, but independent of the fluence distribution or the

non-uniformity of the light transmission.

4.1.6 Particle positioning accuracy

In this section, we evaluate, using virtual particle images, the ability of the algorithm
to accurately position the center of each particle, and therefore of each temperature

measurement.

The evaluation can rely on frameworks developped for Particle Tracking Velocime-
try (PTV), which is a technique to measure fluid velocity that depends on tracking
individual particles between time-separated images. The velocity accuracy is directly
related to the positioning accuracy of the particle images, and virtual particle images
are often used to determine velocity uncertainty. In KAHLER et al. (2012a), the Root
Mean Square Error(RMSE) of the particle center localization was shown to be a mea-
sure of the spatial resolution. Here, we also used synthetic luminescence image with a
realistic noise contribution to provide a statistical quantification of the localization

bias.

The rotated Gaussian Eq. (4.8) was used here to simulate particles randomly dis-
tributed in a 3D volume, and sliced by the laser sheet. To emulate similar signal levels
as the measured data, in Fig. 4.5, the peak intensity of particle signals distribution
was set to be 800 counts and a baseline of 10 counts was added across the full frame
to simulate the multiple scattering between luminescent particles. Additionally, the

particle size constants, o, was chosen to be 1 pixel as described in Section. 4.1.3, so
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the apparent diameter of digital particle images was approximately 6 pixels. In order
to account for astigmatism, the rotation angle gradually increased from 0 degree at
the synthetic image center to 45 degree near the image edge, see particles in Fig. 4.6
that are away from the optical axis. The rotation angle changing follows a 2D Gaussian
distribution, and we added a 10 % variation in this changing. Noise signal was imposed
by adding a normally distributed random number multiplied by the square root of
local intensity to consider the shot noise contribution and a fixed value of 8 counts to

consider the readout noise.

1000(cts)

0.6 0.7 0.8 0.9 2.2 2.3 2.4 25
X(mm) X(mm)

(b) (c)

Figure 4.6: (a) Synthetic particles images based on 2D rotate Gaussian; (b) Significantly
rotated particles simulating the strong astigmatism in the near edge region; (c) Highly
Gaussian-like images with negligible astigmatism in the center region.

Approximately 350 particles were consequently analysed in a 4.5 x 4.5 mm sub-area
after filtering out overlapping particles. Fig. 4.7 shows the deviations between the fitted
and the synthetic image for the particles center in x and y direction (xy and y;) as
well as the center to center distance. It can be seen that the root mean square error is
less than 0.2 pixel. This agrees with the previous study on the PTV technique, which
obtains a RMS-uncertainty below 0.1 pixels for the simulation particle diameter from
3 - 20 pixels using a non-rotated general 2D Gaussian function (KAHLER et al., 2012b).
Thus, our technique should enable a 2D thermometry with a measurement positioning

accuracy resolution in the order 2 um.

53



4.2. TEMPERATURE DETERMINATION OF LUMINESCENT PARTICLES IN AN
OPAQUE PACKED BED

60

N
o
|

mean = 0.005px mean = 0.003px
RMSE = 0.11px RMSE = 0.14px

mean = 0.051px
RMSE = 0.17px

N
o
w
o

N
o
Particle amount
N
o

Particle amount

-
o

0 ol -

01 -005 0 005 01 01 005 0 005 01 0 0025 005 0075 04
X, residuals (px) ¥, residuals (px) Composite vector residuals (px)

Figure 4.7: Fitted center residuals in x and y direction and of the composite vector
obtained for virtual particle images

4.2 Temperature determination of luminescent particles

in an opaque packed bed

This section covers the process of temperature measurement at the points correspond-
ing to the phosphor-coated spheres inside a packed bed through the analysis of signals
within the acquired luminescence images. Initially, the case of a single luminescent
sphere in a designed regular packed bed is considered, where all the collected signals
are from the same sphere, so that the total emission intensity from the sphere can be
calculated easily, and the intensity ratio between the two temporally separated frames
can be directly computed to derive the temperature. The work is then extended to
the case of multiple luminescent spheres, where a linear regression is performed to
accurately isolate the signal contribution of each sphere, enabling the temperatures at

each sphere location to be inferred from their respective intensity ratios.

4.2.1 Case of a single luminescent sphere

Fig. 4.8 illustrates an example of the recorded image in the first ratio frame when there
is only one luminescent sphere at the core of the designed packed bed. Within the
region in the figure indicated by the white-dashed rectangle, the brightest regions

are the interstices surrounding the location of the center sphere. A large region of
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Figure 4.8: A background-subtracted recorded image when a luminescent sphere is
located at the packing center. The white rectangle denotes an intensity-masked region
inside which only analysis occurs. This figure is reproduced from XUAN et al. (2024).

the image is dominated by luminescence from the glass and camera read-out noise,
appearing as dark noise areas. Consequently, for analysis purposes, only a subregion
or mask, denoted as M, at the center of packing was considered and an intensity filter

was then applied over this subregion to isolate the phosphor luminescence signals.

For each of the two ratio frames, the filtered signals were accumulated over the

entire subregions M to obtain a more robust value for the intensity ratio estimation:

_ Luypem 1(Tx,y)

(T =
v Y ypem L(T,x,)

(4.14)

where I, (T, x, y) and I,(T, x, y) are the filtered signals at pixel (x, y) for frame 1 and 2,

respectively.

4.2.2 Extension to multiple luminescent spheres case

When multiple luminescent spheres are present in a packed bed, the luminescence
emissions from each sphere overlap each other on the camera image and the individ-
ual temperatures can only be reconstructed if the contribution from each sphere is

separated.
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4.2.2.1 Separation of spatial and temperature variables in single sphere images

Figure 4.9: (a)-(c) The normalized images of individual signals of the spheres S1-S3 in
configuration (d). (e) The compound signals of the three luminescent spheres and (f)
the corresponding fitting. All the recorded images are the first one out of the frame
pair. This figure is reproduced from XUAN et al. (2024).

Luminescence images obtained for the case of one luminescent sphere placed
at three different positions within the bed are shown in Fig. 4.9(a)-(c). Each sphere
position results in a specific spatial distribution of the intensity in the recorded image,
and the strongest intensity area in each case is found to be related to the position
of the projection of the luminescent sphere onto the imaging plane. For the single
luminescent sphere case, we can assume that although the absolute signal may vary
with temperature, the position-related relative spatial distribution is independent of
temperature; in other words, the scattering properties in the packing have a negligible

temperature dependence.
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The measured signal I (T, x, y) in Eq. (4.14) can therefore be expressed as a multi-
plication of temperature independent 2D intensity distribution function S (x, y) for

the j-th sphere and a temperature dependent factor ci(T) for the k-th frame, i.e.,
1)(T,x,) = ce(1) SV (x, ) (4.15)

where the super-script j is omitted when only one sphere is considered; and k=1 or 2

as we only have two frames.

Since the intensity spatial distribution is time invariant due to the fact that lumi-
nescence decays uniformly and isotropically, S(x, y) of a fixed sphere j is identical for

the two frames. Eq. (4.14) can therefore be simplified as

_ Lepem (D) SV (x,y) _a(D
T Tpem (M SD(x,y) o)

@(T) (4.16)

If the intensity spatial distribution S(x, y) of all the luminescent spheres are given,
Eqg. (4.15) and Eq. (4.16) allow to ignore the spatial dependency in the temperature
evaluation and simplify the analysis. This opens the possibility to separate the signals
from multiple luminescent spheres and hence to perform multi-point temperature

measurements.

4.2.2.2 Linear regression to separate contributions from multiple luminescent

spheres

Fig. 4.9(e) shows the luminescence image under isothermal conditions (room temper-
ature) for a packing simultaneously containing 3 luminescent spheres at the positions
designated in Fig. 4.9(d). These three positions correspond to that of the spheres in the

image where only one sphere is present (Fig. 4.9(a-c)).

It can be observed that the individual intensity distributions are superimposed in

the compound measurement with 3 spheres. The superimposition is a consequence
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of the linearity of radiative transport (CHANDRASEKHAR, 1960) when higher order
luminescence effects (i.e., luminescence and absorption induced by luminescent light)
are ignored. In other words, the substitution of a non-luminescent sphere by one
luminescent sphere has a negligible effect on the contribution of another sphere to
the compound signal image, implying that substituting a sphere has no impact on the
scattering/reflection or absorption properties of the bed. For the scattering/reflection
properties, this independence is based on the fact that all other spheres than the
luminescent spheres were also coated with non-luminescent paint to obtain similar
scattering/reflection properties as mentioned in Section. 6.2. Regarding absorption,
we measured the transmitted light through the bed using a photodiode placed along
the beam path at the exit face. The transmitted light was found to change less than
2% whether no luminescent sphere or 5 luminescent spheres were placed in the beam
path. No correlation between number of luminescent spheres and transmitted light
could be found. We thus conclude that the substitution of a non-luminescent sphere

by a luminescent sphere does not change the excitation light field through the bed.

Under the assumptions from the previous section that temperature only affects the
absolute luminescence intensity but has a negligible impact on the spatial distribution,
all pixels in the recorded image have the same linear dependence, i.e., Eq. (4.15) holds.

We then have for a setup with N luminescent spheres that
N @] ul (@] j
(T =YL (Txy =Y ¢ (TSP, . (4.17)
j J

where I (T, x, y) is the measurement for the k-th frame. The linearity of radiative
transport implies that the individual contribution I ,(Cj 4 (T,x,y) of the j-th sphere to a

measurement can be determined as the solution of Eq. (4.17).

Considering we typically have many more pixels (x, y) € M than unknown tem-
perature contribution factors c,(cj ) which number equals to that of the luminescent

spheres N, Eq. (4.17) amounts to a least square problem in the c](cj ) with each pixel value
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I (T, x, y) providing one measurement and the S'(x, y) forming the columns of the

input data matrix. Since the linear system is highly overdetermined, one expects that
)

an accurate reconstruction of the (o

is possible. The condition number of the system,

which describes the amplifications of errors in the inputs I (7, x, y) when solving for
@]
k

the Section. 6.5.2.3.

the ¢,’", allows one to quantify the attainable accuracy. This will be discussed later in

The spatial intensity distribution functions SW(x, y) that provide the data matrix
can be obtained from normalized luminescence images when only one luminescent
sphere is present in the packed bed, cf. Fig. 4.9(a)-(c). Least square fitting of the
compound intensity distribution of multiple luminescent spheres using Eq. (4.17) for
both frames results in the temperature contributing factors cij '(T) and céj '(T). The
temperature of the j-th individual luminescent sphere can then be determined by the

intensity ratio ¢(7T) given in Eq. (4.16).

An example of the least squares fit for the configuration in Fig. 4.9 can be seen in
Fig. 4.9(f), which is of high agreement with the measurements. Note that here all the

)

estimated [N

(T) are approaching 1 as expected, since the individual signals and the

compound signals are at the same temperature.

The least squares signal separation method described above necessitates templates
of 2D spatial distribution function S (x, y) for individual particles. A possibility to
obtain the S (x, y) template is to build a library by collecting the normalized intensity
distribution data for all the locations by dis- and re-assembling the experimental
apparatus with always one luminescent sphere in all possible positions. Ensuring
reproducibility, e.g. that spheres are located at the same position, is already highly
challenging in a simple setup such as those in Fig. 4.9 and it becomes impossible in
complex, irregular packing. In Section. 6.5.2, we therefore discuss how the SW(x, ¥)
templates can also be obtained using numerical ray tracing simulations of the light

propagation.

59



Demonstration of high spatial resolution
temperature measurements in fluid flows
based on individual dispersed particle

imaging

This chapter presents the application of the concept of individual dispersed particle
imaging to resolve the temperature distribution in fluids, especially near the wall, with
a two-dimensional high spatial resolution. Three main experiments implementing the
spectral separation method are included: the first is conducted by dispersing micron-
sized phosphor particles in water under uniform temperature settings to evaluate
the accuracy of discrete temperature readings obtained from individual particles; the
second is carried out, in which phosphor particles are this time seeded in a large gas
flow and additionally illuminated by an LED light with a different emission spectrum
than the phosphor particles; finally, measurements are performed in a thin thermal
boundary layer that formed between a cold wall and a hot air flow in order to examine

the ability to obtain high resolution temperature measurements near walls. Moreover,
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precisions in spectrally separated intensity ratios from different two-colour imaging
configurations are also compared and analyzed. At the end of this chapter, some test-
cases exploring alternatives to applying the dual-frame lifetime method are discussed.

The work in this chapter is partly derived from the publication XUAN et al. (2023).

5.1 Experiments applying the spectral separation method

The demonstration experiments are primarily carried out on the basis of the spectral
separation method, as it is the typical method for ratio-based thermometry techniques.
The main purpose is to demonstrate the capability of the proposed concept in resolving

the temperature distribution in a thermal boundary layer.

5.1.1 Choice of thermographic phosphor particles

Two types of phosphor particles were employed as dispersed tracers to enable spectral
separation method. The first one is a tin-doped phosphor (Sr,Mg)3(PO,) 2:Sn%* (here-
after referred to as SMP:Sn?*), which has been characterized in FOND et al. (2019) for
temperature measurement. This phosphor offers a good level of temperature sensi-
tivity (0.6 %/K at room temperature with the filter combination used in FOND et al.
(2019)), and its intensity ratio shows very little sensitivity to excitation laser fluence
(corresponding to 0.6 K for 10 % change in fluence). However, the long lifetime (~ 26
us) of this phosphor when seeded in the very fast fluid would result in an image with
streaks. Interestingly, these streaks were utilized in a recent velocimetry concept (FAN
et al,, 2021, 2022). Although it would be possible to derive two-colour ratios too by
fitting streaked images, for simultaneous thermometry and velocimetry, this is not the
focus of our work; thus we restrain the use of SMP:Sn?" to the slow flow in the liquid

dispersion and bulky seeded gaseous flow cases.
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Figure 5.1: Normalized spetra of 2 um SMP:Sn?* particles dispersed in water from 32 to
63 °C, superimposed with the filter transmission curves used in this study. This figure
is reproduced from XUAN et al. (2023).

The emission spectrum of SMP:Sn?* dispersed in water is plotted in Fig. 5.1. From
32 °Cto 63 °C, this phosphor spectrum broadens by approximately 8 nm on the blue
side. The transmission curves of the colored glass filters utilized in this study (blue:
BG18 and red: RG645) are also shown. This filter combination provides in theory a
greater signal collection (+ 60 %), as computed via spectral curve convolution, but a
lower temperature sensitivity (0.45 %/K) than the filters (Edmund 84113 and RG645)
used in FOND et al. (2019), leading to a slight improvement in temperature error

performance.

The second phosphor used was ZnO. Its emission spectrum in gas phase is shown in
Fig. 5.2, which is reproduced from ABRAM et al. (2015). ZnO has a short luminescence
decay time (< 1 ns) and is therefore applicable to fast gas jets. The structural and
luminescent properties of the submicron ZnO particles have been described in ABRAM
et al. (2015). In contrast to SMP:Sn?*, ZnO particles display a broad emission band
peaking at 387 nm at room temperature, which gradually broadens and red-shifts as
the temperature rises. The very same filters applied in ABRAM et al. (2015), specifically

a 387-11 and a 420-30 (notation center wavelength and full width half maximum in
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nm), were also used in this study. It was reported that this filter combination would
produce a temperature sensitivity in the range from ~ 0.6%/K at 300 Kto ~2 %/K at
500 K (ABRAM et al., 2015).

—
i

L

380 400 420 440 460
wavelength (nm)

Figure 5.2: Normalized spectra of ZnO in the gas phase from 293 to 483 K, plotted with
the filter transmission curves used in this study. The temperature interval between
curves is 15 K. This figure is reproduced from ABRAM et al. (2015).

Particle-based thermometry relies on the ability of the seeded particles to reach
thermal equilibrium with their surrounding fluid much faster than the temperature
fluctuations of the fluids. Heat transfer at the particle-fluid interface is limited by heat
conduction through the fluid layer due to the low Reynolds number of the particles,
and its higher thermal conductivity (ABRAM et al., 2018). Additionally, as the thermal
conductivity of phosphor particles is typically orders of magnitude larger than fluid
conductivity, it can be assumed that the temperature inside the particle is uniform.
The 95 % temperature response time (fg5) is a critical quantity for assessing the ability
of the seeded particles to follow rapid fluid temperature changes. FOND et al. (2019)
have estimated the 95% temperature response time (fys) of SMP:Sn?* particles to be
about 70 us and STRAUSSWALD et al. (2021) evaluated the t95 of the submicron ZnO
particles to be about 5 us, both at room temperature. ZnO particles are therefore better

suited to track turbulent fluctuations of several kHz.
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5.1.2 Preliminary demonstration of liquid dispersions

5.1.2.1 Experimental setup
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Figure 5.3: Optical setup for high-resolution particle imaging in liquid-phosphor
particle dispersions, reproduced from XUAN et al. (2023).

For the first implementation of the concept, a dispersion of SMP:Sn?* particles in
water volume at uniform temperature was considered. The imaging setup is shown
in Fig. 5.3. A 266 nm excitation laser sheet with a thickness of 150 ym and an energy
fluence of about 35 mJ/cm? was formed to be directed through the liquid particle
dispersion, which is contained within a fused silica cuvette that is placed on a stir-
ring/heating plate. A stirring bar was placed at the bottom of the cuvette to ensure that
the particle concentration and the temperature were uniform throughout the cuvette.
Using a water dispersion offers better control over the concentration of particles than
a gas jet but the temperature range is limited. For all the experiments in this chapter,
a magnification of approximately 0.6 was achieved by the macro cameras objectives
without extension rings, leading to a pixel projection size of about 10 um. The objective
lenses were operated at maximum aperture to maximise signal collection, giving a
focus depth of field defined on the pixel size (6.5 um) of 90 um, which was a slightly less
than the laser sheet thickness. The both cameras were running in rolling shutter mode,
with a total exposure time for the lines of 35 ms and a common exposure time for all

lines of 5 ms. The laser pulse was synchronized so that the luminescence emission
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occurred during the common time. Note that the effective signal collection duration is
dictated by the luminescence decay time or by the laser pulse duration, whichever is
the longest. Such pseudo global shutter mode, yields a lower readout noise below 2e-

and reduces the occurrence of hot pixels compared to the actual global shutter mode.

5.1.2.2 Results

The temperature of the dispersion in the cuvette was set to five different levels in
the 33-75°C range. A sequence of about 200 fitted particles was collected at each
temperature, and intensity ratios of the blue to red channels were then calculated. For
each temperature, the average and standard deviation of the particle ensemble ratio
were determined. It is presumed that the temperature remains constant throughout
the cuvette since the liquid dispersion is constantly being stirred. The mean measured
ratios are plotted as a function of temperature in Fig. 5.4, with the error bars derived
from dividing the particle-to-particle ratio standard deviations by the square root of
the total particle number at each temperature. The ratios rise monotonically with
temperature, which is to be anticipated given that the emission spectra of tin-doped
phosphor blue-shifts with increasing temperature. A linear fit was applied over this
small temperature range to derive the temperature sensitivity at 50°C of 0.35%/K. This
sensitivity is as expected lower than the value reported in FOND et al. (2019) because
of the different filters used. Ratios were also derived from spectral integration of the
emission spectrum and the filters transmission (as shown in Fig. 5.1) convoluted with
the reflection/transmission ratio of the beamsplitter (not shown). The resulting ratios
are plotted in Fig. 5.4 as well. The absolute values of the ratio differ from measurement,
as expected due to differences in gain between the cameras and uncertainties in the
absolute transmittance of the filters and beamsplitter. However, a similar level of
sensitivities is achieved, with that of the spectral ratios is 0.27%/K which is slightly
lower than the value for the ratio obtained from particle image fits. It should be noted

that in-situ calibration data is always preferable to convert ratio to temperature data
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in actual experiments as discussed in ABRAM et al. (2018) (Section 3.4). The results
confirm that the fitting approach yields similar results to the conventional approach in

terms of sensitivity.
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Figure 5.4: Ratio calibration curves for the phosphor SMP:Sn?* in liquid dispersions:
measured intensity ratios obtained from 2D particle image fitting; the theoretical ratios
derived from spectral convolution of emission spectra, filters transmission in both
channels and beamsplitter transmission/reflection ratio. This figure is reproduced
from XUAN et al. (2023).

The ratio precision of particle-to-particle standard deviation to the mean ratio was
also estimated for the measurement, ranging between 12 to 13.5%, which corresponds
to a temperature precision of 34K to 38K. This random variation is actually larger than
that of the window-based thermographic PIV method (~ 4% at a resolution of 400um,
see Fig.5 in FOND et al. (2015)) due to the overall much weaker signal, since only one
particle is probed as opposed to several tens of particles for the latter. Examining the
distributions of total particle intensities, the median value in transmission is 3500
counts, and in reflection it is 2700 counts, resulting in a theoretical precision of 4.3%

based on the random uncertainty analysis in FOND et al. (2015).
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Figure 5.5: Picture and schematic of the optical setup used to test the effect of re-
scattered LED emission.

5.1.3 Rejection of multiple scattering interference

5.1.3.1 Experimental setup

A second demonstration experiment was performed in a low velocity (approximately
1.2 m/s) seeded gas flow at room temperature which was illuminated by an additional
LED light source to test the ability of the method to reject re-scattered luminescence.
The illustration of this experiment is shown in Fig. 5.5. SMP:Sn?* particles were
here seeded into the 70 x 45 mm duct, with an exit velocity of approximately 1.2
m/s. Compared to the previous imaging system employed in the liquid dispersion
experiment, the imaging setup was adjusted by propagating the laser vertically along
the jet axis to minimize reflection of a surface placed perpendicular to the jet exit.
Moreover, an additional f = -500 mm expanding lens was installed to enlarge the laser
sheet in the vertical direction in order to create a more steady energy fluence by using

only the center-part of the expanding excitation laser sheet.

An uncollimated LED light source (from Thorlabs MCWHLS5, see Fig. 5.6(a)) was

positioned slightly above the camera field of view and oriented towards the imaging
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Figure 5.6: The applied LED lamp and its controller. These two figures are reproduced
from https://www.thorlabs.de/.

region at the outlet of the flow section to provide a continuous illumination over a large
volume seeded with particles. This caused the LED light to be re-scattered by particles
in front of and behind the thin UV light sheet to produce out-of-focus signals, similar
to a configuration in which the laser strikes a surface with deposited particles, causing
surface signal re-scattered by particles as in ZENTGRAF et al. (2017). This scattering
light would result in a low spatial frequency interference signal contributing to the
luminescence detected in-focus. To modulate the intensity of the interfering light, an
LED Driver (Thorlabs LEDD1B) as shown in Fig. 5.6(b) was used to power the LED at
constant current, with input currents ranging from 0 to 1 A, corresponding to an output
power range of 0 to 840 mW as measured by a power meter. To avoid that the large gas
flow may stretch the membrane of the pellicle beam splitter and thus affects image
quality, we opted for the system with cameras on the opposite side of the light sheet.
In addition, since a beamsplitter system would naturally reduce the signal-to-noise
ratio as it splits the signal intensity in half, a configuration with two cameras situated

on opposite sides of the laser sheet was thereby used instead.

The employed LED and seeded phosphor, SMP:Sn?*, both have a broad emission
spectrum but peak at different positions as shown in Fig. 5.7(a), so when imaged
by the two-colour system, their emissions result in different intensity ratios. Due to

the fact that the blue channel (low-pass band) spans the entire LED emission range,
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Figure 5.7: (a) Emission spectrum of interfering LED plotted together with the filter
transmission curves and SMP:Sn?** emission spectrum at 300K. (b) An example of
the single particle image with LED on and off recorded in the BG18 channel, after
subtracting the LED background (unseeded flow, LED on). This figure is reproduced
from XUAN et al. (2023).

a substantial amount of interference was observed in the recorded particle images
collected from this channel, as shown in Fig. 5.7(b). Note that the constant background
level resulting from LED reflection on solid surfaces was evaluated with LED on but
without laser and seeded flow, and subtracted to the raw images. However, with laser
on and particles seeded, after that subtraction, there is still some "offset" signal due to
re-scattering of the LED emission by seeded particles. This interference depends on the
particle seeding density. A contribution from the LED light will cause the apparent ratio
to diverge from the value obtained with UV illumination alone. In this way, the LED
light source mimics the luminescence of particles outside the measurement volume
which are at a different temperature than those in the measurement volume, similar to
those depositing for example on a hot or cold surface. The ratio of blue to red channel
derived from spectral convolution is 10 for the LED emission only as opposed to 1.5
for phosphor luminescence. This setup enables the evaluation of the contribution
from multiply scattered light to the temperature measurements and so the capability

to exclude it.
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5.1.3.2 Results

The results of the experiments with an additional light source (LED) which is multiple
re-scattered by a large seeded flow towards the camera are presented in this section.
Particle images were recorded at 6 LED output levels at room temperature. They were
then fitted and the term I, in Eq. (4.8) is thus extracted in both frames for each particle.
The mean value of the multiple scattering interferences represented by I, accumulated
over 5000 particles is plotted as a function of LED power in Fig. 5.8. Since the LED
light would also be reflected and scattered by the surrounding surfaces, such as the
fluid pipe wall, and contribute to the signals collected by the camera, the background
images in the absence of the particles but with the LED light on were recorded and

subtracted to the particle images during the pre-processing.
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Figure 5.8: Contribution of re-scattered LED emission at different LED output level
power, reproduced from XUAN et al. (2023).

As shown, the evaluated multiple scattering increases linearly with the LED power.
Compared to the red channel, the blue channel suffers more interference owing to its
greater overlap with the LED spectrum, as discussed in Section. 5.1.3.1. To provide an
estimation for the relative contribution of re-scattered light and particle luminescence,
the average intensity of the particle luminescence over the 9x9 fitting area is compared

to the interference term that represents the re-scattered signals. At the maximum LED
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output power, the re-scattering to particle signal ratios for the blue and red channels

are as high as 20 and 3, respectively.

Next, to examine the ability to separate the particle luminescence from the re-
scattered LED light, ratio maps produced by this technique are plotted in the top row
of Fig. 5.9 where each point is positioned at the particle center position, and the colour
corresponding for its ratio. Although the number of points varies because the seeding
density cannot be held constantly between the test, the value of the ratios differ very

little with the LED power increased.
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Figure 5.9: Ratio maps obtained from the single particle fit technique and the conven-
tional method (window-based) for different LED output powers (a) 0OmW, (b) 22mW
(0.2A input), (c) 67mW (0.4A input), (d) 114mW (0.6A input), (e) 297mW (0.8A input),
and (f) 840mW (1A input). This figure is reproduced from XUAN et al. (2023).

The luminescence particle images are also processed using the conventional
method (window-based). Background-subtracted particle images were overlapped to
correct the displacement and smoothed with a moving average filter of 10x 10 pixels
window size before direct division. The bottom row of Fig. 5.9 presents the resulting
ratio maps for the different LED output powers. In the absence of LED light, the two

methods yield very similar ratios. However, when the LED is turned on, the ratios from
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the window-based method rise significantly, even at a low output power of 22mW,
with a more than 6-fold rise compared to the ratio without LED in the majority of
areas. This rise in ratio indicates a contribution from the LED emission which is
re-scattered by the particles, in agreement with the consideration of spectral overlap
between LED emission and filter transmission curves shown in Fig. 5.7. Indeed such
low spatial frequency contribution is included in the signals which are divided in the
window-based method. With the LED power increasing, recorded signals are gradually
dominated by scattered LED, so the results head towards the intensity ratio between

spectrally separated LED emission (approximately 10 from Section. 5.1.3.1).

Statistical information obtained from both methods on a per-particle basis can give
more insight into the ratio bias induced by the LED light. To facilitate the comparison,
the intensity across a 9x9 window around each detected particle is summed up in
blue and red channels to calculate the single particle ratios from the window-based
technique. Note that this summation approach is more favourable than the window-
based approach because only the signals around the particle center are considered,
where the luminescence to scattered LED emission ratio is the highest. Fig. 5.10
presents the resulting distribution derived from both fitting-based and window-based
methods with LED off and at the maximum power of 840mW. As shown, the distribution
from the particle image fitting technique shows a 6% bias in the mean intensity ratio
(IR), indicating a robust capacity to reject interference. A minor rise in the particle-to-
particle standard deviation (STD) occurs in the presence of LED signal due to a lower
signal-to-noise ratio after the subtraction of a high background signal. In contrast,
for the sum-based method, the mean intensity ratio (IR) is around 6 at the maximum
LED output. This value, although well below the value from the direct window-based
technique of around 10, is about a 6-fold rise with respect to the LED off case. In
terms of temperature, this would correspond to a difference of more than 700K. The
standard deviation (STD) here without LED is larger than the water dispersion findings

attributed to potential agglomeration in the gas phase. It is worth noting that, when
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the LED is off, the standard deviation for the ratios derived from the sum intensity is
lower than that of the fitting method. This can be due to the non-Gaussian character

of the images, which leads to imperfect fitting. In the future, filtering based on a fitting

quality criterion will be implemented to minimize fitting errors.
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Figure 5.10: Single particle intensity ratios distribution with LED off and at maximum
power based on (a) the single particle fit technique and (b) the window-based method.
This figure is reproduced from XUAN et al. (2023).

5.1.4 Temperature measurements within thermal boundary layers

5.1.4.1 Experimental setup

Following the above demonstrations, the temperature measurements were carried
out in a thin thermal boundary layer formed between a heated flow and a cooled wall,
as the figure of the experimental setup shown in Fig. 5.11. In this case, both high
spatial resolution and rejection of wall signals play a critical role in observing the sharp

temperature gradients in the vicinity of the wall.

An air flow seeded with ZnO particles passed through a 1 m long, 10 mm inner
diameter pipe that was wrapped by a winding fiberglass heater (Omega Engineering,

STH-SST-SWH) to provide an exit jet temperature of up to 470 K. In order to create a
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Figure 5.11: Side view of the optical setups for resolving temperature profile in a
thermal boundary layer.

thin thermal boundary, an aluminum plate was placed 1.5 mm above the air exit with
its surface being positioned to be parallel to the flow direction and exactly tangential
to the edge of the seeded tube. This plate was actively cooled at 300 K by an inner
serpentine circuit that circulated a temperature-controlled silicone oil, in analog to the
heating unit that described in DRAGOMIROV et al. (2018). For the purpose of minimizing
the reflection signal from the surface, the plate was painted with a non-luminescent
black primer. The hot seeded air was in this way forced to flow over a surface that
remained cold, generating a strong temperature gradient near the wall to test the

possibility of interpreting the temperature profile within it.

To reach a sufficiently thin boundary layer, the exit jet velocity was set to be 7.5
m/s at the ambient temperature. The Reynolds number with the characteristic length
defined as the inner pipe diameter of 10mm was 4750 at the jet exit, which is in the fully
turbulent flow regime to achieve a top-hat temperature profile at the jet exit rather than
a parabolic one. The camera imaged the flow between the heights of 0 and 2cm along
the wall. Considering the position of the highest distance to the leading edge within
the field of view as the characteristic length, the Reynolds number is below 9300 being
characteristic of the laminar thermal boundary layer regime. Here although the main

flow is turbulent, the boundary layer developing near the cooled surface is assumed
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to remain laminar. The pipe length (1m) is long enough to allow for fully developed
turbulent pipe flow so that the turbulence intensity at the pipe exit is estimated to
be approximately 5% (PENNELL et al., 1972). On the other hand, the cooling wall is
positioned directly at the exit, with its plane tangent to the pipe’s inner circle and
parallel to the pipe axis, preventing the formation of an adverse pressure gradient.

Therefore perturbations to the laminar boundary layer are expected to be negligible.

During this measurement, the two cameras were also placed placed on opposite
sides of the measurement plane, as in the previous one experiement. An additional
aperture was added on the beam path before the expanding lens to use only the central
part of the laser beam. Since the beam has a near-Gaussian intensity distribution, the
aperture helps minimize the fluence variations, which have a stronger effect on ZnO
than on the SMP:Sn?* phosphor because the ZnO is more susceptible to the excitation

fluence as demonstrated in ABRAM et al. (2015); FOND et al. (2019).

5.1.4.2 Results

Fig. 5.12(a) presents an example of the recorded luminescence image of the seeded
flow. The laser sheet was oriented to propagate almost vertically but with a small angle
against the cooled wall, such that upon laser irradiation, the line of the intersection
between laser and wall would form a visible light band in camera image. The wall
location was then determined in the absence of seeded jet by locating the highest
intensity along this band. A coordinate was defined by specifying the leading edge
position as the origin (x =0 mm and y = 0 mm). Before further processing, the image
was cropped to a sub-region (red dash rectangle) that was 3 pixels away from the
detected wall including the majority of the seeded jet while exactly excluding the wall

surface, and this sub-regions extends over about 9x 18mm.

During the fitting, particle intensity data outside the 9x18mm areas would be

ignored when the processed particle in the near-wall regions is close to the boundary
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Figure 5.12: (a) Raw particle image of flow in the boundary layer experiments. The
processed sub-region is indicated by red dashed rectangles that is 3 pixels away from
the detected wall; (b) an example of near-wall particle frame pair and their fitting
results. The gray regions are the discarded input data in the fitting. This figure is
reproduced from XUAN et al. (2023).

of the cropped sub-region. An enlarged view of an example particle is shown in
Fig. 5.12(b). As shown, the contribution of the wall signal is considerable, with the
interference I, estimated to be around 400 counts in the red channel and 300 counts in
the blue channel for this particle. In spite of the interference, the fitting exhibits robust
performance since it provides a very good match to the recorded intensity distribution
in both channels. The shown particle can therefore be used to detect temperature very

near to the wall surface, within 40um here.

We now address the ratio to temperature conversion. Fig. 5.13 shows a calibration
curve from ABRAM et al. (2015) that was obtained with the same spectral filter combi-
nation as in our system, but using a flat plate beamsplitter. The ratios were normalized
to 300K and fitted by a power law function. Here due to the difference in laser fluence,
in the magnification of the imaging systems and the absence of the beamsplitter, it is
possible that a different calibration curve will apply. The measurements were there-
fore carried out with the current system at two distinct jet exit temperatures (114°C

and 195°C) in addition to room temperature. Ratio statistics were accumulated over
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Figure 5.13: ZnO temperature - ratio calibration curve, obtained from Ref. ABRAM et al.
(2015) and from the present study. Both data sets are fitted by power law functions of
the form a+ b- IR, with IR the normalized intensity ratio. This figure is reproduced
from XUAN et al. (2023).

particles located in the central region of the jet, and the average ratio was calculated at
each temperature. After normalizing to 300K, the ratios at these three temperatures
are also plotted in Fig. 5.13. The error bars for each temperature data in the figure
indicate the particle-to-particle ratio standard deviation divided by the square root of
the total number of particles. As expected, the fitted curve does not precisely match the
previous calibration curve. We therefore applied a power law fit to the three recorded

data points which was then used for temperature conversion.

Next, using the single particle fit technique, an example of discrete temperature field
obtained from an instantaneous image containing 111 particles can be found in Fig.
5.14(a), with each particle representing an independent temperature measurement
point. It should be noted that no post-processing filters were applied to the derived
data, e.g. median filter, causing outliers to remain in the results. Due to the uneven
laser fluence distribution in the laser sheet and the thermal quenching effect, weaker
particles are present at the bottom of the image and in the high temperature regions.
Therefore sparser measurements are obtained in the jet center area above the jet exit

and in the near wall region till y = 8 mm. On the left side of the jet, we can clearly see
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Figure 5.14: Single shot temperature field: (a) the full processed area and (b) a subset of
the near-wall domain. The theoretical thermal boundary layer thickness is also plotted
in red dashed line. This figure is reproduced from XUAN et al. (2023).

that a low temperature layer develops near the wall over the cooled surface, indicating
a thermal boundary layer, while on the right side of the jet, heat transfer with ambient

air leads to another thermal mixing layer.

To better visualize the temperature readings in the thermal boundary layer, a subset
of the data in the near wall region (1.5mm away from the wall surface) is explored. Fig.
5.14(b) shows an illustration of a single-shot measurement of this subset, where 47
particles are present. In this figure, the x axis is stretched compared to the y axis. It can
be found that particles as close as 0.1mm from the wall all indicate a low temperature

below 350K which is close to the wall temperature as anticipated. The average distance
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Figure 5.15: A zoom-in view of the three temperature measurements located in the
marked rectangle in the upper left corner of Fig. 5.14(b)

between the probe particles of this single-shot measurement is 750 m, with the closest
particles in the marked rectangle in the upper left corner of Fig. 5.14(b). A zoom-in

view of these three particle images is plotted in Fig. 5.15.

In spite of the temperature variation that indicates the technique precision, these
three particles all imply a temperature below 350K since they are very close to the
cooled wall. For the instantaneous measurement in Fig. 5.14(b), the minimum inter-
particle distance or the minimum detection length is indicated by that between particle

image 1 and 2, which is 76 um.

Particle images were recorded over 100 laser pulses, which yielded a total number
of 28500 processed particle images. The accumulated temperature field of the full
processed area is shown in a scatter 2D plot in Fig. 5.16(a). As observed a large region
within the hot jet has a uniform temperature because the flow is fully turbulent at the
tube outlet, and thus has a top-hat exit temperature profile. The thermal mixing region
with the ambient and the thermal boundary layer appear clearer in these accumulated
plots. Again, here a focus in the near wall sub-region within 1.5mm from the wall is
presented in Fig. 5.16(b), which includes about 5000 particles measurements. In the

accumulated scatter plot, we can clearly see the sharp temperature gradient in the
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Figure 5.16: Temperature field obtained from accumulated measurements: (a) the full
processed area and (b) a subset of the near-wall domain. The theoretical extent of the
thermal boundary layer is also plotted as the red dashed line. This figure is reproduced
from XUAN et al. (2023).

first 500um near the wall. The width of this layer also increases with distance from the

leading edge.

To validate the ability of this new approach to resolve this thin thermal boundary
layer, the measured temperature data points are compared to a calculated temperature

profile inferred from the laminar Prandtl-Blasius equation (CENGEL, 2004):

2d—29+Prf£—0 (5.1)
dn? dn '
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where Pr is the Prandtl number, calculated here as 0.685 based on the average tem-
perature of the free stream (470K) and the cooling wall (300K); f is the solution of

Blasius-equation; 6 is the dimensionless temperature defined as:

T(x,y)—Ts

5.2
Too—Ts (5:2)

0(x,y) =

with x representing the locations along the wall and y denoting the locations normal
to the wall. T is the wall surface temperature, which was maintained at about 300
K during the measurement. T, is taken as the jet exit temperature in this study.

Meanwhile, the similarity variable n in Eq. (5.1) is given as:
n=¥N—- (5.3)

with uy, set to be the jet exit velocity of 11.7m/s considering the thermal expansion.
The kinetic viscosity v here is computed also based on the jet exit temperature and

simply assumed constant.

In addition, for 0.6 < Pr < 10, the non-dimensional temperature gradient at the

surface is found to be proportional to Pr, which can be written as:

do

o =0.332Pr!/3 (5.4)
1]:

Given the boundary condition 8(n = 0) = 0 and 0(n = o0) = 0, the Eq. (5.1) can be
numerically solved to obtain an equation for 8 as an function of n alone. Therefore,
the analytical temperature profile at any y position within the thermal boundary layer

can be inferred.

Fig. 5.17 shows the calculated temperature profiles aty =6 mm, y=12 mm, and y =
16 mm, respectively, and the discrete temperature measurements were binned in 0.15
mm steps for comparison. The temperature sensitivity of ZnO is relatively low at room

temperature or below it, so measurement variation is more pronounced than that at
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Figure 5.17: Comparison of the temperature profile in the thermal boundary obtained
from this single particle fit thermometry technique and calculated using the laminar
Prandtl-Blasius equation. This figure is reproduced from XUAN et al. (2023).

high temperature. Nevertheless, the average of the measured temperature matches
the calculations very well with a maximum and an average deviation of 40K and 11K
respectively. Such performance is attributed to two remarkable features of this fitting-
based technique: it can reject the interfering environment near the wall which would
otherwise bias the temperature detection. In addition, each measurement originating

from individual micron size volume in space, is free of spatial averaging errors.

5.1.5 Analysis of ratio precision for different systems

In the previous discussion, experiments were conducted in two main imaging config-
urations, for two phosphor particles, dispersed in air or in water. In order to provide
guidance on the optimum configuration, the measurement precision of each of those
configurations was analyzed in this section. In addition, measurements were also per-

formed in configurations that did not allow temperature measurements, for example,
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without filters, or using the same filter on both cameras to check various hypotheses

for error sources.

Table 5.1: The particle-to-particle standard deviation in ratios with SMP:Sn?* particles
seeded in the gas for two optical configurations at room temperature. Of the two, the
pellicle beamsplitter configuration is also tested using different filters combinations or
even without filters.

Filters combination | Pellicle BS (95 % CI) | Opposite cameras (95 % CI)
BG18 & RG645 19.5(18.9, 20.1) % 19.8 (19.4, 20.2) %
No filters 15.4 (15.0, 15.8) % -
Both RG645 10.3(9.2,11.4) % -
Both BG18 16.7 (15.4, 18.0) % -

The analysis was firstly based on the SMP:Sn?* aerosol. In the beamsplitter config-
uration, when two different filters (BG18 and RG645) are used as those configurations
shown in Section. 3.2, the ratio precision is 19.5%, which is much larger than the
noise limited precision of 6.1% obtained from the calculation method presented in
Section. 3.2.4 of ABRAM et al. (2018). Emission anisotropy has little effect in this case
since the light collection axis is the same for both cameras. However, there may be a
potential contribution of particle-to-particle variations in the "apparent" emission
color. Therefore, to test this hypothesis measurements were also performed with both
cameras equipped with the same filters. Results are shown in Table. 5.1. Within the
table, the temperature precision is inferred through the calculation of the standard
deviation of the individual particle intensity ratio samples (o), and this value is pre-
sented with a 95% confidence interval (CI) to account for statistical uncertainty. These
confidence intervals are determined from the variance defined by Equation. 5.5, which
offers a theoretical evaluation of the variance in sample variance (Var(0?)), taking
into account the number of samples (n) and the mean precision (). It is important to
note that such calculations assume that the samples follows a Gaussian distribution

(CHO und CHO, 2009).
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When no filters are placed in front of either camera, there is only a minor improve-
ment of the precision with respect to the reference filter combination (BG18 & RG645),
which is in line with the interpretation above that the particle-to-particle emission vari-
ation mainly dominates the precision, despite a significant signal increase since both
cameras can collect emission at a broader wavelength range. In addition, blue emitting
dust particles will result in a different transmission/reflection ratio than phosphor
particles for an unfiltered configuration situation, because of the spectral dependence
of the beamsplitter. Similarly, scattered light, by its polarised nature, would also lead
to reflection/transmission ratio variations with respect to direct particle luminescence.
Notably, only the scattered luminescence is concerned here, since a prism was used to
clean the laser line so as to remove a potential 532 nm contribution, and the objectives

used would not transmit 266 nm scattered light.

The configuration with both cameras using the same red filter RG645 yields a near
two-fold improvement of the precision compared to the reference configuration, from
19.5% to 10.3%, although there should be a small increase in random uncertainty
due to the lower signal level provided by RG645 filter. This significant improvement
again indicates that changes in the emission spectrum from one particle to the other
largely contribute to the intensity ratio variation. Compared to the no filter case,
using two RG645 filters also has better precision because certain interfering lights are
blocked by the filters. Likewise, the counterpart with two blue filters BG18 yields only
a small improvement with respect to the reference filter combination (BG18 & RG645),
from 19.5% to 16.7%, while the signal level is increased by a factor of 1.5 compared
to the double RG645 filter configuration. This is also consistent with the conclusion
from the double RG645 filter case, that the variation in the luminescence spectrum

of individual dispersed SMP:Sn?* particles plays a more important role in intensity
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ratio precision than the signal limitation. The poorer performance offered by the
double BG18 filter combination can be attributed to a higher temperature sensitivity
of SMP:Sn?* particles in the blue region, as can be seen in Fig. 5.1 which shows a
sensitive peak at about 400 nm. Furthermore, the blue filter would capture the blue
fluorescences from dust particles, receiving more variations that are induced by the

polarisation and wavelength dependence of the beamsplitter as mentioned above.

The particle-to-particle standard deviation obtained with the opposite camera
configurations is 19.8%, which is almost identical to the value for the beamsplitter
configuration for the same filter combination. This would rule out a significant role
of anisotropy in the luminescence emission of SMP:Sn?*, which would express itself
strongly in the opposite camera configuration. A more minor role cannot be ruled
out since the absence of beamsplitter also doubled the signal with respect to the
beamsplitter. Note that in the opposite camera configuration, the astigmatism in the
particle image can be significant. The particle-to-particle standard deviation was also
calculated for the general Gaussian form Eq. (4.4) and found to be 28.5% against 19.8%

of rotated form Eq. (4.8).

Results obtained for the two types of particles, SMP:Sn* and ZnO, in the gas and
water media are shown in Table. 5.2. For the phosphor SMP:Sn?", water dispersion
offers a significant reduction in standard deviation compared to seeded gas flows
from 19.5% to 12.2%. This may be due to better particle size and shape homogeneity
obtained in the liquid phase produced by the ultrasonic dispersion process, while in
gas flow particle agglomeration is more likely to occur. Moreover, fewer dust particles

are present in the liquid dispersion.

Table 5.2: The particle-to-particle standard deviation in ratios for the two applied
phosphors dispersed in gas and water at room temperature

Phosphors Gas (95 % CI) Water (95 % CI)
SMP:Sn** (Pellicle BS) | 19.5 (18.9,20.1) % | 12.2 (9.9, 14.1) %
ZnO (Opposite cameras) | 32.1 (31.9,32.4) % | 41.9 (40.9, 42.9) %
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All results based on ZnO in this thesis were obtained in the opposite camera config-
uration. In the air, the ratio precision obtained with ZnO is 32.1% which is about 50%
lager than that obtained for the tin-doped phosphor (19.8%) at the same configura-
tion. Note that the intensity in the weakest channel for ZnO is about twice as low as
that for the tin-doped phosphor, so here both the emission luminescence difference
between particles and the signal level may account for the lower precision obtained
with ZnO. In liquid dispersion, however, the particle-to-particle standard deviation is
much larger, 42%, compared to the seeded gas flow. A possible reason can be that the
smaller particle size or de-agglomeration of ZnO particles by the ultrasonic dispersion

may lead to larger luminescence anisotropy or color variations.

5.2 Test cases using the dual-frame lifetime method

The results above in this chapter demonstrate that the single particle image fit concept
can achieve a high spatial resolution and accurately quantify the temperature field
within the thermal boundary layer. Alternatively, a potential direction to simplify this
concept is to employ the dual-frame lifetime method rather than the spectral separa-
tion approach (both methods as described in Section. 3.1) to measure the individual
particle intensity ratio. The dual-frame lifetime method enables measurement with a
single camera so as to eliminate the need for disparity correction between the images
in the two cameras. Additionally, the single-camera setting avoids errors caused by
beamsplitter aberrations or luminescence emission anisotropy for the two-camera
setup, which makes this method more robust against experimental uncertainties.
Therefore, we conducted some preliminary tests on several phosphor particles using
the dual-frame lifetime method to explore the possibility of enhancing the proposed

concept.
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5.2.1 Thermographic phosphor particles investigated

In test cases, the performance of four distinct particle types was evaluated. The first
one is SMP:Sn?*, and its property has been presented in the Section. 5.1.1. Fig. 5.18
presents the changes of SMP:Sn?* in luminescence lifetime concerning temperature,
serving as a reproduction of the Fig. 12 in FOND et al. (2019). It can be observed
that there is initially a flat evolution in luminescence lifetime followed by a rapid
decrease from about 600 K, indicating a greater lifetime sensitivity in higher tempera-
ture environments, so this phosphor particle could be well-suited for thermometry in
gaseous phase where high temperature processes often occur. It is worth noting that
the SMP:Sn?* particles exhibit non-spherical shapes as demonstrated in the SEM mea-
surements carried out by FOND et al. (2019). SMP:Sn?" particles are applied because

of their easy accessibility as commercial products.
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Figure 5.18: Emission decay time (1/e) of SMP:Sn?* after 266nm excitation over the
300-900 K range, reproduced from FOND et al. (2019).
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Figure 5.19: Lifetime as a function of temperature for ScVO, :1%Bi, YVO, :1%Bi and
Y0.65¢0.4VO, :1%Bi excited by 266nm laser. This figure is reproduced from RASHED
(2022).

The remaining three particle types employed in test cases, namely YVO, :1%Bi,
Y0.65¢0.4VO4 :1%Bi and Y»03 :3%Eu*, were all synthesized in our lab. YVO, :1%Bi and
Y0.65¢0.4VO4 :1%Bi particles were synthesized using the same method, the classical
solid-state method, while the Y,03 :3%FEu’" particles were prepared using a flame
aerosol synthesis approach (ABRAM et al., 2019). During the synthesis process of
Y, 03 :3%Eu3", aerosol droplets with an approximate diameter of 5 um were produced
by an ultrasonic atomizer, and the flame temperature was maintained at about 1500 K.
The aerosol synthesis route could offer higher dopant uniformity, and the produced
particles are very regular so less likely to show anisotropy or particle-to-particle varia-
tions. Consequently, the Y03 :3%Eu®" particles possess a spherical shape as shown in
the SEM images (Fig. 7) in ABRAM et al. (2019), whereas the shapes of YVO, :1%Bi and
Y0.65¢0.4VO4 :1%Bi particles produced by the solid-state method were cuboidal-like,
see Fig. 3.13 and Fig. 3.14 in RASHED (2022).
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Fig. 5.19 presents the luminescence lifetimes of YVO4 :1%Bi and Y 6Sco.4VO, :1%Bi
as a function of temperature, which is also measured in our lab. Further details
regarding their luminescent properties as well as their synthesis method can be
found in the work of RASHED (2022). Unlike the SMP:Sn?* particles, YVO, :1%Bi
and Yy 6Scp.4VO, :1%Bi are sensitive to temperatures below 140 °C, resulting in a good
adaptability to temperature tracing applications in liquid fluids, especially water. The

lifetime data of different doping ratios of Y3* to Sc®* were reported in ELASHRY et al.

(2023).
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Figure 5.20: Radiative lifetimes of 5Dy level of Eu** of Y,03 with 3 %, 1 % and 0.1 %,
and YVO, doped with 1 % concentration of Eu®", on the temperature range from 40 °C
to 460 °C. This figure is reproduced from CIRIC et al. (2020).

The lifetime data of °Dy level of Eu3* doped with 3 % Y,0j is illustrated in Fig. 5.20
(reproduced CIRIC et al. (2020)). As observed, the luminescence time of Y03 :3%Eu>*
increases slightly from 1.2 us to 1.45 us as the temperature varying from 40 °C to
460 °C, representing an average temperature sensitivity of ~0.045 %/ °C. Such a low
temperature sensitivity signifies substantial uncertainty when applying Y, 03 :3%Eu3*

particle to perform thermometry in a non-uniform temperature field with the dual-
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frame lifetime method. The reason for implementing this particle was to study the
impact of the spherical shape of particles on the temporally separated intensity ratio.
It should be noted that the particles examined in Fig. 5.20 were synthesized with a
polymer complex solution method (KRSMANOVIC et al., 2011) that differed from the
method used here. Consequently, the resulting luminescence lifetimes at specific
temperatures can slightly diverge. Given that we did not characterize the lumines-
cence decay property of the sample employed, the value from the literature could be
considered as an approximation, while its lifetime at room temperature would also be

estimated in the later experiment for optimizing camera timing.

5.2.2 Experimental setup
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Figure 5.21: Optical setup to acquire temporal separation intensity ratios for high-
resolution particle imaging in liquid dispersion.

Fig. 5.21 shows the optical setup for the tests of implementing the dual-frame
lifetime method to improve the high spatial resolution temperature measurement.
This setup is highly similar to those used to access the spectral separation intensity
ratios in Section. 5.1, with the exception of the camera operating in double-frame
mode to enable temporal separation dual-frame determination. Another difference
was the use of an optical filter GG400 (from SHOTT) instead of the filters matching the

peak wavelengths of the phosphor emission spectrum. The filter was used to prevent
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interference signals from the stray light or reflection of 266 nm laser. Here, it should be
noted that for some phosphors such as the Y03 :3%Eu®* particles, emission of several
transitions would be acuiqred by the camera. During this experiment, only isothermal
tests at room temperature were conducted, and thus the intensity ratio distribution
of single phosphor particles at room temperature were explored. The temperature
dependency of intensity ratios derived from temporarily separated images will be

demonstrated and determined in further works.

Of the four particle types applied, tin-doped phosphor SMP:Sn?* was also used in
Section. 5.1.2.1 to resolve the temperature in a liquid dispersion, and in Section. 5.1.3.1
to demonstrate the ability to reject the low frequency interference in a seeded gas.
The lifetime of SMP:Sn?* is about 26us as mentioned in Section. 5.1.1, we thus set
the first frame exposure time #; to 19 us, resulting in a normalized time (7, = #;/7)
of 0.72, within the optimal range of 0.5-4 as recommended by ABRAM et al. (2020).
The luminescence of YVOy4 :1%Bi and Y §Scy.4 VO, :1%Bi exhibit similar lifetimes of
approximately 4 us at room temperature, see Fig. 5.19, so that the first frame exposure
time #; for imaging them was chosen to be 2.4us, leading to a normalized time 7,
of 0.6. Since the luminescence decay time of the phosphor Y,03 :3%Eu®" at room
temperature had not been measured on this specific sample, it could be estimated by
gradually delaying the start of the first frame exposure with respect to the laser pulse
until the camera cannot acquire any luminescence signals. This process does not need
to be highly precise, for example using a delaying step size of every 1 microsecond, and
the total decay of Y03 :3%Eu>* is found to be within 4~6 us. Therefore, the lifetime
7 0f Y203 :3%Eu" can be calculated to be about 1 us, in agreement with the study of
CIRIC et al. (2020). The first frame exposure time f; in the experiment is consequently
set to be 0.7 us, giving a normalized time 7, of 0.7. In the images acquired using this
camera timing, the luminescence intensity is almost at the same level between the
two temporarily separated frames, which verifies the total decay time approximation

according to the integral analysis of the exponential decay function.
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5.2.3 Results
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Figure 5.22: Intensity ratios distribution of four tested phosphor particles obtained
from the dual-frame lifetime method at room temperature. (a) tin-doped phosphor
particles, SMP:Sn?*; (b) YVO, :1%Bi particles; (c) Yo.6Scp4VO, :1%Bi particles; (d)
Y,03:Eu" particles.

For each of the four phosphors, we estimated the intensity ratios between the tem-
porarily separated dual-frame for at least 500 measurements (single particles) over
an accumulated measured field of 14x17 mm under isothermal conditions (room
temperature). Their ratio distributions are presented in Fig. 5.22, which results were
obtained with an image fitting R-square above 0.95 as explained in Section. 4.1.3. No-
tably, as a white field correction was conducted, these results could contain a potential

deviation caused by the image detector pixel-to-pixel sensitivity and distortions in
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the optical. In the figure, one can observe that YVO4 :1%Bi and Y §Sc.4VOy4 :1%Bi
have similar ratio variations exceeding 20%, while SMP:Sn?* and Y,03 :3%FEu®* show
a much smaller variation of about 11%, indicating significantly less fluctuations in
their emission decay time. For SMP:Sn?*, this discrepancy can be attributed to the
fact that the lifetime of SMP:Sn?* is more insensitivity at room temperature compared
to YVOyq :1%Bi and Y Sco.4VO4 :1%Bi, as shown in Fig. 5.18 and Fig. 5.19. In addition,
the phosphorescence properties of SMP:Sn?" are less susceptible to variations in the
fluence of laser light sheet (FOND et al., 2019). Furthermore, given an identical random
error in the detected lifetime induced by the same imaging setup, particles with longer
lifetimes, such as SMP:Sn?" particles, are preferable due to their reduced susceptibility
to such an error. However, the poor temperature sensitivity of SMP:Sn?* within low
temperature range limits its application in the environments of, for example water

dispersion, despite its remarkable performance in terms of intensity ratio variation.

Differences in particle size and shape can also alter the phosphor emission decay
time (SHAN et al., 2010; VALIEV et al., 2018; BOIKO et al., 2021) causing larger ratio bias
here. The Y,03 :3%Eu®" particle is therefore tested to investigate the potential of its
spherical shape to yield reduced intensity ratio variations. However, Y203 :3%Eu®" ex-
hibits a similar ratio precision to that of the SMP:Sn?*, characterized by a non-spherical
shape. This rules out the dependence of the intensity ratio on the spherical shape of
particles. The remarkable precision of Y03 :3%Eu>* particle can be also attributed to
the fact that its lifetime is extremely insensitive to the temperature (see Fig. 5.20), which
inversely limits its application. The other causes of such a small intensity variation
remain unexplained because the luminescence properties of this sample, for example

the dependence on laser energy fluence, have yet to be characterized.
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Multi-point temperature reconstruction

in opaque packed beds

This chapter covers demonstration experiments aimed at measuring temperatures at
discrete points inside an opaque, regular packed bed that serves as a highly scattering
media. In this context, spheres strategically situated at the measured locations were
coated with luminescent phosphor powder and excited by penetrating laser light.
The decay time of the emitted luminescence depends on the sphere temperature,
which forms the basis of this measurement technique. As a verification, the measured

temperatures were validated against thermocouple readings.

The preliminary experiments were conducted under both isothermal and non-
isothermal conditions with only one luminescent sphere loading in the packed bed.
These experiments served two purposes: first, they established and verified the method,
and second, they facilitated the derivation of an in-situ temperature-ratio calibration
curve, ensuring accurate temperature evaluation. The experiments were subsequently
extended to the case of three luminescent spheres under non-isothermal conditions.
Those three spheres were present simultaneously in the packed bed, where the mea-

sured luminescence is a complex superposition of the contribution by each sphere. By
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6.1. THERMOGRAPHIC PHOSPHOR PARTICLES SELECTION

isolating the individual luminescence contributions using the proposed linear regres-
sion method, simultaneous temperature measurement at three discrete points within

the bed was realized.

Nonetheless, the purely experimental way is limited to the packed bed with a regular
structure, since it requires disassembling and reassembling the packed bed multiple
times but keeping the structure identical. In practice, actual packed beds commonly
feature a randomized structure, making it unfeasible to reconstruct the packed bed
with precisely the same structure repeatedly. To overcome this limitation, this chapter
introduces the combination of the proposed concept with ray tracing simulations,
providing an option that eliminates the necessity for repetitive bed reassembly. The

work in this chapter is partly derived from the publication XUAN et al. (2024).

6.1 Thermographic phosphor particles selection

In the experiment of temperature reconstruction in the opaqua packed bed, YAG:Cr3*
was used as thermographic phosphor because its luminescence decay time was sensi-
tive over the 20 — 300 °C (SHEN und BRrAY, 1997) temperature range that was aimed
at in this work. The temperature dependency of YAG:Cr®* luminescence lifetime is
shown in the Fig. 3.2(a) in Section. 3.1.2, which allows us to determine the lifetime of

YAG:Cr3* at room temperature to be about 4 ms.

6.2 Design of the packed bed

In order to perform the experiments with a packing geometry in which each sphere
position is unambiguously defined and reproducible, we conducted the experiments
with a regular face-centered cubic (FCC) packing of identical spheres. The packing
has 107 spheres that are arranged in three vertical layers of 5 x 5 spheres interleaved

with two layers of 4 x 4 spheres, as illustrated in Fig. 6.1(a). To uniquely identify each
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6.2. DESIGN OF THE PACKED BED

sphere, an index system was established in which the centre sphere was defined as the
origin and was labeled (0,0,0) (see Fig. 6.1(b)). In this notation, the z index specifies
the vertical layer while the x and y indices indicates the coordinates of the spheres
inside each layer. In the 5 x 5 layers, the spheres have integer x and y coordinates, such
as (1,0,0) for the red-coloured sphere in Fig. 6.1 (c). Within the 4 x 4 layers, which are at
uneven z coordinates, the spheres are shifted by a half sphere distance with respect to
the 5 x 5 layers. Consequently, their x and y indices are half integers, e.g. (-0.5,-0.5,1)

for the red-coloured sphere in Fig. 6.1 (d).

(000) (100) (-0.5-0.51)
= = =
>e =
R
(b) (c) (d)

Figure 6.1: (a) Regular packing coordination system; (b), (c) and (d) are the examples
of location indices of the red-colored spheres. This figure is reproduced from XUAN
et al. (2024).

The present work utilized 6 mm aluminum spheres as packing material due to
the high thermal conductivity of aluminum, which minimises the temperature varia-
tions inside each sphere. Some spheres were coated with micron-size thermographic
phosphor particles to enable local temperature measurements. YAG:Cr®* was used
as thermographic phosphor in our experiments because its luminescence decay time
was sensitive over the 20 — 300 °C temperature range that was aimed at in this study,
cf. SHEN und BRAY (1997). The phosphor particles were mixed with a binder (HPC,
Zyp coating) in a ratio of 1 g of phosphor per 24 mL of binder, and applied on the
surface using an airbrush. In order to obtain an uniform coating on the spheres, we

designed a custom procedure where the spheres were placed in a tray fixed to the
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translation stage of a 3D printer frame. The mixture of phosphor water dispersion
and binder was sprayed through an airbrush nozzle replacing the 3D printer injection
head. About 500 spraying passes was necessary to reach a coating thickness of 15 um,
estimated by measuring the diameters of tens of spheres before and after coating with
a thickness gauge. Between spraying passes, the tray was subjected to a sudden trans-
lation causing the spheres to roll. The purpose of this was to randomize the sphere
orientation during each spraying pass to maximize the uniformity of the coating. Due
to the long drying time of this water-based coating between each spraying pass, the
whole coating process took several hours. In addition, it yielded a limited number
of spheres with uniform coating, about 5 spheres were hand picked out of initial 100
spheres placed on the tray. The non-luminescent spheres should also be coated with a
similar coating but without phosphor particles to obtain a similarly diffuse reflectivity
of their surface. Since over hundred non-luminescent spheres have to be coated, we
used instead a commercial plastic primer in a spray can, which can coat such large
number of spheres in only several minutes. On the other hand, in the future, we will
consider spheres made of oxide or ceramic material, for example to study calcination
processes. Those will have similar reflective properties than the phosphor coating, and

coating the non-luminescent spheres will not be necessary.

6.3 Optical setup

Fig. 6.2(a) is a schematic of the optical setup of the experiment. The packing was held
in a fused silica cuvette (cuvettes.ch UQ-752) which width and depth were chosen to
be five sphere diameters, in order to fix the bed position. Additionally, the cuvette was
selected aimed for a high transmittance for wavelengths 190 - 2500 nm. For excitation
of the phosphor luminescence, the 12 mm diameter laser beam of a pulsed frequency
doubled Nd:YAG at 532 nm was directed normally through the center of the cuvette

lateral face; and to compensate for the loss through multiple reflections inside the
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bed, a laser energy of 90 mJ/pulse was used. The excitation light penetrates within
the bed and excites, after multiple diffuse reflections, one or several phosphor-coated
spheres. Upon being pulsed-excited, the packing spheres emit luminescence that
gradually decays over time after the end of the pulse. This luminescence emission exits
the packed bed also after multiple scattering events. It is then imaged by a sSCMOS
camera placed at 90 degrees with respect to the incident beam and equipped with a 50
mm f/1.4 Nikon lens as well as a 645 nm long-pass filter (SCHOTT RG645) to remove
the excitation light. The camera was focused on the front surface of the packing to
maximise the sharpness of the image. Here the delay time, ty, between the laser pulse
and the camera’s first exposure frame was set to 5 us, which had negligible impact on
signal collection, considering the millisecond-order lifetime for YAG:Cr®*. The first
frame exposure time (t;) was set to 1.5 ms, resulting in a ratio of first frame delay to
lifetime (7) from 0.75 to 2.14 in the range of temperatures during the measurement,

representing an optimal temperature precision as mentioned in Section. 3.1.2.

532 nm
YAG:Nd Laser

(a)

Figure 6.2: (a) Setup for optical thermometry and. (b) Photograph of packing with
heating element and thermocouple. This figure is reproduced from XUAN et al. (2024).

To facilitate the heat transfer investigation in the packing, a local heating unit was
added to induce a temperature perturbation and to observe the resulting temperature
distribution. Specifically, as presented in Fig. 6.2(c), one of the non-luminescent
spheres in the top layer was heated by contact with the heating tip of a soldering

station. To ensure good contact between the tip and the sphere, a 2.2 mm diameter
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6.4. CALIBRATION AND ASSESSMENT OF POSITION INDEPENDENCE OF THE
PHOSPHOR THERMOMETRY METHOD

and 3 mm deep hole was drilled into the sphere. An additional 0.55 mm diameter hole
was drilled to insert a 0.5 mm diameter type K thermocouple in order to monitor its
temperature. The temperature histories of one of the phosphor-coated spheres was

also measured using an embedded thermocouple.

Since dual-frame lifetime method exploits the temperature dependence of the de-
cay time, but not that of the emission spectrum, it does not suffer from the spectral dis-
tortions caused by the multiple reflection events inside the packing. These reflections
may delay and spread the decay waveform through an increase and variation of time
flight within the packing, but this effect is expected to be in the sub-nanosecond range
for the centimeter-scale bed, while the decay time of YAG:Cr?* is in the millisecond-
order range. Therefore, the temporal distortion is considered negligible even for larger

packings.

6.4 Calibration and assessment of position independence

of the phosphor thermometry method

Prior to measuring temperature in an unknown temperature field, the ratio response to
temperature was calibrated. One luminescent sphere with an embedded thermocouple
was placed at one out of the four centremost positions in the z = 1 layer, (-0.5 -0.5 1),
where it experienced a range of temperature, from 27 to 150 °C, as a result of transient
heating from the top sphere. During the heating, intensity ratios were derived for
different temperatures using local time average over a time series of 19 single pulse
measurements (within 2s), during which the temperature variation was less than 1
°C. Those ratios form the curve as shown in Fig. 6.3. A high temperature sensitivity of
about 1 %/°C could be derived from the fitted curve, which number is in agreement
with the measured decay sensitivity of YAG:Cr** powder LOPEZ-BONILLA et al. (2023)

and the timing dependent sensitivity factor ABRAM et al. (2020). This indicates that,
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Figure 6.3: The intensity ratios measured at four locations of the luminescent spheres
inside the packing, over the 27 — 150 °C temperature range. Exponential fit curves are
used for ratio to temperature conversion and to guide the eye.

compared to direct visualization, the perceived luminescence response is unaffected
by the indirect measurement of the luminescence from the sphere inside the bed. This
in-situ calibration allows to maintain the incident fluence experienced by the sphere
in a similar range as during the actual experiment. Measurements were repeated when
the sphere was placed at the other three positions within the same z = 1 layer, as
the results are also shown in Fig. 6.3. The four calibration curves in the figure are of
good agreement, with deviation slightly increasing at low temperature and a relative
difference of 5.7 % at 27 °C. The results demonstrate the repeatability of the system
and a first assessment of the independence of the sphere temperature response on its

position.

It is difficult to place a sphere with an embedded thermocouple tip in the lower
layers as there must be a clear path for the thermocouple lead, especially for z = —1 and
—2 layers where we were not able to reach at all during the measurement. To further
extend the study of position independence to a broader range of positions inside the

bed, an experiment was performed with a single luminescent sphere placed at 13
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different internal locations of the packed bed under uniform room temperature, 25 °C
condition. At each location, an ensemble of 19 image pairs was taken for dual-frame
2D lifetime determination, as the results presented in Fig. 6.4. The figure shows a small
variation around 25 °C, with a mean deviation of 1.7 °C. A more minor variation could
be observed among those 4 x4 layer, especially for the z = 1 layer where the deviation of
mean temperature is below 0.5 °C. More considerable measurement variation occurred
at the z = 0 layer. In particular, the maximum temperature bias of 4.9 °C was at the
location (0 1 0), which also presented a larger shot-to-shot fluctuation as expected,
because this location had the lowest signal level since the sphere located at it was the
furthest away from the beam optical axis and the detector (camera). Despite this, the
good agreement between average temperature demonstrated the independence of
the temperature measurement from the luminescent sphere locations, showing the

robustness of the temporal temperature readout implemented here.
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Figure 6.4: Repeated temperature measurements for single luminescent sphere placed
at 13 different locations separately in the packing under isothermal condition (25 °C).
This figure is reproduced from XUAN et al. (2024).
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6.5 Demonstration of three spheres instantaneous ther-

mometry

6.5.1 Experimental results

For demonstrating multi-point temperature detection, we tested the case of three
luminescent spheres, S1 (-0.5-0.5 1), S2 (0 0 0) and S3 (-0.5 -0.5 -1). Their locations are
shown on the right of Fig. 6.5. Among these three measured spheres, S2 was embedded
with a thermocouple in order to validate the temperature measurements, while S1 and

S3 would only be inferred by their temporarily separated intensity ratio.
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Figure 6.5: Temperature-time traces using linear regression fit to isolate the multiple
spheres signals into individual contributions based on measured S\ (x, y) templates.
The temperature of all the spheres except S3 were measured by thermocouple (TC)
simultaneously, but the thermocouple readings for S1 is from a separate measurement,
denoted by the asterisk exponent. This figure is reproduced from XUAN et al. (2024).

The experiment was started under isothermal room temperature condition. At
t = 0 min, heating was imposed from one of the top spheres, which temperature was
measured by a thermocouple to provide the heated source temperature. Also, this

heated sphere temperature will be used as the input data in heat transfer simulation
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done by a collaborating researcher for data assimilation, so as to access the thermal
properties inside the packed bed. Results under transient heating are plotted on the
left of Fig. 6.5. Note that here linear regression fitting for signals separation was based
on the measured templates of 2D intensity distribution function S (x, y), when single
phosphor coated spheres are placed in the bed at the correspondingly respective
positions. As shown, S1 is in direct contact with the heated sphere so it has the lowest
temperature difference to the heated sphere. The heat is then transported by contact
from S1 to S2 and finally the S3. It is therefore expected that the temperature of the S2
should be theoretically between S1 and S3, as observed in the figure. In addition, the
temperature obtained by S2 is in good agreement with its thermocouple readings, with
a mean temperature deviation of 0.8 °C, and a maximum deviaton below 2 °C at 88 °C.
This demonstrates that the contribution from S2 was successfully isolated from those

of S1 and S3, which are at different temperatures.

At this stage, only one phosphor-coated sphere with a thermocouple was available.
In order to offer additional validations using results from separate measurements
with the thermocouple-connected sphere at a different location, we evaluated the
repeatability of the experiment. For this, the packed bed was reassembled three times
in a different sequence of spheres, and thermocouple measurements were taken each
time for the sphere at S2. The maximum deviation between temperature histories was

found to be 4 °C.

Since the experiment was found to be repeatable, the packed bed was reassembled
and the sphere with the embedded thermocouple was placed this time at S1. The
measured profile was added to Fig. 6.5. The resulting mean temperature difference
for S1is 3.8 °C, and the maximum bias is 9 °C occurring at 128 °C. The sphere with a
thermocouple cannot be placed at the location of S3, as there was no passage for the
thermocouple leads at this position. This fact is one of the limitations of thermocouple
application. These results illustrated that the separation of signals can provide accurate

independent measurements.
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Here the temperature of the heated sphere is limited by the heating source (solder-
ing station), leading to the internal temperature of the packed bed within a modest
temperature range, approximately below 200 °C, over which the selected phosphor
YAG:Cr** has high temperature sensitivity, as shown in Fig. 3.2(a). Many phosphor
materials are available and some were found to be suitable for measurements at tem-
perature above 1400 °C such as YAG:Tm,Li in NILSSON et al. (2023). At high temperature
(above 1000 °C), we anticipate however that the contribution of blackbody radiation
could be significant. Therefore blue emitting phosphors with short decay time should
be considered so that the contribution of blackbody radiation can be minimized by

spectral and temporal filtering.

6.5.2 Analysis of combination with ray tracing simulations

Separating the multiple spheres signals relies on the individual spatial distribution
functions S (x, ). Determining the S (x, y) experimentally is, however, often im-
practical since it amounts to dis- and re-assembling the experimental setup. We there-
fore employ an optical simulation based on a computer model of the experimental

setup to obtain the SV (x, y).

The simulations are done by cooperating researchers, M. Ebert and C. Lessig, using
Monte Carlo ray tracing that computes both optical paths and the intensity that is
transported along these paths. Given the simple geometry of the experimental setup, a
computer model of it was generated by hand assuming an ideal packing of the analytic
spheres. Since the spheres in the experiment were coated, an ideal diffuse scattering
with reflectance factor of 0.75 was used. No laser light propagation or luminescence
were simulated but the phosphor-coated spheres were directly modeled as radiation
sources. This simplification, however, will introduce inaccuracies to the predicted
temperature because in reality the luminescence spatial distribution is dependent

on the excitation light distribution. In the simulation, a pinhole camera model was
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employed with parameters derived from those provided by the LaVision Davis.10

software calibration used in the experiments.

6.5.2.1 Comparison of measured and simulated intensity distributions

An example for a simulated image in comparison to the measured one can be found
in Fig. 6.6(a). A good agreement between the images can be observed with a clear
correspondence between the particle interstices (triangle-shaped regions). Since a

pinhole camera model is employed, the simulated image appears overly sharp.

A slight asymmetry can be observed in the measured image due to the laser pene-
trating from the left and therefore leading to a higher excitation irradiance on the left
side of the phosphor-coated sphere. This is not present in the simulation since there
the phosphor-coated spheres are directly modeled as radiation sources for simplifica-
tion. The differences between measurement and simulation can be assessed in more
detail in the cross sections also shown in Fig. 6.6(b). Again, the simulation provides a
symmetrical profile about the sphere position, while the measurement show higher
signals on the left side than on the right side for the reason mentioned above. The
vertical profile is also symmetrical about the sphere position in the simulated image
but not on the measured image, due to the Gaussian shape of the excitation beam

which leads to a non uniform irradiance on the phosphor coated sphere.

6.5.2.2 Application in the demonstration case

The ray tracing simulation allows one to obtain the spatial intensity distribution func-
tions V) (x, ), without needing to take measurement with the individual spheres at the
exact same position as in the multiple spheres measurements, which are only possible
in regular beds where all sphere position are fixed. In complex setups, with irregularly
packed spheres and for all non-spherical particles, such experimental determination

is infeasible.
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Figure 6.6: (a) Comparison between recorded and simulated image of luminescent
light formed on the camera when a luminescent sphere is located at the center of the
packing. (b) Normalized intensity plot of the data region indicated by the red dash line
in (a). The intensities from the two approaches are normalized to the their respective
maximum intensities. This figure is reproduced from XUAN et al. (2024).

To validate the use of simulated SV (x, y), we performed the temperature estimation
for the three luminescent spheres case described in Section. 6.5.1 using simulated
SW(x, ¥). The resulting temperatures are plotted in Fig. 6.7. As can be seen there, the
temperatures obtained with the proposed method and with the thermocouples are
in good agreement for both spheres S1 and S2. Also, the derived temperatures are
similar to the reconstructed values inferred from measured S (x, y) (see Fig. 6.5). S1
has a mean temperature deviation from thermocouple measurements of 4.6 °C and
a maximum deviation of 10 °C at 106 °C. For S2, the mean temperature deviation is

0.8 °C, while the maximum deviation is less then 1.5 °C at 71 °C. For the third sphere
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S3, there is no thermocouple reference measurement available. However, compared
to the results obtained with the measured S/ (x, y) in Fig. 6.5, the difference is larger,
between 7 and 12 °C. Given the position of the heated sphere, the lower values provided
by the measured luminescence images appear more plausible. This would indicate
that although the results using the simulated profiles are promising, the differences
between simulated and measured luminescence images are still a limited factor for
accurate signal separation. The contribution of the various spheres may be under or
over-estimated, which translates here into a 10 °C error representing approximately
10% of the temperature difference of about 100 °C. The effect of a fixed relative signal
over-estimation on the temperature error is a complex function of temperature, since
the temperature dependent variation of the intensity in the first and the second frame
depends on the choice of camera gating, thermal quenching of the phosphor emission
intensity and the temperature sensitivity of the decay time of the chosen phosphor.
To design future experiments with higher temperature difference, this effect could be
modeled based on the temperature dependent characteristics of the chosen phosphor.
However, it is clear that the integration of the excitation light propagation is necessary

to obtain more accurate evaluations.

6.5.2.3 Limits of reconstruction and its a priori estimation

The condition number « is a scalar value that quantifies the sensitivity of a function’s
output to changes in its inputs. In general, the larger the condition number «, the more
sensitive the function is to small changes in its inputs, indicating that small errors in
the inputs can lead to large deviations in results. Therefore, the condition number of
a linear regression problem indicates the amplification of random errors by the least
squares fit. To obtain x, one can perform the Singular Value Decomposition (SVD)
to the input matrix of a linear regression problem. The condition number « is then
given by the ratio of the maximal singular value to the minimal value. For the signal

separation process discussed in this thesis, the condition number hence provides a
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Figure 6.7: Temperature histories measurement for the three luminescent spheres case
described in Section. 6.5.1, but using simulated spatial intensity distribution function
S (x, y) for signal separation. This figure is reproduced from XUAN et al. (2024).

means to predict the reconstruction quality based on the individual spatial intensity
distributions and the configuration of the sphere locations, yielding a priori estimation

for the amplification of measurement uncertainties and errors.

In principle, a condition number x close to unity (one) leads to no or little amplifi-
cation and is thereby the optimal case. For example, if one sphere case has a precision
of 1 K, and we consider a multiple sphere configuration with a condition number
of 2, we could anticipate that the temperature precision in this case will degrade to

approximately 2 K.

The ray tracing simulation enables us to easily determine the spatial intensity
distribution functions SV (x, y) for all sphere locations in a packed bed and hence to
compute the condition numbers for arbitrary multiple spheres arrangements. This
provides the possibility to predict the difficulty of a temperature measurement in a

specific configuration before performing an experiment.

Numerical values of the condition number for the thee-sphere measured data and

simulated data in Section. 6.5.1 and Section. 6.5.2.2 are shown in Table. 6.1. In addition,
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6.5. DEMONSTRATION OF THREE SPHERES INSTANTANEOUS THERMOMETRY

Table 6.1: Condition number and fitting errors of the linear regression fit for measured
and simulated spatial intensity distribution functions S\ (x, ), for the sphere arrange-
ment shown in Section. 6.5.1. In the table, F; and F, indicated the results of the two
frames used for the temperature determination.

SU)(x,y) obtained | Experiment | Ray tracing simulation
Condition number « 1.75 2.25

RMSE (F; / F»)x103 3.31/2.24 6.02 / 3.92

RSS (F) / F2)x10'0 | 0.41/0.20 1.00 / 0.45

the table also includes the statistics analysis of root mean square error (RMSE) and
residual sum of square (RSS) from the linear regression fitting for the signals separation
process. These statistics results were presented for the two frames, denoted by F;
and F, in the table, while the condition number has only one for each case since
the U (x, y) template stays the same for both frames. The condition number of the
experiment is closer to one than that of the simulation case, which agrees with a
more accurate results from the experiment. For the simulation, additional errors arise
through the inaccuracies in the alignment between the experimental setup and its
computer model, e.g. non-ideal sphere placement or an imperfect camera model in

the computer.

Further results of the condition numbers as a function of the sphere arrange-
ment and the corresponding corollaries on the limitation in the number of detectable

spheres are provided in XUAN et al. (2024).
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Conclusions and Future Works

This thesis introduced two innovative concepts based on the analysis of lumines-
cence images of discrete particles. The first one is capable of achieving temperature
measurements with exceptional spatial resolution in luminescent particle dispersion.
The second concept offers a method for determining temperatures within an opaque
packed bed, a particularly challenging context due to its pronounced scattering char-
acteristics. Both concepts were intended to isolate the luminescence of individual
discrete particles and thus exploit the thermal dynamics of individual particles. This
final chapter serves to summarize the results of all the research work, and presents
prospective applications as well as potential directions for further developing this

technique.
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7.1. IMAGING OF INDIVIDUAL DISPERSED PARTICLE FOR HIGH SPATIAL
RESOLUTION THERMOMETRY IN FLUIDS

7.1 Imaging of individual dispersed particle for high spa-

tial resolution thermometry in fluids

7.1.1 Summary of the works

The proposed concept utilizes the discrete nature of the luminescence emission from
individual particles, which can be isolated and fitted for temperature measurements to
achieve an in-plan high spatial resolution. This was first demonstrated by imaging the
signals from tin-doped phosphor SMP:Sn?* in a liquid dispersion. The fit is based on a
rotated 2D Gaussian function that exhibits a more robust performance in interpreting
particle images with aberration. With this technique, the positioning precision of the
particle is better than 0.2 pixels, allowing for an in-plane spatial resolution as high as a

few microns for thermometry.

In contrast with the window-based intensity ratio approach in the conventional
phosphor thermometry technique, the proposed single particle fit method also offers
the ability to separate particle luminescence from signals with a low spatial frequency,
such as light re-scattered by surrounding particles. In the presence of a level of interfer-
ence from re-scattered LED light as high as 20 times the particle signal, the measured

ratio was found to remain unchanged within 6 %.

The implementation of the proposed concept focuses on the case of a hot gas jet
flowing next to a cooled surface. A 100-500 um thin thermal boundary layer could
be observed in the vicinity of a cooled surface. The results showed that local fluid
temperature could be measured as close as 40 um from the surface, and the results
were validated against the solution of a Prandtl-Blasius equation. Moreover, since a
minimum inter-measurement distance of 76 um over a 9 x 18 mm field of view was
achieved, this technique is well-suited to cover a wide range of spatial scales, with a

sub-pixel measurement resolution (<10 ym).
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On the other hand, relying on signals of individual particles, the high spatial res-
olution of this technique comes at the cost of a lower precision ( 10-25% in the ratio
in this thesis) than that of the window-based approach ( 3-4% in the ratio), which
averages signals over tens of particles within the window. The precision was not found
to be limited by signals, but by other sources of particle-to-particle variations that
are smoothed out by the window-based technique. These were investigated by com-
paring the precision obtained in various imaging configurations, with SMP:Sn?* or
7Zn0 seeded in gas or in water. Anisotropy does not seem to have a major contribution
on the particle-to-particle ratio variations for the tin doped phosphors. Fluorescence
perhaps from blue emitting dust particles may contribute to variations in apparent
colors and therefore ratio. However, for ZnO, we cannot exclude contributions for

anisotropy as it was only tested in the opposite camera configurations.

7.1.2 Application in cooling film thermometry

Cooling film technique, also known as film cooling, is a thermal management strategy
widely used in high-temperature environments such as gas turbines, rocket engines,
and other combustion systems. The technique involves the injection of a cooler
fluid, often air, through small holes or slots in a surface that is exposed to high heat
fluxes. This creates a protective thermal layer or “film” of cooler fluid that insulates the
surface from the hot gases, thereby reducing the surface temperature and preventing
thermal damage. The performance of these cooling films is influenced by various
factors, including the mainstream flow conditions, the blowing ratios (the ratio of the
mass flow rate of the coolant to the mass flow rate of the mainstream flow), and the
temperature difference between the mainstream flow and the cooler gas flow (CHOI
et al., 2022). Particularly, the temperature distribution in the cooling film is a critical

parameter that directly affects the cooling effectiveness.
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However, in the context of optical thermometry within cooling films, the re-
scattering signals from the solid surface or other system components represent a
substantial challenge, since these lights can considerably contribute to the recorded
luminescence when the interrogation region approaches the solid boundary side.
Though phosphor thermometry has been reported in measuring temperature in gas
turbine film cooling flows (SCHREIVOGEL et al., 2016; STRAUSSWALD et al., 2021), an
area of about 3 mm in the vicinity of the solid surface was disregarded to minimize
the measurement uncertainty and the spatial resolution was limited to ~1 mm. The
concept proposed in this thesis could be applied here, which would provide the
possibility of obtaining more detailed temperature profiles within the cooling film,
and help to better understand the complex heat transfer process within the film under
different conditions. Also, such a high spatial resolution could be particularly useful in
identifying localized temperature variations within the cooling film so that it could
indicate areas where the cooling film is not performing optimally, potentially leading
to overheating and damaging the turbine blades. Moreover, the ability to reject low
spatial frequency interfering signals shows significant benefits in these applications. By
rejecting those re-scattering signals, the proposed method would be able to reduce the

measurement distance from the wall from millimeter order to several dozen microns.

7.1.3 Application in thermometry in the preheated zone of a flame

Measuring temperatures near the flame front especially within the preheated zone is
crucial to understand the transient behavior of the propagating flame, the spatial dis-
tributions of heat flux components, and mass burning rates over the specimen surface.
In addition, the temperature in the preheated zone affects the thermal properties of the
combustion material during its thermal decomposition. The main challenges of the
temperature measurement in this region include the steep temperature gradients, and

the small-scale structures such as turbulence-induced eddies for a premixed turbulent
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flame (MANSOUR et al., 1998). Traditional probe thermometry techniques may not
provide sufficient spatial resolution to capture these fine temperature variations, and
can be influenced by various heat exchange mechanisms so as to require the use of
energy balance models or corrections to increase the accuracy (YILMAZ et al., 2008).
On the other hand, optical methods, such as the window-based phosphor thermome-
try, are susceptible to the presence of interfering signals, including the luminescence
from windows or substrates, background thermal radiation, and the intense light
from the reaction zone, which can affect the accuracy and reliability of temperature

measurements.

As the results demonstrated in Chapter. 5, this concept would be well-suited to
determine the temperatures in the preheated zone of a premixed flame by seeding
the selected luminescent particles in the fuel mixture. In this way, both the particle
intensity distribution and its position relative to the flame front could be resolved
at subpixel accuracy, hence achieving an ultra-high spatial resolution. In addition,
the strong background luminosity from the flame does not affect the temperature
measurement as the fitting method itself can recognize and subtract the background
noise when calculating the intensity ratio. A preliminary work is being conducted by
Fan et al. from the National Research Council Canada. They combine this concept with
stereo-PIV technique to extract the temperatures in the preheated zone of a swirling

micromix H, flame, and simultaneously obtain the velocity field.

7.1.4 Future works

Resolving higher seeding density case

As discussed in this thesis, for simplification and minimizing the uncertainties in the
particle intensity fitting process, the particles are neglected when their centered 9
x 9 fitting window covers the intensity distribution of other particles. Though the

current method cannot resolve particles that overlap completely in the laser thickness
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Figure 7.1: overlap particle

direction, it is possible to address the particle images overlapping in the plane, thereby
allowing for dense instantaneous temperature measurements. Consideringa 9 x 9
fitting window centered on a fitted particle 1 at location (xy, y1), it also contains the
partial intensity distribution of a second particle 2 located at (xy, y»), as shown in
Fig. 7.1. Likewise, accounting for the pixel low spatial frequency signals I, as explained
in Eq. (4.4), the contributions of the two particles to the recorded intensity I, in this

fitting window can then be given by a double Gaussian function:

Iy(x,y)=hL(x,y)+ L(x,y) + I, (7.1)

where I; and I, are:
Li(x,y) = Lip-exp [—alx— x1)* = 2b(x — x1)(y — y1) — ¢y — y1)?] (7.2)
L(x,y) = Ly -exp [—a(x—x2)* = 2b(x — x2) (y — y2) — ¢(y — y2)°] (7.3)

with the coefficients a, b, c already defined by Eq. (4.9-4.11), and I, I»o are the peak

values of their intensity distribution.
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Upon performing Eq. (7.1), the intensity data for both particles can be evaluated.
However, it is important to retain only the results for particle 1 for its further intensity
ratio analysis. The results for particle 2 should be obtained by performing Eq. (7.1)
again on the fitting window centered on particle 2. This is because the current fitting
window, as shown in Fig. 7.1, does not encompass the entire intensity distribution
of particle 2, which may lead to lower accuracy in the fitting results for this particle,

representing a larger bias in its temperature detection.

When more than two particles contribute to the intensity within a single fitting
window, the application of a sum of 2D Gaussian functions, corresponding to the
number of contributing particles, is a viable approach. Consequently, by implementing
the summed Gaussian function to each fitting window centered on each particle,

signals of the particle at the center of those windows can be isolated.

Such a process requires obtaining, prior to fitting, the inter-particle distances for
all the processed particles to determine how many particles overlap in each fitting
window, and thus the number of the terms of the Gaussian functions to be added.
This is readily reached through the particle localization process. Nevertheless, the
overlapping particle number in each fitting window is random, necessitating a high
degree of adaptability in the fitting program to adjust the number of Gaussian function
terms from window to window, which underscores the need for further improvement
and development of the fitting program. In addition, it should be noted that this thesis
defines a window containing 81 pixels (9 x 9 pixels) for fitting, which is limited to
resolving less than 11 overlapping particles, given that each particle image correlates

to a rotated Gaussian function with 7 unknowns.

Use of the dual-frame life time method

The work presented in this dissertation focused on the application of the temperature-

dependent intensity ratio, primarily derived from the spectral separation method, and
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also explored particle image distortion that can be caused by various beamsplitters in
this method. A potential future development of the proposed technique could involve
substituting the spectral separation method with the dual-frame lifetime approach for
imaging the luminescence of individual dispersed particles. This modification could
facilitate measurements using a single camera, thereby circumventing possible errors
due to beamsplitter aberrations or luminescence emission anisotropy associated with
the two-camera setup. Moreover, the dual-frame lifetime method could simplify the
imaging processing by eliminating the need for displacement correction between ratio

images.

Preliminary tests have been conducted, as the results presented Section. 5.2.3,
which shows promising performance for the phosphor particles of SMP:Sn?* and
Y,03:Eu*. However, since the luminescence lifetime of Y,03:Eu3* presents an exten-
sive insensitivity insensitive to temperature over a wide range, as observed in Fig. 5.20,
it can not be identified as a good temperature tracer. The utilization of Y,03:Eu®* aims
to investigate the potential of particles generated through flame aerosol synthesis,
characterized by a spherical shape, to yield reduced intensity ratio variations. Never-
theless, the comparable precision of this particle to SMP:Sn?* particle eliminates the

influence of the spherical shape on the temporally separated intensity ratio.

Regarding the SMP:Sn?* particle, its lifetime is also initially inert to temperature,
rendering it unsuitable for temperature quantification at ambient temperature. No-
tably, the luminescence lifetime of SMP:Sn?* particle decreases rapidly when the
temperature is above 600 K as illustrated in Fig. 5.18, and conversely the lumines-
cence signals of SMP:Sn?* would be very weak at temperatures above 900 K due to the
temperature quenching effect as shown in FOND et al. (2019). As a result, SMP:Sn?*
particles could be well-suited for temperature measurement using the dual-frame
lifetime method within a moderate temperature range from 600 K to 900 K, where an
average lifetime sensitivity of ~0.6 %/ K can be derived from Fig. 5.18. Further testing

with SMP:Sn?" within this range is therefore recommended.
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Among the four investigated particles in this thesis, YVO4 :1%Bi and Y §Scy.4VOy4 :1%Bi
manifest a considerable intensity ratio variation, which indicates a high level of mea-
surement uncertainty at this stage. Given their remarkable lifetime sensitivity as
demonstrated in ELASHRY et al. (2023), future investigations aimed at mitigating their
ratio variation are worthwhile. In parallel, more examinations of alternative phosphors

are imperative in future work to ascertain more suitable candidate particles.

7.2 Determination of temperature distribution within

opaque packed beds

7.2.1 Summary of the works

An indirect and non-contact temperature detection in opaque packed beds was intro-
duced based on coating selected packing particles with thermographic phosphor. The
results demonstrated that temperatures obtained from the dual-frame lifetime method
were unaffected by the complex light propagation through the bed. Assuming the
recorded luminescence with multiple phosphor-coated spheres to be a linear superpo-
sition of the intensity distributions of individual spheres, signals from multiple spheres
could be separated using linear regression of individual particle spatial intensity dis-
tribution functions. For setups with three phosphor-coated spheres, their resulting
reconstructed temperatures were validated against the reference values obtained with
embedded thermocouples, with a mean temperature deviation of 0.8 °C and a maxi-
mum deviaton below 2 °C. In addition, the results from a repeatable experiment for
one out of the three spheres showed a mean temperature bias of 3.8 °C and a maximum

bias of 9 °C.

Luminescence images were also simulated, accounting for the same structure as

the experimental packed bed, to obtain the spatial intensity distribution functions
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for individual spheres without measuring them experimentally, which would require
reassembling the bed for each measured sphere position. Good agreement was found
between the temperatures inferred from experimental and simulation data, although
with slightly degraded accuracy. Such discrepancies are likely due to the omission
of the simulation of the exciting laser light. To preliminarily anticipate whether a
superimposed luminescence of a combination of multiple luminescent particles can
be effectively separated, the condition number x was proposed as a criterion. In
general, the larger the condition number «, the more sensitive a linear regression
function is to small changes in the inputs, thus indicating the amplification of random
errors by the least squares fit. For the signal separation process discussed in this
thesis, the condition number provides a means to predict the reconstruction quality
based on the individual spatial intensity distributions and the configuration of the
sphere locations, yielding a priori estimation for the amplification of measurement
uncertainties and errors. In principle, a condition number x close to unity (one) leads
to no or little amplification and is thereby the optimal case. The results showed the
experimental condition number was closer to one compared to the simulation case,
which is consistent with their degrees of accuracy and demonstrates the feasibility of
the condition number. Further analysis of the condition numbers is presented in the

Journal paper of XUAN et al. (2024).

7.2.2 Future Works

Extension of the amount of measured particles by multi-color imaging

At this stage, it is possible to simultaneously measure the temperatures of up to six
spheres according to the condition number analysis demonstrated by XUAN et al.
(2024), while practical verification would be required in future investigations. For fur-
ther extending the particle amount of simultaneous measurements, a feasible method

is to use multi-color imaging of phosphor particles for additional separation. Parti-
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cles would be coated with different phosphors which emit luminescence in different
wavelength ranges. Using spectral filters, or color cameras, only particles of each of
the phosphor types would appear in the corresponding color-filtered image. This
reduces the number of spheres to be separated on the basis of their spatial intensity
distribution. For example, two-color imaging on a six-sphere configuration with two

phosphors would reduce to two three-sphere signal separation problems.

Data driven optimization of heat transfer simulations

The assimilation of temperature data with the heat transfer simulation could enhance
the accuracy of full-field temperature distribution predictions within packed beds. For
example, in this thesis, the temperature history of the electrically heated sphere located
in the top layer could be taken as the input for heat transfer simulation using the finite
element method. This would obtain the transient simulated temperatures of all the
packing particles. Subsequently, comparing the experiment and simulation results
could accurately determine the simulation parameters such as particle-to-particle air

gap, thus optimizing the heat transfer simulation.

In fact, this development has shown progress, as demonstrated in the work of
XUAN et al. (2024). Upon the maturation of these results, the proposed method can be
extended to probe temperatures in beds with reactive particles, such as those found in

laboratory-scale microwave pyrolysis reactors or catalytic packed beds.

Extension to irregular packed beds

The long-term objective is to extend the presented technique to irregular configu-
rations with arbitrarily shaped particles, so that measurement can be obtained in
laboratory scale packing with geometries that are more relevant to the industrial pro-

Cess.
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An example of such a configuration is shown in Fig. 7.2, which is reproduced from
Fig. 15 in XUAN et al. (2024). The 3D computer model was obtained using a micro-
CT scan, and it is also the approach we plan to employ in the future; an alternative
way would be to 3D-print a model, in which case a computer model would be di-
rectly available. In Fig. 7.2 we show examples of simulated images representing the
spatial intensity distribution functions when individual spheres of this packing are

luminescent.

Performing reliable temperature measurements in irregular beds requires a robust
calibration between experiment and simulation, including for the intrinsic camera
parameters (i.e., its optical parameters) and geometric parameters such as the relative
position of laser, bed, and camera. Developing this calibration will be an important

aspect for future work.

The implementation of phosphor coatings on irregularly shaped particles can also
be achieved by the spraying technique we described here or by using a spray-fluidized
bed to increase its yield. The irregular particles could be assembled one by one but
in this case, we cannot impose the location accurately, but rather aim to distribute
the phosphor-coated particle at favorable locations, and then determine the exact
geometry of the whole packed bed, by a similar micro-CT scan as in Fig. 7.2. The
phosphor-coated particles would then be detected in the scan data by recognizing
their pre-measured shapes. As discussed in Section. 6.4, the temperature calibration is
essentially independent of luminescent sphere location. For irregular packing with
particles of arbitrary shape, the in-situ calibration can be obtained by positioning one

luminescent sphere with a thermocouple where it is most accessible and heated.

The work in this dissertation has demonstrated two novel methods for measuring
temperature distributions in complex solid-fluid systems. Both concepts aim to enable
discrete luminescence particles as independent thermometers by isolating the individ-
ual particle luminescence from other interfering signals or from their superposition

signals, thereby allowing for thermometry in challenging environments where solid
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Figure 7.2: Center: micro-CT scan of irregular packing with larger number of spheres
and 6 colour-marked luminescent spheres; left, right: single-particle simulated images
for two different spheres. This figure is reproduced from Fig. 15 in XUAN et al. (2024).

boundaries exist. Although some preliminary development of the proposed techniques
has made progress, there is also a huge space for improvement. The author believes
that a further development will certainly contribute to the advancement of the optical

thermometry technique.
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