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“A mother is the truest friend we have, when trials,
heavy and sudden, fall upon us; when adversity takes the
place of prosperity; when friends who rejoice with us in
our sunshine, desert us when troubles thicken around us,
still will she cling to us, and endeavor by her kind
precepts and counsels to dissipate the clouds of darkness,
and cause peace to return to our hearts.”

Washington Irving

To my mother, my rock, my role model, my hero,
and my very best friend.






Abstract

Understanding the mechanisms that govern the combustion processes is
important for being able to further increase the efficiency of combustion devices.
Temperature is considered to be one of the most important parameters controlling the
progression and final products of combustion. Regulating the temperature in
combustion devices enables higher degrees of efficiency to be achieved. The engine
components in combustion devices are subjected to high levels of thermal load. These
can strain many of the engine components and if it is unattended to can lead to
catastrophic engine failure. Temperature information can help to assess the thermal
load the engine is experiencing and as a result can increase the longevity of the engine
while at the same time enabling higher levels of efficiency to be attained. In addition,
the production of emission gases is closely correlated to the temperature present during
the combustion of fuel. Comprehending the spatial and temporal distribution of
temperature can aid in finding measures to reduce the levels of emission generated by
a combustion engine.

Although several different temperature-probing techniques that can provide
temperature information are available, the harsh and reactive nature of the experimental
conditions present within combustion engines can severely limit the applicability of
such techniques. Phosphor thermometry excels in delivering precise and accurate
temperature information concerning harsh environments such as those present in
combustion engines. It is a remote technique that is minimally intrusive and is highly
robust. Phosphor thermometry utilizes the temperature-dependent characteristic
emission of thermographic phosphors to retrieve temperature information concerning
a surface or a fluid. The temperatures can be determined either on the basis of the
temperature dependence of the decay time of the phosphorescence or on the basis of
temperature-dependent changes in the spectral distribution of the phosphorescence.

The thesis presents the efforts that were made to develop the phosphor
thermometry technique further. It involves demonstrations of use of this technique in
combustion engines of different types. The results of the thesis work are reported in
two major parts. In the first part, developments that were made in regard to certain
fundamentals of the technique so as to improve its accuracy and precision are
documented. This includes the development of an automatic calibration routine, a
more precise characterization of the detector response, and investigation of the effects
of engine lubricant oil on the performance of several different thermographic
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phosphors. The second part of the thesis reports on several applications of phosphor
thermometry technique to remote probing of the temperature of different motor
components, such as the piston, the cylinder wall, and the burner tip of the combustor.
The overall aim of the work conducted was to improve the precision and the accuracy
of decay time-based phosphor thermometry as well as to enhance its applicability under
a wider range of experimental conditions than studied previously.
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Popular Science Abstract

Global energy consumption is continually increasing and despite the fact that
renewable energy sources have increased their share of the globally generated energy,
the majority of the energy produced comes from the combustion of fossil fuels. Since
the 1970s, ever more stringent emission laws have been applied in efforts to reduce the
production of air pollutants such as hydrocarbons, carbon monoxide, nitrogen oxides,
sulfur oxide, particulate matter, and volatile organic compounds produced by
combustion engines. Combustion engines are capable of transforming only a portion
of energy contained in the fuel into useful work, the remainder of the energy being
mostly lost as waste heat.

Instrumentation and experimentation are essential for developing combustion
engines able to provide greater efficiency in the use of fuel and a reduction in the
emissions produced. There is a variety of combustion-diagnostic techniques that
provide insight into the combustion process as a whole through the information they
make available concerning the chemical and thermal processes that take place during
combustion. Many combustion-diagnostic techniques require the insertion or
placement of physical probes within the test volume in order to obtain information of
interest regarding such matters as temperature and chemical species concentrations.
These techniques are intrusive in relation to the combustion process and thus can result
in unreliable information being obtained. Through the utilization of laser radiation,
laser-based combustion-diagnostic techniques are capable of delivering reliable and
high quality information concerning the combustion process without interfering with
the combustion process itself. Laser-based combustion-diagnostic techniques provide
much needed information about fuel breakdown, fuel spray formation, chemical
species concentrations, flow dynamics, and temperature to name just a few of the
categories of information involved.

For the optimization of combustion within engines, attaining accurate and precise
temperature measurements is essential. Temperature information pertaining to the
various engine components sheds light on the different heat loss mechanisms involved,
allowing for the development of better engine components that reduce the heat loss.
Combustion devices such as car engines, gas turbines, and furnaces, impose severe
demands upon the combustion-diagnostic techniques employed, making temperature
measurement of high accuracy and high precision a very challenging task. Such
difficulties as limited accessibility to the measurement volume, harshness of the test



environment, and chemical corrosiveness and strain due to different chemical and
mechanical processes can render many temperature-measuring techniques virtually
useless here.

Phosphor thermometry is a laser-based temperature sensing technique capable of
providing accurate and precise temperature information from harsh environments such
as those present in combustion engines. It also has many advantages that make it
superior to other temperature measuring techniques. Phosphor thermometry is a
remote sensing technique, meaning that temperatures can be measured without
physical connections being needed, which is convenient when one is instrumenting
reciprocating or rotating objects such as engine pistons and turbine blades. It is an
accurate and precise temperature measurement technique that is capable of measuring
temperatures ranging from room temperatures up to 1600 °C with a high degree of
temporal and spatial resolution [1]. Phosphor thermometry is also robust under the
experimentally challenging conditions usually found in combustion devices. However,
it is important to also note that this technique suffers from certain disadvantages, such
as its high level of complexity, its requirement of an optical access, and its high costs
compared with many other techniques.

Phosphor thermometry utilizes temperature sensor materials known as
thermographic phosphors in order to provide temperature measurement both on solid
surfaces and in fluids. Thermographic phosphors exhibit a change in their characteristic
luminescence as a result of changes in their temperature. Luminescence in
thermographic phosphors can be induced by exposing them to excitation radiation that
usually belongs to the ultraviolet part of the spectrum. The excitation radiation can be
either continuous or in the form of pulses of very short duration. After excitation by a
suitable type of radiation, thermographic phosphors most often emit a luminescence
that is shifted in color to the visible part of the spectrum compared to the excitation
radiation. The changes in luminescence that occur are exhibited in two different forms
that can be employed for deducing from the thermographic phosphor the temperature
information needed. In the first form, the relative intensity of the luminescence that is
emitted increases in some parts of the spectrum but decreases in other parts. These
relative changes in intensity can be utilized in order to deduce the temperature of the
object that is instrumented. In the second form, after excitation by a short laser pulse
(lasting a few billionths of a second) the emitted luminescence is long-lived and lasts
much longer than the excitation pulse does. However, the intensity of the radiation
that is emitted decays over time. The rate of decay can be used to deduce the
temperature.

Phosphor thermometry technique provides information that can be highly useful
in efforts to optimize the combustion processes involved and in the development of
combustion engines generally. The thesis presents a summary of developments within
the area of phosphor thermometry that have taken place and applications of it as a
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remote temperature-sensing technique in combustion research. The developments in
question have been aimed at improving the precision of the technique and
characterizing various sources of error that can affect the temperature measurement so
that one can obtain more reliable temperature information. Phosphor thermometry has
also been employed with success for measuring temperatures in combustion engines of
various sorts, such as marine engines, large diesel engines, and gas turbines. The work
of this sort carried out here represents a collaboration of different groups and persons
from universities, from industry and from government agencies in efforts to improve
the efficiency of the energy production that combustion engines can provide.
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1 Introduction

Pollutants such as particulate matter, nitrogen oxides, sulfur oxides, and ozone
lead to deaths caused by air-pollution in the form of such diseases as lung cancer, or
respiratory infections, or of strokes and ischaemic heart disease. It is estimated that
some 7 million premature deaths annually are attributable to exposure to air pollution.
According to World Health Organization, air pollution is now considered to be the
world’s largest single environmental health risk [2]. The levels of pollutants are still
increasing, despite the stringent emission laws pertaining to power generation and the
transportation sector that are enforced. Even with the reduction that has occurred in
the emission levels produced per energy unit involved, the increasing global energy
demand has led to a rise in the pollutant levels around the globe. Although the share of
such renewable energy sources as wind power and hydropower is likewise growing,
combustion-based power generation represents the largest portion of the global energy
production. Such fuels as diesel, gasoline, coal, natural gas, and fuels of other types are
consumed by internal combustion engines or boilers in combustion processes for
producing the power that is needed. The higher the fuel consumption rates are, the
higher the emission levels become. Through optimizing the efficiency of engines, one
can reduce the amounts of fuel needed to generate a given amount of energy, while at
the same time producing lesser emissions. One report concludes that the reduction in
particulate matter concentration from 70 microgram per cubic meter (pg/m’®) to
20 pg/m’ results in some 15% less air-pollution-related deaths [3]. It is thus of the
utmost importance to reduce the emissions generated through optimizing the
combustion processes taking place within combustion engines.

To improve the efficiency of combustion engines used in transportation and in
power generation, we need to possess information of high quality regarding the
combustion processes that lead to the production of energy and of pollutants.
Combustion is a complex process, one that entails a multitude of sub-processes that
interact and that control the progress and the products of the combusted fuel. Sub-
processes such as those of chemical kinetics, fluid dynamics, heat transport,
vaporization, energy exchange and transformation are intertwined and are difficult to
separate. All of these processes occur simultaneously, which indicates that any alteration
in one process translates into a change in the accompanying processes and eventually a
global change in the combustion-process behavior as a whole. Obtaining information
regarding the factors controlling these processes, such as the concentrations of different



chemical species, flow field velocities, pressure, and temperature with a desired spatial
and temporal resolution is essential in the development of the comprehension of the
combustion process. Information concerning fuel concentrations and fuel-air ratios can
provide insight into how the soot obtained is formed. Knowledge of the concentration
of different chemical species helps one understand the chemical reactions occurring and
the chemical pathways leading to the formation of the different pollutants that develop.
The physical dynamics of the combustion process, as portrayed by the complex
transport mechanisms involved, affect both the chemical reactions that occur and the
heat transfer that takes place within the engine. The temperatures that are present
control to a considerable degree the different combustion sub-processes occurring, their
measurement aiding in the study of the chemical kinetics and the heat transport that
are necessary for combustion engines to be optimized.

Versatile and robust measurement techniques are required in order to obtain high
quality quantitative and qualitative information regarding the combustion process.
Techniques such as hot wire anemometer, thermocouples, and mass spectrometry by
sample probing, provide information regarding fluid flows, temperatures, and the
abundance of different chemical species. These techniques, due to their inherent
features, can perturb the measurement volume and lead to biases in the measured values
which can compromise the quality of the data obtained. With the introduction of lasers,
new laser-based combustion-diagnostic techniques emerged. Laser-based combustion
diagnostics employ different types of laser radiation sources to non-intrusively probe
the combustion processes involved and to retrieve information regarding fluid
dynamics, chemical species concentration distributions, fuel spray development,
temperature and many other matters [4]. Laser-based combustion-diagnostic
techniques include such techniques as laser-induced fluorescence, laser-induced
incandescence, laser-induced phosphorescence, absorption spectroscopy, coherent anti-
stokes Raman scattering, particle image velocimetry, laser Doppler velocimetry,
Rayleigh/Raman scattering, and laser-induced phosphorescence, to name just a few of
them [5]. All of these techniques are capable of delivering highly spatially and
temporally resolved information in zero, one, two, or three dimensions, and also time-
resolved three dimensional information. High spatial and temporal resolution mean
that the complex chemical, thermal, and fluid dynamics involved can be observed
clearly to help us explain the different elements of the combustion process. Chemical
reactions in combustion are extremely fast, occurs during periods of as short as one
trillionth of a second, which requires the use of lasers with ultrafast pulses that can
‘freeze’ the chemical reactions involved and provide insight into the chemical
mechanisms that are present. The present thesis reports on the development and
application of one particular laser-based diagnostic technique that is phosphor
thermometry.



2 Temperature Sensing Techniques

Temperature is one of the most frequently measured parameters. Information
concerning the temperature of a system or an object is essential to gaining an
understanding of its properties. In combustion engines, temperature controls the
different combustion processes and determines the operation lifetime expectancy of an
engine. Knowing the surface temperature of the different engine components can help
in determining the thermal loads the engine components are subjected to under
different operating conditions. In addition, temperature data contain an abundance of
information that is a key to developing engines of high efficiency. There a large variety
of techniques that are capable of delivering temperature information concerning a given
probed system. These techniques are often categorized in terms of their being invasive,
semi-invasive, and non-invasive techniques, respectively [6]. The selection of the
temperature-measuring technique that is most appropriate depends upon a number of
prerequisites, such as those of availability, robustness, the environment involved, cost,
response, stability, temperature range, sensitivity, accuracy, and probing method
employed. In this section, a few temperature measurement techniques will be described
and be compared in respect to their potential in different applications for use as
temperature measurement methods for combustion diagnostic purposes. The
techniques described here are categorized in terms of the nature of the contact present
between the sensor and the surface of interest into contact techniques and remote
techniques. Contact techniques are temperature measurement techniques that require
that there be a direct physical contact between the sensor and the system the
temperature of which is to be measured. These techniques also require leads from the
sensor to the acquisition/readout device that retrieves the temperature values obtained.
Whereas remote techniques, are concerned with changes that occur either in the
luminescence that is emitted from the measurement volume or object or in
luminescence that originates from a thin layer of an optically activated material.

2.1 Contact Techniques

The contact techniques described in this section are thermocouples and resistance
temperature detectors (RTDs). Both techniques are well established and widely used in
multitude of applications. Both techniques exploit the dependence of the electrical



properties of metallic materials and their alloys on the temperature that is present.
Thermocouples use the electromotive force produced by a circuit of two different
conductors whereas RTDs uses changes in the electrical resistance of certain metals to
deduce the temperature.

2.1.1 Thermocouples

Thermocouples are widely used as devices for temperature measurement. Their
simplicity, low cost, and robustness make them highly desirable as temperature sensors
in various applications. If the junctions of two dissimilar conductors are held at
different temperatures, a potential is created across their terminals. This is a
thermoelectric effect known as the Seebeck effect. The potential that is generated (in
terms of volts) is proportional to the difference in temperature between the two
conductors at their junction. Thermocouples are usually made of an alloy from different
metals. The properties of a thermocouple namely its temperature range, its maximum
temperature, and its resistance to oxidation depends upon the materials used to create
the thermocouple. Thermocouples are capable of measuring temperatures ranging from

-270 up to 3000 °C [6].

Figure 2.1 The working principle of a thermocouple

Thermocouples have numerous advantages such as their low cost, high degree of
accuracy, and robustness as compared with other methods, as well as their ability to
measure a wide range of temperatures. Thermocouples are also capable of providing a
relatively fast response time to the changes in temperature involved [7]. Thin-film
thermocouples, approximately 3 - 4 pm thick, have been developed for use in
temperature sensing within internal combustion engines [8, 9]. The increased time
response of thin-film thermocouples usually comes at the cost of reduced robustness,
especially under high-speed and high-load operating conditions [10]. Thermocouples
also suffer from limitations in terms of their use on moving surfaces. The fact that
thermocouples require wires to carry and deliver the potential that is generated, limits
their use in connection with reciprocating and rotating objects. However, when
telemetric systems are employed, thermocouples can be used on or in reciprocating and
rotating objects at the cost of higher levels of error in the temperature measurements
obtained. Another major limitation is the degree of alteration, in both thermal and
chemical terms, that the physical presence of a thermocouple subjects the measured



system to. In combustion environments such as those found in engines, the presence of
a thermocouple biases the temperature of the object of interest. In addition, it can act
as a chemical catalyst that can alter the chemical reactions taking place during
combustion.

2.1.2 Resistance Temperature Detectors

Resistance temperature detectors (RTD) are devices that utilize the resistance of a
conducting element to determine the temperature. The temperature can be determined
through knowing how a change in resistance is related to a change in temperature.
Depending on the conductor material used, temperatures up to 950 °C can be
measured [6]. Platinum, copper, and nickel are the mostly used material in the
manufacturing of RTDs.

RTDs are highly accurate and are widely used in industrial applications. Similar
to thermocouples, their requirement on physical contact with the object of interest can
lead to measurement biases. RTDs can also suffer from a phenomenon called self-
heating, which is due to the power dissipation leading to an erroneous temperature
reading.

RTDs are more expensive than thermocouples and have a lower degree of
robustness than the latter do. The major advantage that thermocouples have over RTDs
is the wide range of temperatures they can encompass. However, temperature readings
of RTDs are superior in terms of accuracy and repeatability.

2.2 Remote Techniques

Contact temperature instrumentation techniques can suffer from degradation in
environments that are very high in temperature and are chemically damaging. Remote
techniques in contrast, do not suffer from such limitations, making them more suitable
for instrumentation in instrumentally challenging environments. Remote temperature
instrumentation techniques such as infrared thermography and phosphor thermometry
enable accurate and precise temperature determination to be obtained with minimum
intrusiveness. Remote sensing techniques utilize information available in the radiation
emitted from the environment or from an optically active sensor. The emitted radiation
is captured by a photo-sensor, such as a camera or a photomultiplier tube, which
converts the radiation into an image or an electric signal.



2.2.1 Infrared thermography

Every material emits radiation, the intensity of which is positively relative to the
absolute temperature of the material. The wavelength of the radiation that is emitted,
known as thermal radiation, depends upon the temperature of the object. Thermal
radiation is emitted in a wavelength range extending from 0.1 to 100 pm [6]. Infrared
pyrometry measures the radiation emitted in a range that extends from 0.7 to 20 pm,
due to limitations in the sensitivity of the detector.

Pyrometers and infrared-cameras are the most widely used infrared temperature
sensing devices. They measure the irradiance (J) of the target and deduce the
temperature in accordance with the Stefan-Boltzmann law; see Equation 2.1.

] = eoT* Equation 2.1

T here is the temperature, 0 is the Stefan-Boltzmann constant, and € is the
emissivity of the target. The emissivity is defined as the ratio of the energy emitted by
an object at one temperature to the energy emitted by a black-body object at the same
temperature. Since the emissivity of most objects diverges from that of a black-body,
it is necessary to know the emissivity of the target object in order to determine the
temperature correctly. The emissivity of various materials can display a dependence
upon the temperature of the emitting object, thus making the calibration of the
emissivity a necessity. Through the use of ratio pyrometry, in which the ratio of one
spectral band to the other is utilized to determine the temperature, the dependence of
emissivity upon the temperature involved can be canceled out. If the emissivity of the
target material exhibits a variation with respect to the observed wavelength, then multi-
band (3 or more bands) pyrometry need to be used to account for variations in
emissivity and to attain accurate readings [11].

The remoteness of infrared thermometry techniques enables the user to perform
temperature measurements on moving objects. Infrared thermometers are compact in
size and simple to operate, and are application-unspecific, making them highly desirable
for all sorts of temperature-sensing purposes. Infrared thermometers are capable of
measuring temperatures ranging between -50 up to 4000 °C. Despite their advantages,
their application is limited to measuring the temperature of surfaces only. Optical access
to the target object is needed to retrieve the temperature. The accuracy of the
temperature readings obtained can deteriorate if dust and smoke are present in the
measurement medium. Since they measure the thermal radiation received, infrared
thermometers are susceptible to biases introduced by spurious radiation produced by
flames. They fail to differentiate between the infrared radiation originating from the
target and the infrared radiation originating from another object and is reflected off the
target object.



2.2.2 Phosphor Thermometry

Phosphor thermometry is another temperature-sensing technique, one that is
capable of determining the temperature remotely through use of sensor materials
known as thermographic phosphors. Unlike infrared thermometry techniques which
are non-invasive, phosphor thermometry is semi-invasive, since it requires the
deposition of a sensor layer on the target object. This deposited sensor layer has a
thickness of only 10 to 20 micrometers, providing negligible degree of intrusiveness to
the probed system.

Thermographic phosphors are usually composed of a host material and an
activator. The activator, usually a rare-earth metal, optically activates the host and
converts it into a light emitter when it is excited by suitable radiation. Most
thermographic phosphors emit radiation in the visible part of the electromagnetic
spectrum. They are usually excited effectively by ultraviolet (UV) radiation. The
luminescence emitted by thermographic phosphors displays variations as a function of
changes in their temperature. The changes observed can take the form of changes in
the spectral density of the spectrum which is emitted or of temporal changes in the
delayed emission of them, the latter being termed phosphorescence. Thermographic
phosphors are capable of measuring temperatures ranging from cryogenic temperatures

up to 1600 °C.

Phosphor thermometry can deliver temperature information with a high degree
of temporal and spatial resolution. High temporal and spatial resolution are highly
desirable when measuring temperatures in systems with high temperature gradients in
order to resolve the temperature changes and attain a full understanding of the
occurring thermal processes. Phosphor thermometry has a high degree of precision,
even at high temperatures. It also exhibits a high degree of robustness when it is
employed in demanding combustion environments. Unlike thermocouples and RTDs,
the remoteness of this technique eliminates the need of telemetry systems when it is
applied to rotating or reciprocating objects. As with all optical sensing techniques,
phosphor thermometry requires optical access to the target object. Optical fibers and
other forms of waveguides have been used to deliver the excitation radiation that is
needed and to retrieve the emitted luminescence.

An experienced operator is needed if phosphor thermometry is to be carried out
with a minimum of errors. This technique is also high in cost as compared with other
temperature-sensing techniques such as thermocouples. Despite these limitations or
drawbacks, phosphor thermometry is highly desirable, due to all of the advantages that

have been referred to.






3 Experimental Equipment

In applying phosphor thermometry to an object or a flow, the thermographic
phosphor in question is first excited by suitable radiation. The emitted radiation is then
collected by an optical system composed of lenses and interference filters. The collected
luminescence is filtered spectrally is then projected onto a photodetector. In the present
section, the excitation source used for optically exciting the thermographic phosphors
employed within the thesis work is described. In addition, several different types of
photodetectors and the characteristics they possess are presented.

3.1 Light Sources

The excitation source used can vary between continuous and pulsed, depending
upon on the phosphor thermometry method employed. For the decay time method,
pulsed excitation radiation sources are usually employed to resolve the decay time of
the phosphorescence that is emitted. The decay time of a thermographic phosphor can
also be determined by use of a high-frequency sinus-modulated excitation radiation.
The decay time is calculated then from the phase shift exhibited by the emitted
phosphorescence.

Low excitation fluence is usually needed in order to excite the thermographic
phosphor employed. This enables excitation sources other than pulsed lasers such as
LEDs and laser diodes to be implemented instead, as low cost alternatives to use of
pulsed lasers as excitation sources.

Pulsed and continuous excitation sources can be implemented in use for the
intensity ratio method. All of the work presented here utilized radiation that was
generated by an Nd:YAG laser for exciting the thermographic phosphors that were
tested.

3.1.1 Pulsed Nd:YAG Lasers

Nd:YAG lasers are solid-state lasers capable of delivering high-energy pulses. The
fundamental wavelength of Nd:YAG lasers is 1064 nm. Through utilizing harmonic



generators to double the frequency or to mix the fundamental frequency with the
doubled frequency, enables laser radiation at 532, 355, and 266 nm to be obtained. A
Q-switched Nd:YAG laser provides a laser pulse that is few nanoseconds wide in the
temporal regime with spatial profile close in its appearance to a Gaussian distribution.

A Pulsed Nd:YAG laser was utilized in all of the work presented in the thesis.
The Nd:YAG system has a repetition rate of 10 Hz. The generated pulse has a diameter
of 9 mm and a temporal width at half maximum of 6 ns. This system is capable of
delivering 400 mJ, 150 m]J, and 90 m] at 532 nm, 355 nm, and 266 nm, respectively.
High laser energy densities are beneficial when large surfaces are to be illuminated
especially when the intensity ratio is employed over large surfaces. Caution is necessary
to avoid laser-induced heating and phosphor saturation.

3.2 Detectors

Photodetectors convert the incident photonic input signal into an electrical
output signal that can be acquired by a signal acquisition unit and be processed later
for extracting of the information that is needed. Several types of photodetectors were
employed in the work reported in the thesis work. All of the detectors employed were
of the point-detector type that ranged among photomultiplier tubes (PMT), micro-
channel plate PMTs, and avalanche photodiodes. Each detector type has its
characteristic conversion mechanism, as well as an inherent sensitivity and signal-
magnification capability.

3.2.1 Photomultiplier Tube

A photomultiplier tube is a vacuum tube composed of a photocathode, as well as
focusing electrodes, a dynode chain, and an anode (Figure 3.1). Light that impinges
upon the PMT window hits the photocathode, which converts the incident photons
into photoelectrons by a process known as the photoelectric effect. The photoelectrons
are then emitted into the vacuum of the tube. Focusing electrodes accelerate and focus
the generated photoelectrons then towards the surface of the first dynode. Upon
impact, the photoelectrons are multiplied in a process known as secondary emission.
Multiplication by secondary emission is repeated at each dynode in the chain, leading
to a multiplication factor of 10° to 107. The secondary electrons emitted by the last
dynode are then collected by the anode and an output signal is produced.
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Figure 3.1 Sketch of a head-on type photomultiplier tube.

The spectral sensitivity range of a PMT is determined by the type of photocathode
material employed. Photomultiplier tubes can be time-gated, which enables the PMT
to accept radiation only in a predetermined time window that is determined by an input
gating pulse. Time gating is achieved by applying a voltage bias to the photocathode
with respect to the focusing electrode and the first dynode. If a reverse bias is applied,
any photoelectrons that are emitted are unable to reach the first dynode and to multiply
as they would during regular operations. When a forward bias is applied to the
photocathode, the generated photoelectrons accelerate towards the dynode chain and
normal operations then take place. An extensive description of the PMT components
and its operating characteristics is available in the PMT handbook published by
Hamamatsu Photonics [12].

3.2.2 Micro-channel Plate Photomultiplier Tube

A micro-channel plate (MCP) PMT, as the name suggests, utilizes an MCP plate
so as to multiply the electrons emitted from the photocathode rather than utilizing a
dynode chain, as in the case of a regular PMT. The incidence of photons upon the
photocathode leads to the release of photoelectrons. The photoelectrons are then
directed towards the micro-channel plate for the multiplication process to proceed. The
micro-channel plate is composed of a bundle of thin glass tubes about 6 to 20 pm in
diameter, each tube acting as a separate electron multiplier (Figure 3.2). When an
electron impinges upon the MCP channel wall, secondary electrons are emitted. The
emitted secondary electrons are accelerated by means of the high voltage applied across
the MCP. The accelerated secondary electrons impinge on the wall of the micro-
channel repeatedly, releasing further electrons. At the end of the MCP, the electrons
that are generated are then collected by the anode and an output signal is produced.
MCP-PMTs are characterized by their short response times (in the order of
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picoseconds) and their high gain. MCP-PMT's can also be time-gated by switching the
MCP voltage on and off. MCP-PMTs have a gain factor of up to 10 to 10 similar to
that of the regular PMTs.
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Figure 3.2 Sketch of a micro-channel plate photomultiplier tube.

3.2.3 Avalanche Photodiodes

Avalanche photodiodes (APDs) are a semiconductor type of photodetectors that
convert the light input into an electric output signal. APD utilizes a multiplication
mechanism known as avalanche multiplication. When a photon of sufficient energy
hits the APD surface, an electron—hole pair is created in the depletion layer of the APD.
If a reverse voltage bias is applied to the PN-junction of the APD, the holes involved
accelerate towards the N-side of the junction while the electrons accelerate towards the
P-side of the junction. As the reverse voltage is increased, the drift speeds of the
electrons and the holes increase and their corresponding kinetic energy build up. If an
electron or a hole collides with the crystal lattice of the junction, a new electron-hole
pair is generated. The newly generated pair also accelerates and collides with the crystal
lattice, creating new pairs. This, known as the avalanche effect, is responsible for the
gain of the APD that occurs. The gain of the APD is directly proportional to the reverse
voltage that is applied. In most cases, APDs have reverse voltages ranging from 100 to
200V and a gain ranging from 10 to 1000. Silicon APDs are sensitive to light extending
from the UV to the infrared part (200 to 1000 nm range) of the spectrum. APDs are
sensitive and reliable detectors but have much lower gain capabilities than PMTs and
MCP-PMTs do, which limits their application under low signal conditions. Under very
low signal-level conditions, PMTs and MCP-PMTs outperform APDs.
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4 Phosphor Thermometry

Phosphor thermometry utilizes materials known as thermographic phosphors
(TPs) in order to provide temperature information concerning an object or a fluid.
Phosphors are described as being thermographic when one or more of their
luminescence properties show a sensitivity to temperature changes. Thermographic
phosphors have been used since the middle of the last century as temperature sensors
and have been employed since then in a multitude of applications. The dependence of
the emission intensity or the decay time on the temperature provides the temperature
sensing capability of thermographic phosphors. The present chapter describes the
luminescence mechanism of thermographic phosphors and the methodology needed to
implement the temperature-dependent decay time and the luminescence intensity so as
to deduce the temperature of the thermographic phosphor that is employed. In
addition, factors that can influence the phosphor luminescence, such as saturation
effects, impurities, dopant concentration, and pressure are also described.

4.1 Thermographic Phosphors

4.1.1 Principles of TP Luminescence

Thermographic phosphors are usually inorganic materials that are mainly
composed of a host and an activator. The host, such as aluminum oxide and oxysulfides,
is usually optically inactive when irradiated by UV radiation. Doping the host by use
of activators leads to luminescence being emitted by the composite material. The
activator thus makes the mixture optically active, it usually radiates electromagnetic
radiation extending over the visible range of the spectrum. The activators involved
usually belong to the rare-earth elements known as lanthanides such as Eu, Tb, Dy,
and Er, to name a few. If the activator ions exhibit a low degree of absorption of the
excitation energy, impurities known as sensitizers can be added so as to enhance the
luminescence generated by the activator ions. Sensitizer ions absorb part of the
excitation energy and transfer it to the activator ions which then emit the transferred
energy into a photon. Sensitizers can also emit a photon instead. This can be noted in
some cases in the emission spectra of thermographic phosphors in which sensitizer ions
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have been incorporated. Some sensitizers can also display an emission sensitivity to
temperature. Figure 4.1 illustrates the process of energy absorption and emission within
a luminescent material (such as TPs) that possesses both activator and sensitizer ions.
Upon excitation by a suitable radiation, the activator atoms (A) are promoted from the
ground state to the excited state, after which the energy is emitted in the form of a
stoke-shifted photon or through thermal dissipation or a combination of both.

Excitation energy

Figure 4.1 An illustration of the absorption of excitation energy and emission of the subsequent
radiation by activator ions (A) and sensitizer ions ().

Rare-carth elements have a particular electronic configuration that can be clearly
seen in the produced luminescence. Emission spectra from rare-earth elements are
characterized by sharp spectral lines. The sharpness of the spectral lines is due to the
fact that the 4fshell of rare-earth elements is shielded by the filled 5s-shells and 5p-
shells, La’* and Lu’* being an exception to this. Due to the shielding of the 4f-shell
electrons, the host crystal field has a negligible effect on the position of these levels. The
resultant emission from incorporated rare-earth ions contained in solids resembles that
of the free ions. In lanthanides, luminescence is generated due to 4/’-4f” transitions, 4/’
4f'5d transitions, and charge transfer transitions.

There is a variety of processes that occur which determine the result of the
absorption of an excitation photon. Figure 4.2 shows the possible pathways the
excitation energy can take after excitation by an incident photon. Upon the absorption
of an excitation photon, an electron is promoted from the ground state to the excited
state (1), after which the electron de-excites to the lowest vibrational level of the excited
electronic state through non-radiative energy transfer (2). A transition to the electronic
ground state (3) results in the emission of a stoke-shifted photon as distinguished from
the excitation photon. Subsequent non-radiative energy transfer through vibrational
relaxation demotes the electron to the lowest vibrational level of the ground state (4).
At sufficiently high temperatures, while the electron is still in the excited state, thermal
activation can promote the electron’s passing of the intersection point of the ground
and excited state potentials (5). This results in non-radiative de-excitation, through
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thermal dissipation, of the electron back to the ground state (6). In some rare-earth
elements (such as Eu’*), a charge transfer state (CTS) plays a major role in the process
of energy transfer and emission. CTS can enhance the emission intensity either by
transferring energy from neighboring atoms to the emitting atom or by quenching the
emission through enhancing non-radiative energy transfer pathways. The energy level
configurations and the corresponding transitions of many thermographic phosphors
are discussed in detail in several sources [13-15].
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Figure 4.2 A configurational coordinate diagram showing the electronic transitions that occur in

luminescent materials upon excitation by incident radiation.

The persistence of luminescence after excitation is known as after-glow.
Depending upon the temporal length of the after-glow, the luminescence can be
categorized either as fluorescence or as phosphorescence. This distinction is not
universal, both terms being used interchangeably in various fields of study. The
persistence of the emission involved can be attributed to the forbidden nature of the
transitions that take place. The emission intensity as function of time, after termination
of the excitation, can be approximated by a single exponential function, such as shown
in Equation 4.1.

I(t) = Ipe~t/" Equation 4.1

Where (z) is the emission intensity at a specific time 7 after the excitation
termination, /o is the emission intensity at time 0 after the excitation, and 7 is the decay
time of the luminescence. The number of excited luminescence centers (N*) is
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determined by the radiative (Qgr) and non-radiative (Qng) transition probabilities as
described in Equation 4.2.
dN*
dt

= —(Qr + Qur)N* Equation 4.2

The solution of this equation is an exponential function:

N*(t) = Nie~(Qr+enr)t Equation 4.3

The decay time of the luminescence center can be expressed as

=1 i
T /(QR + Qur) Equation 4.4

The quantum efficiency (17) can be expressed as a function of the radiative and
non-radiative transition probabilities

n= QR/(QR + Qur) Equation 4.5

The radiative transition probability is defined as the collective spontaneous
emission probabilities from the emitting upper level to all of the final states. Non-
radiative relaxation mechanisms can be generalized as consisting of two seperate
processes.

The first process, known as thermal relaxation, requires that thermal activation
occur. At sufficiently high temperatures, ions in the excited state can gain energy that
permits non-radiative relaxation to occur through the crossing-point between the
potential parabolas of the lower and of the higher electronic states (Figure 4.2). The
probability of center relaxation through thermal activation is given by Equation 4.6.

—&/kT

A= ce Equation 4.6

Where € is the thermal activation energy, k is the Boltzmann constant, T is the
temperature, and c is a rate constant (s™).

The second non-radiative relaxation mechanism is through multi-phonon
emission. It usually occurs when no cross-point exists. Multiple phonons are emitted
then to fill the gap created by the difference in energy (AE) between the upper and the
lower level. As the temperature increases, the non-radiative transfer rates increase, the
decay time and the emission intensity decrease correspondingly.
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4.1.2 Factors Affecting TP Luminescence

Several factors can impede or alter the luminescence intensity and the decay time
of the thermographic phosphor employed for temperature sensing. Effects such as those
of dopant concentration, luminescence saturation, impurities and pressure can change
the performance of a thermographic phosphor dramatically.

4.1.2.1  Dopant Concentration

When using rare-earth elements for doping a host material, dopant concentrations
ranging of around few percent are usually employed. Dopant concentration affects the
luminescence intensity, the spectral distribution, the decay time, and the temperature
sensitivity of the thermographic phosphor. Most thermographic phosphors have an
optimal dopant concentration, one that provides the strongest emission intensity and
temperature sensitivity. At concentrations higher than the optimal dopant
concentration, the probability of energy transfer between the different dopant sites
increases, leading to concentration quenching. Concentration quenching leads to a
reduction in the luminescence which is produced, due to energy being dissipated into
the host lattice. Changing the dopant concentration affects the corresponding decay
time of the thermographic phosphor.

4.1.2.2  Luminescence Saturation

Subjecting various thermographic phosphors to high fluxes of excitation energy
can lead to luminescence saturation. When such saturation occurs, the luminescing
material no longer generates an increase in emission intensity as a function of the
increase in excitation energy. Saturation not only affects the quantum efficiency of the
thermographic phosphor, but it also alters the rise and the decay times of the
corresponding phosphorescence. Saturation of the 543 nm emission line from
Y3A15012:Tb (YAG:Tb) has been studied and has been attributed to the depletion of
the ground state and the interaction of two excited activator ions [16]. That study also
concluded that a high activator concentration leads to lower saturation effects and
prolonged the luminescence linearity to higher excitation energies. The saturation
mechanisms in Zn,SiOs:Mn (the 505 nm emission line) and in YAG:Tb (419 and
515 nm emission lines) were studied by de Leeuw et al. [17]. That study indicates that
as the excitation energies increase, the decay time decreases as compared with the decay
time at low energies and the decay temporal profile displays a non-exponential
behavior. A study of Y>O,S:Eu saturation revealed that the addition of Pr or Tb
dopants, even at the very low concentrations, diminished the observed saturation [18].
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4.1.2.3  Impurities

Impurities in thermographic phosphors, even at ppm levels, can impede the
quantum efficiency of the emitted luminescence and the corresponding decay time.
Impurities absorb part of the excitation radiation and emit radiation that can interfere
with the desired emission from the thermographic phosphor. In addition, the
introduction of impurities, such as lubricant oils, by external means can strongly affect
the performance of certain thermographic phosphors, as described in paper V. A study
by Tabei et al. reported on the quenching of ZnS:(Cu, Al) phosphors by iron-group
ions [19]. Mn*, Ni**, Co*, and Fe** were found to effectively quench the green
luminescence of ZnS:(Cu, Al) phosphors through resonant energy transfer processes.

4.1.2.4  Pressure

In addition to phosphors being thermographic, some phosphors also display a
sensitivity of their characteristic luminescence to pressure. Pressure affects both the
quantum efficiency and the decay time of the phosphor. Applying pressure results in
strain in the thermographic phosphor, which in turn alters the chemical bonds lengths
and the atomic configuration. The application of pressure results in a shifting of the
spectral distribution as well as alteration of the decay time that is obtained. These
alterations are specific for the thermographic phosphor subjected to pressure, the
resultant changes in luminescence differ from one phosphor to another. Allison et al.
provided a comprehensive survey of thermographic phosphors known to display
sensitivity to pressure [1]. Although the phosphors listed there exhibit a sensitivity to
pressure, the pressure needed to obtain a significant change in the phosphor
luminescence was found to be in the GPa range. These pressure levels are very high
compared with those present in combustion engines, its thus being safe to assume that
the effects at the pressure levels in combustion engines are negligible.

4.2 Remote Temperature Sensing using Thermographic

Phosphors

Extracting information carried within the temperature-sensitive luminescence
originating from thermographic phosphor makes zero-D, 1-D, and 2-D temperature-
sensing possible. Most thermographic phosphors display one format of temperature
sensitivity, their response to temperature change being characteristic for the type of
phosphor employed. Some phosphors, however, such as YAG:Dy, ZnO:Zn,
BaMg,Al;sO027:Eu (BAM), and MgsF,GeO4:Mn allow for the use of both sensing
methods for temperature deduction purposes. The decay time method and the spectral
ratio method have their respective advantages and disadvantages. Their
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implementation, the temperature deduction methodology to be employed, and their
limitations will be discussed in this sub-section. The studies reported in the thesis
exclusively use the decay time method for temperature determination purposes.

4.2.1 Spectral Intensity Ratio Method

The spectroscopic distribution of some thermographic phosphors varies with the
change in temperature that the phosphor experiences. As the spectroscopic distribution
changes, the relative intensity of some of the emission bands vary in relation to one
another. By collecting the emission intensity of each of the two bands by means of a 2-
D detector, such as an ICCD camera, the intensity ratio at a specific temperature can
be obtained. Through changing the temperature of the phosphor, full temperature
calibration of this ratio can be achieved. The principles behind the intensity ratio
method are shown in Figure 4.3.
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Y
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Figure 4.3 Illustration of use of the spectral intensity ratio method for temperature determination
[from luminescence originating from thermographic phosphors.

There are several setup configurations that can be used to determine temperatures
by use of the intensity ratio method. The first of these involves use of two cameras, each
equipped with an interference filter that transmits one of the bands of the emitted
radiation and blocks the others. This configuration requires spatial matching of the two
detectors in order to obtain an accurate two-dimensional temperature map. The second
configuration utilizes a stereoscope fitted to a single camera which enables the
projection of the spectral intensity of each band onto a single detector chip.
Stereoscopes can suffer from radiation cross-talk which can jeopardize the accuracy of
the temperature determination obtained.
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After the acquisition of the intensity images of the two spectral bands that have
been selected, the images are subjected to background subtraction and to flat field
correction. After which the division of the two intensity maps results in the intensity
ratio distribution corresponding to the temperature distribution of the instrumented
object. The ratio distribution obtained is then transformed by use of a calibration
polynomial to convert the ratios obtained into temperature values.

The spectral ratio method is capable of providing temperature information
regarding surfaces with a high degree of spatial resolution. The accuracy and precision
of this method is considered to be less than that of the decay time method due to the
difference between the intensity ratio and the decay time parameters in terms of the
magnitude of temperature sensitivity. Thermographic phosphors decay times usually
exhibit a change of 2-3 orders of magnitude as function of a few hundred degrees of
change in temperature. In comparison, the intensity ratio typically displays a change of
only one order of magnitude for the same degree of temperature change.

The intensity ratio method is susceptible to detector-induced non-linearities that
can severely bias the object temperatures obtained [20]. It has also been shown that the
intensity ratio method is sensitive to the positioning of the detector that can result in
about a 25 K temperature bias [21]. This indicates the necessity of in-situ calibrations
so as to minimize the error induced by difference in the position of the detector between
calibration and experimentation.

4.2.2 Decay Time Method

Unlike the intensity ratio method, the decay time method utilizes the temperature
sensitivity of the characteristic decay time of thermographic phosphors to deduce the
temperature of objects that are instrumented. The principle of temperature
determination by use of the decay time method is shown in Figure 4.4. The decay time
of the emitted phosphorescence becomes shorter with an increase in the temperature
the phosphor is subjected to. Conducting a temperature calibration of the decay time
enables the temperature sensitivity range of a thermographic phosphor to be
determined. Most thermographic phosphors have a quenching temperature above
which the decay time shows an increased sensitivity to temperature. Each
thermographic phosphor has its own individual temperature sensitivity range and
quenching temperature. Different emission lines originating from the same
thermographic phosphor can display different decay times and different ranges of
temperature sensitivity, such as in the case of La;O,S:Eu phosphor. YAG:Dy, on the
other hand, displays similar decay times and ranges of temperature sensitivity for each
of the emission bands located around 450, 485, and 585 nm.
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Figure 4.4 An illustration of the working principle of temperature determination in the decay time
method for luminescence originating from thermographic phosphors.

Both point detectors and 2-D detectors can be employed for capturing the decay
time of thermographic phosphors. Point detectors, such as photomultiplier tubes
(PMT), microchannel-plate PMTs, photodiodes, and avalanche photodiodes, for
examples can retrieve the decay time from an illuminated phosphor-coated surface.
Point detectors provide zero-dimensional temperature information. An array of point
detectors can be employed for increasing the dimensionality of the measurements to
one-dimensional or even to two-dimensional measurements. Two-dimensional
detectors, such as ICCD and CMOS cameras, have also been used to capture the decay
time of thermographic phosphors and to produce a two-dimensional temperature map
of the instrumented surface. Two-dimensional detectors have an advantage by adding
extra dimensionality to the temperature information obtained, but their use is severely
limited by the low signal levels usually obtained due to the thermal quenching that
occurs at high temperatures. On the other hand, the intrinsic high gain of some point
detectors (such as PMTs) can provide precise temperature information even at the low
emission intensities present at high temperatures. In addition, 2-D detectors require a
higher degree of optical access to the environments that are instrumented whereas point
detectors can take advantage of optical fibers for capturing the emitted luminescence
from the instrumented environments with minimum optical access requirements. The
decision to choose a particular detector type is governed to a considerable by such
factors as the optical access which is available, the signal strength, and spatial and
temporal resolution that is needed.

Detectors convert the decaying luminescence into a decay waveform that is
registered by an oscilloscope or by some other type of analog-to-digital conversion
device. The decay waveform is then fitted to an exponential function through use of a
nonlinear-least-squares solver to calculate the corresponding decay time of the
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waveform. The calculated decay time is then translated into a temperature value by
using the calibration polynomial obtained earlier.

The decay time method is more precise and accurate than the intensity ratio
method is. The decay time method is insensitive to variations in the positioning of the
detector, in contrast to the intensity ratio method. With use of high-gain detector, the
decay time method is able to measure higher temperatures than the intensity ratio
method can. The higher temperature sensitivity of the decay time gives the decay time
method a higher degree of precision and sensitivity than the ratio method has. The
higher degree of sensitivity also aids in reducing the magnitude of the error that the
decay time calculations produce in evaluating the temperatures involved.

4.2.2.1  Possible Sources of Error

e Detector-induced distortions due to detector saturation can results in a
biasing of the temperature results obtained. Detectors operating in a
saturation mode can severely distort the generated waveform leading to
false decay time and consequently to false temperature. This
phenomenon was studied in papers III and IV.

e Calibration errors due to a malfunctioning thermocouple, or to poor
thermocouple-substrate contact, for example, can lead to tens of degrees
of error in the temperature that is calibrated. Errors of this type can be
propagated to the temperature evaluation without being detected.

e High levels of laser flux can alter the waveform of the decay that is
detected. Also, subjecting the phosphor to a wide range of laser fluxes can
result in a large temperature error. It is important to note that not all
thermographic phosphors display a sensitivity of their decay time to the
laser radiation flux that is employed.

e Applying thermographic phosphors in a thick layer can be very intrusive.
Thick phosphor layers can perturb the thermal properties of an object
that is probed and create thermal gradients through the thickness of the
deposited layer. Having thin layers, around 20 pm in thickness, are
advisable for negligible intrusiveness [22].

e Some thermographic phosphors display multi-exponential decay
waveforms. Fitting a single-exponential function to a multi-exponential
waveform is difficult, the calculated decay time strongly dependent upon
the fitting parameters that are employed. Caution is called for in fitting
multi-exponential decay waveforms, since fitting error can easily lead to
error in the determined temperature.

e  Substances present in the experimented environment can affect the decay
time of a thermographic phosphor. Engine lubricants for example have
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been shown to markedly quench the decay time of various thermographic

phosphor (paper V).

e Interfering luminescence originating either from the experimental
environment or from impurities can affect the decay time and lead to
erroneous temperatures.

e  Other phosphors show a drift in their luminescence intensity and their
decay time when subjected to thermal cycling or to temperatures higher
than a certain threshold. The thermographic phosphor BAM displays an
irreversible degradation in its luminescence and decay time when
subjected to high temperatures. The degradation mechanism has been
attributed to the europium ions changing from a divalent (Eu*) to a
trivalent state (Eu’*) [23-26].

4.3 Summary of Studied thermographic phosphors

This section provides a summary of the thermographic phosphors studied in the
course of the thesis work.

4.3 1 BaMng116027:Eu (BAM)

BAM is a high-quantum-efficiency blue-emitting phosphor usually used for
plasma display panels. BAM can effectively excited by 355 nm radiation from an
Nd:YAG laser. After excitation, a broadband emission spectrum is observed with band
center around 460 nm; see Figure 4.5. The emission at around 450 nm has a decay
time that shows sensitivity for temperatures extending over 600 to 1070 K. It is
important to note that BAM suffers from degradation in its luminescence and alteration
of its decay time when subjected to high temperatures. The degradation mechanism
has been credited to changes of in the europium from the divalent state to the trivalent
state [23-26]. We have observed a strong effect of heat treatment on the decay time
behavior of BAM. In addition, heat treatment does not appear to stabilize the decay
time behavior as function of temperature. After each heat treatment, new decay time
values were observed for the temperature sensitivity range that was tested.
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Figure 4.5 The emission spectrum of BaMg2Alis027:Eu under 355 nm excitation radiation with
the decay time temperature calibration using an interference filter centered at 450 + 20 nm.

4.3.2 CdWO;,

CdWOy is a thermographic phosphor widely used as a scintillator. CdWO4 has a
broadband emission centered at 460 nm when it is excited by 266 nm radiation; see
Figure 4.6. The decay time displays a strong sensitivity to temperatures ranging from
293 K up to 570 K. The decay time changes by three orders of magnitude within the
temperature sensitivity range of CdWO,. The decay time of CdWO4 was found to be
sensitive to the fluence of the excitation radiation, as reported on in paper IV.
Increasing the laser fluence from 15 pJ to 6 m] was found to decrease the decay time
by 37% as compared with the decay time at the lowest fluence corresponding to an
estimated temperature alteration in the range of 15-45 K depending upon the
temperature (see Figure 5.19).

433 DySZ

Dysprosium-stabilized zirconia is a conventional thermal barrier material used to
shield a variety of engine components from extreme heat loads. The presence of
dysprosium makes the compound in question act as a thermographic phosphor
showing a characteristic dysprosium emission after 355 nm excitation radiation; see
Figure 4.7. The emission band located at around 585 nm displays the strongest
intensity. Utilizing this band for phosphor thermometry can make the measurement
susceptible to flame luminosity. DySZ has a decay time sensitivity over temperatures
extending over 900 to 1200 K. Since both bands, located at 485 and 585 nm, exhibit
the same decay time profile as a function of the temperature, it is advantageous to utilize
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the 485 nm band for environments contaminated by high flame luminosity. DySZ has
a band at 460 nm that becomes visible at high temperature due to thermal activation.
The Intensity ratio of the 460 nm to 485 nm band can also be utilized for the intensity
ratio method of thermometry.
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Figure 4.6 An emission spectrum of CAWOj; when subjected to 266 nm excitation radiation

with the decay time temperature calibration being obtained using an interference filter centered
at 450 + 20 nm.
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Figure 4.7 An emission spectrum of DySZ under 355 nm excitation radiation with the decay
time temperature calibration being obtained using an interference filter centered at 586 +
10 nm.
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4.3.4 GdzOzS:Eu

Gd,O,S:Eu is a thermographic phosphor that can be excited using 355 nm and
532 nm radiation alike. The possibility of using 532 nm excitation radiation can be
beneficial when performing temperature measurements through UV-opaque materials.
The emission spectrum of Gd,O,S:Eu is composed of sharp lines with an intense band
located at 625 nm (Figure 4.8). The emission spectra of Gd,O,S:Eu, when 355 nm and
532 nm excitation radiation is employed, are quite similar with minor differences in
the relative intensity of some of the emission lines. The emission peaks located at
538 nm and 555 nm are only visible when 355 nm excitation radiation is used. Figure
4.8 also features the decay time calibration of Gd,O,S:Eu luminescence after excitation
by 532 nm radiation from an Nd:YAG laser. Gd;O,S:Eu displays a temperature
sensitivity extending from 293 K up to 800 K.
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Figure 4.8 An emission spectrum of Gd20,S:Eu ar 355 nm and 532 nm excitation radiation
with the decay time temperature calibration after 532 nm excitation being obtained using an
interference filter centered ar 607 + 18 nm.

4.3.5 LaZOZS:Eu

La;O,S:Eu has an emission spectrum that is also characterized by sharp emission
lines. The emission lines located at 512, 538, and 624 nm are usually employed for
decay time phosphor thermometry (Figure 4.9). Each of these emission lines has a
different decay time sensitivity to temperature and can be used interchangeably to
extend the total temperature sensitivity range of La;O,S:Eu phosphor. The decay time
sensitivity of the 538 nm emission line is presented in Figure 4.9. This emission line
exhibits a decay time that has a sensitivity extending from 350 K up to 625 K. The
512 nm emission line has a temperature sensitivity starting from lower temperatures
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while the 624 nm emission line sensitivity starts at a higher temperature compared to
the 538 nm emission line.
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Figure 4.9 An emission spectrum of La>O.S:Eu at 355 nm excitation radiation with the decay

time temperature calibration using an interference filter centered ar 540 + 5 nm.

4.3.6 Mg3F2GeO4:Mn

MgsF,GeO4s:Mn is a thermographic phosphor that has the capability of
temperature sensing using both the intensity ratio and the decay time method. The
intensity ratio of the emission peaks at 631 nm and 656 nm is temperature-sensitive.
MgzF,GeO4s:Mn can be effectively excited with 266 nm and 355 nm radiation
generated by an Nd:YAG laser. Figure 4.10 represents the corresponding emission
spectrum obtained after excitation by 355 nm radiation. The decay time of the emission
line at 656 nm is also presented. MgsFoGeO4:Mn displays a temperature sensitivity
extending from 293 K up to 1070 K. The decay time displays a greater sensitivity for
temperatures higher than 670 K.

4.3.7 Y203:Ell

Y,0;:Eu, like Gd;O,S:Eu phosphor, can be effectively excited using both 355 nm
and 532 nm radiation from an Nd:YAG laser. The emission spectrum, with 532 nm
excitation, is characterized by an intense peak at 611 nm (Figure 4.11). The decay time
of the 611 nm emission line has a multi-exponential profile with an intense rapidly
decaying component and a weak slowly decaying component. Due to the ability of
Y>Os:Eu phosphor to be excited by 532 nm radiation, it has the capability to act as a
sub-surface temperature sensor for UV-opaque plasma sprayed thermal barrier coatings,
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as described in paper VII and by Eldridge et al. [27]. The decay time originating from
the 611 nm luminescence is sensitive to temperatures extending over 670-1030 K.
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Figure 4.10 An emission spectrum of MgsF>GeOy:Mn under 355 nm excitation radiation with
the decay time temperature calibration being obtained using an interference filter centered ar

656 + 5 nm.
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Figure 4.11 An emission spectrum of Y>Os:Eu exposed to 532 nm excitation radiation with the
decay time temperature calibration using an interference filter centered at 607 + 18 nm.

4.3.8 ZnO:Zn

ZnO:Zn is a phosphor widely used in LED displays and scintillators. It displays a
strong spectral shift as the temperature of the phosphor changes. ZnO:Zn has two main
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emission bands at 390 nm and 510 nm (Figure 4.12). The intensity ratio of the two
bands displays a strong sensitivity to temperature.
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Figure 4.12 An emission spectrum of ZnO:Zn at an excitation radiation of 355 nm.

43.9 ZnS:Ag

ZnS:Ag is a blue-emitting phosphor showing a high quantum efficiency. Upon
excitation by 355 nm laser radiation, ZnS:Ag emits a broadband spectrum with a band
center at 450 nm, as shown in Figure 4.13. Between 293 K and 400 K, the decay time
becomes slower with increasing temperature. At temperatures higher than 400 K,
ZnS:Ag display a monotonic change in its decay time with increasing temperature.
ZnS:Ag is sensitive to temperatures between 400 K and 875 K. The decay waveform of
ZnS:Ag resembles a double-exponential profile.
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Figure 4.13 An emission spectrum of ZnS:Ag under 355 nm excitation radiation with the decay
time temperature calibration using an interference filter centered at 450 + 20 nm.
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4.4 Phosphor Selection

The selection criteria for thermographic phosphors in a given application are
strictly governed by both the conditions present in the experimental environment and
the requirements imposed on the temperature information attained. The range of
temperatures the instrumented object is exposed to is a major criterion here, since each
thermographic phosphor has a predetermined operational range of temperatures, as
shown in Figure 4.14.

The temporal resolution required is another limiting factor in the selection process
for thermographic phosphors that show a decay time temperature sensitivity. Internal
combustion engines, such as spark ignition engines, operate at high speeds, reaching
several thousand rotations per minute (rpm). In order to achieve, for example, a single
crank angle degree of resolution for an engine operating at 1200 rpm, the decay time

of the thermographic phosphor needs be shorted than 50 ps.

In diesel engines, Soot luminosity can severely distort the observed decay
waveform to a point at which measurements are no longer viable. Thus, thermographic
phosphors having emission lines that are close to the blue end of the electromagnetic
spectrum are to be preferred in environments in which soot luminosity is an issue.

Under other circumstances, it is not possible to use UV-radiation to excite
thermographic phosphor, thus limiting the thermographic phosphors that can be
potentially employed to only a few phosphors that can be effectively excited by visible
radiation.

In other applications, phosphors having a high quantum efficiency are needed to
overcome the luminescence emitted by the experimental environment. Strong emission
intensity allow for the differentiation of luminescence generated by the applied
thermographic phosphor from the background luminescence. Implementing spectral
and temporal filtering helps suppress the background radiation, thus improving the
signal-to-noise ratio and consequently the temperature precision involved.
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Figure 4.14 Decay time calibrations of thermographic phosphors studied in the thesis work.

4.5 Decay Time-based Phosphor Thermometry
Experimental Setup

The application of decay time based phosphor thermometry to a target object
requires an experimental setup composed primarily of a pulsed laser, a phosphor coating
applied to the target surface, collection optics, a detector, and a data acquisition system.
Figure 4.15 presents a sketch of a typical experimental setup used to perform decay
time based phosphor thermometry. A pulsed laser, usually producing laser radiation in
the UV part of the electromagnetic spectrum, was used to excite a thin layer of a selected
thermographic phosphor that has been coated onto the surface of the target object. The
laser beam was directed towards the target by means of dichroic mirrors that served to
reflect the laser radiation. After excitation by the incident radiation, luminescence was
emitted by the thermographic phosphor and was collected by collection optics. The
collection optics were usually composed of a number of lenses that concentrated the
radiation that was collected onto the detector input window. One or more interference
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filters were placed in front of the detector so as to spectrally select the desired portion
of the luminescence and to suppress any spurious radiation. The detector then
converted the input luminescence signal into an electric output signal that was read by
a data acquisition system. The decay waveforms that were acquired were then saved for
later post processing and temperature determination.

Data Acquisition

System
Laser Beam

Luminescence

Interference Filter

Detector

Thermographic Phosphor layer

Figure 4.15 Sketch of a typical experimental setup used for decay time phosphor thermometry.
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5 Development of Phosphor
Thermometry Technique

This section provides a summary of the work carried out as an effort to develop
the decay time-based phosphor thermometry technique. The work involved aimed at
optimizing in so far as possible the precision of the technique as well as providing
insight into covert sources of error that could introduce biases in the temperature
assessments arrived at. Improvements in the established thermographic phosphor
calibration versus temperature reflect directly as an improvement in the accuracy of the
temperatures obtained. Detector-induced biases can severely reduce the quality of the
determined temperatures and render the information obtained useless or nearly so. It
is also important to consider the effects that the environment and the co-existing
materials can have on the performance of this technique. This chapter presents a
summary of the findings and developments obtained aimed at the optimization of the
decay time-based phosphor thermometry technique. The chapter covers the material
published in papers I through V.

5.1 Automatic Calibration

Calibration of the decay time of the thermographic phosphor is needed to convert
the measured decay time into temperature values. This calibration function is usually
based on measuring the decay time at predetermined temperatures, the calibration
polynomial being constructed by interpolating between the calibration points obtained.
Ceramic ovens are usually used to heat up a sample of the thermographic phosphor in
question coated onto a metallic substrate to be calibrated. Thermocouples are used to
monitor the oven temperature and assuming thermal equilibrium, the measured oven
temperature is presumed to be equal to the temperature of the thermographic phosphor
sample. Thermal equilibrium requires prolonged duration of time to be established,
which could significantly increase the time required to obtain a single calibration. The
sample temperature could deviate from the oven temperature, leading to errors in the
established calibration. Radiation losses from the sample could also lead to biases in the
calibration. Thus, a robust and reliable calibration procedure would serve to ensure
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that the calibration is accurate and should result in an improvement in the achieved
temperature accuracy.

The conventional calibration (point-by-point calibration) described above suffers
from long calibration duration and plausible inaccuracy due to possible deviations
between the temperature of the thermographic phosphor sample and that of the
thermocouple. The need for a reliable calibration procedure motivated the design and
implementation of a continuous and automatic calibration procedure capable of
achieving a calibration with an accuracy of + 1.5 K up to + 4 K, depending upon the
range of calibration temperatures involved. The ability to acquire the calibration
continuously resulted in a reduction by a factor of 4 in the time needed to achieve
complete calibration as compared with the duration needed by the conventional
procedure.

The calibration routine developed was composed of two separate elements, one
being the hardware and the other the software. Both elements were designed and
implemented with maximum accuracy in mind. The hardware element included the
design of a new calibration substrate over which the calibrated phosphor is sprayed.
The substrate design incorporated an embedded thermocouple system for minimizing
the thermal gradients across the various dimensions of the substrate. The software
element, on the other hand, was composed of a hardware-control software that
synchronized the different hardware elements. In addition, the software included a
preprocessing software that simultaneously acquired the phosphorescence decay curve
and the thermocouple temperature and saved these on a single file for later post-
processing. The developed calibration routine was reported on in papers I and II.

5.1.1 Hardware

This section describes the design chosen for the substrate and the corresponding
thermal analysis carried out using a heat transfer simulation. The heat transfer study
was performed to assess the magnitude of the thermal gradients due to the continuous
ramping of the substrate temperature.

5.1.1.1  Substrate Design

The substrate was designed in a disk shape that had a diameter of 41 mm and a
thickness of 6 mm. Hastelloy-C alloy, a corrosion-resistant alloy having low thermal
expansion coefficient, was selected as an appropriate material for the substrate. The
corrosion resistance maintains the surface quality of the substrate after numerous
calibrations, which in turn is optimal for the adherence of the coated thermographic
phosphor. The low thermal expansion coefficient is suitable for preventing flaking of
the coated layer, due to the difference in the rate of expansion of the two materials.
Hastelloy-C alloy has a high melting temperature (1550 K) making calibrations of up
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to 1500 K feasible with use of this substrate. Placing the calibration substrate in the
center of the oven results in an even thermal power distribution at the boundaries of
the substrate. Four type-K (class 1) thermocouples were embedded and press-fitted
within the substrate at a depth of 5 mm. This placement ensures maximum contact
with the substrate and minimizes the temperature gradient between the surface of the
substrate and the thermocouple contact. The thermocouples employed were placed in
an Inconel-600 sheath, 2 mm in diameter, for increased robustness and the sheath also
served as a substrate holder when placed inside the calibration oven. Two thermocouple
distributions, one of them tight (4 mm off-center) and the other wide (15 mm off-
center), were selected for assessing the possibility of the existence of thermal gradients
across the substrate. A schematic design of the substrates is shown in Figure 5.1.

Thermocouple
2 mm‘\\ 15 mm
v - 4 mm N
[— | o o
\ O

— 41 mm T

6 mm

Figure 5.1 Schematic of the design of the calibration substrate with its embedded type-K

thermocouples.

5.1.1.2  Heat-transfer study

Thermal gradients can develop within the substrate due to the continuous
ramping of the temperature. Thermal gradients between the surface on which the
phosphor is coated and the site of the thermocouple contact can lead to errors in the
calibrated temperature and eventually in the determined object temperature. The two
different thermocouple distributions described earlier provide insight into the thermal
gradients in the radial position caused by the uneven heating by the oven. They fail,
however, to provide insight into the gradients that may possibly be present between the
surface of the substrate and the locations within the substrate at which the
thermocouples are embedded.

Using heat-transfer modeling tool provided by COMSOL Multiphysics Software,
enabled a detailed study of the thermal gradients as a function of the heating rate of the
calibration oven. COMSOL utilizes the finite element method to solve the conductive
heat transfer equation (Equation 5.1) throughout the simulated substrate geometry.
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oT
pCy, Frn V.(kVT) =Q Equation 5.1

Where p is the density (kg.m™), C, is the specific heat capacity at constant pressure
(J.kg'.K"), T is the absolute temperature (K), k is the thermal conductivity (W. m".K"
"), and Q is the amount of heat (W. m™). The thermal coefficients (p, C,, and k) of the
Hastelloy C-4 substrate material were plugged in from the library of material properties
available within the COMSOL software. Setting the heat flux, q, to 600 W. m™ creates
a heating rate that matches that attained by the calibration oven at 4 K.min"'. The
initial temperature of the substrate model was set to 293.15 K. The solver provided a
solution as a function of time so as to assess the growth of thermal gradients as the oven
temperature increases over time.

For the model to be considered valid, a number of assumptions need to be made.
The first assumption is that only conductive heat transfer can be considered significant
within the substrate boundaries, whereas the net radiative and convective heat losses are
considered insignificant. During the actual calibrations, the oven ports are sealed either
by quartz windows or by a thermal insulator so as to drastically reduce the heat loss due
to convection to the surrounding environment. The second assumption is that uniform
heating is delivered to all of the surfaces of the substrate. In real life, this can best be
achieved by suspending the substrate in the center of the heating tube of the oven. All
of these assumptions were validated by a separate heat transfer model that took into
consideration the geometry of the entire oven.

A 54169
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541.55
{5415

54145
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0 541.4
N Y.j/x 20720 541.25
Figure 5.2 Substrate model created in Figure 5.3 Three-dimensional temperature
COMSOL software with the corresponding distribution in kelvin (K) of the Hastelloy
mesh applied to the geometry. substrate at t = 3600 sec.
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The substrate geometry was modeled in COMSOL and a mesh was applied for
dividing the model geometry into smaller volumes. For each volume, the solver solves
the conductive heat transfer function as function of time. A schematic of the mesh in
the substrate model geometry is shown in Figure 5.2. The final mesh divided the model
volume into 961,000 separate elements.

COMSOL program solved the heat transfer problem for the entire volume as
function of time for a period of 3600 seconds. The results are a three-dimensional map
of temperature that evolves as function of time. A snapshot of the temperature map at
t = 3600 seconds is shown in Figure 5.3. The results validate the concept that the
thermal gradients extending through the substrate being negligible. Both radially and
through the thickness of the model, the maximum temperature gradient is less than
one Kelvin as shown in Figure 5.4 and Figure 5.5. The results shown in Figure 5.4
represent the development of the temperature as a function of time (for a period of
3600 seconds) at several depths from the surface of the radial center. Whereas Figure
5.5 depicts the radial temperature distribution at time t = 3600 seconds. The results
indicate that the thermal gradients within the designed calibration substrate to be
negligible for heating rates of up to 4 K.min™.
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Hardware control, data-acquisition synchronization, waveform pre-processing,
and data saving are all tasks that are handled by the automatic calibration software
employed, which is written in LabVIEW programming language. The software enables
for continuous and automatic calibration process, which reduces the time duration
needed to complete a given calibration. In addition, optimal acquisition
synchronization between the thermocouples recording of the substrate temperature and
of the acquired decay waveform is provided. Execution of the automatic calibration
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routine occurs in several stages. Once all the elements of the execution cycle have been
completed, the process is repeated until the program is terminated.
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Figure 5.6 A schematic of the order of execution of the individual processes in the automatic

calibration routine.

The routine is operated continuously while the calibration oven is set to a constant
heating rate less than or equal to 4 K.min™'. At the beginning of every acquisition cycle
of the routine, the acquisition of the temperature and that of the decay waveform are
synchronized. The individual temperatures from each of the four thermocouples are
averaged. Afterwards, the registered waveform is pre-processed so as to facilitate the
later decay-curve-fitting process. The pre-processing includes sparsing and initial
evaluation of the decay time of the waveform. After pre-processing, the acquired
substrate temperatures, equivalent to the thermographic phosphor temperature, are
combined with the respective pre-processed decay waveform. This process is repeated
for the duration of the calibration at the desired acquisition rate. A schematic of the
individual processes occurring during each of the routine cycles is presented in Figure
5.6. The final result is a calibration composed of several thousand calibration points,
which enables for the extraction of an accurate calibration polynomial. The high density
of the calibration points permitted the development of a temperature extraction
algorithm that does not require the evaluation of the decay time of the waveform [28].
Instead, the algorithm compares the experimental decay waveform to a library of
calibration waveforms to obtain the best possible match. The best matched calibration
curve determines then the temperatures the thermographic phosphor underwent. This
method of temperature determination is highly advantageous, particularly for
thermographic phosphors that display multi-exponential decay profiles.
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5.1.3 Finalized Automatic Calibration

The final calibration experimental setup shown in Figure 5.7 includes the laser,
an electrical furnace, the phosphor-coated substrate, a data acquisition unit, Photo-
detector (PMT), and a digital oscilloscope. This setup was employed to acquire
calibrations using both the conventional method and the automated method for
comparison purposes. A comparison calibration of the MgsF,GeO4:Mn thermographic
phosphor is shown in Figure 5.8. Figure 5.8 demonstrates that the developed
calibration routine delivers an accurate calibration with high density of calibration
points for successful temperature determination.
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Figure 5.7 A schematic of the experimental Figure 5.8 A conventional and an automatic
setup of the developed automatic calibration. calibration of MgsF>GeO:Mn thermographic
phosphor.

5.2 Detector Response Characterization

To ensure the greatest precision and accuracy possible in temperature
determination using phosphor thermometry, all sources of distortion and biasing need
to be subjected to scrutiny. Inspecting all possible sources of error enables one to
improve the technique employed and in turn obtain trustworthy temperature
measurements. In the present section, the investigations reported on in papers III and
IV are described. Detector-induced distortions in the waveform of the decay can have
serious negative effects on one’s assessment of the temperatures involved and lead to
errors tens of kelvins in magnitude [29]. Distortions occurring within the
photodetector can also affect the generated phosphorescence waveform. The linearity
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of the conversion process carried out by the detector is essential to ensure a true
reproduction of the decaying luminescence and thus for accurate temperature retrieval.
Detector-induced distortions are often by their nature highly discrete and can easily
pass undetected.

In a previous study involving use of the spectral ratio method, the nonlinearity of
intensified-CCD cameras in their application to phosphor thermometry was reported
[20]. The authors observed that the ICCD camera deviated from linearity when the
signal counts exceeded a certain level. The deviation from linearity resulted in an
estimated temperature that deviated by 200 K from the true value. The investigations
reported in paper III dealt with detector-induced distortions in several different point
detectors. The tested detectors were photomultiplier tubes (regular and time-gated), a
microchannel plate PMT, and an avalanche photodiode. In comparing them, a time-
gateable PMT was found to be the most suitable detector, which provided a linear
response within a wide range of incident phosphorescence intensities and detector
gains. The luminescence provided by CdWO4 was selected for testing the response of
all the detectors. CdWOj provided phosphorescence with decay times that extended
from 10 ns at 580 K up to 10 ps at 290 K. This wide range of decay times enabled the
effects of the length of the decay time on the behavior of the detectors to be investigated.
In paper IV, investigation of the effect of the detector response on the temperature
assessment was continued. Whereas paper III compared different point photodetectors,
paper IV presented a comparison of four PMTs of identical product type so as to assess
unit-to-unit variations. Paper IV also addressed other possible sources of error, such as
the oscilloscope channel settings and the initially strong luminescence peak present
prior to the long decay, a peak that could contribute to the overall inaccuracy in the
temperatures measurements obtained.

5.2.1 Detector Response Matrix

To investigate the way in which photodetectors can distort the generated output
decay signal, a detector response matrix, that characterizes the decay time as a function
of the phosphorescence intensity and the applied detector gain was devised. Response
matrices for each of five different temperatures were obtained for each of the detectors
that were studied. At each pre-set temperature, the furnace temperature was stabilized,
then the response matrices were acquired for each of the detectors.
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Figure 5.9 A schematic of the experimental setup used ro Table 5.1 The photodetectors
build the response matrices for each of the detectors. tested.

To ensure that the different detectors were subjected to phosphorescence of the
same levels of intensity, a reference system from two identical PMT's was constructed;
see Figure 5.9. The first reference PMT (L-PMT) was calibrated against a laser power
meter that provided a measure of the laser energy on shot-to-shot basis. The P-PMT,
in turn provided a reference in terms of the intensity of the incident phosphorescence
radiation for each of the detectors that were investigated. Later, the read-out signal from
the P-PMT was used to sort the response matrices according to the reference
phosphorescence intensity, which was later converted to the number of incident
photons in 1 ns. To construct a complete response matrix for a given detector at a
preselected temperature, a particular electrical gain for the detector was selected and
then the phosphorescence intensity was scanned. This provided a single row in the
matrix. By changing the electrical gain of the detector to each of the preset levels and
repeating the scan, a complete response matrix could be obtained. It is important to
bear in mind that, because of the differences between the detectors in the operation
mechanisms involved and in the inherent properties of the various detectors, a different
set of gains was selected for each of the detectors.

Some of the detectors that were tested were operated in different modes so as to
investigate whether the operation mode involved affected the response of the detector.
PMT) was also run with an attached electrical amplifier which resulted in lesser range
of gains being utilized than are usually employed in normal operations. PMT} has the
capability of being time-gated and it was operated in both a normal and in a time-gated
way to determine whether time-gating away the initial portion of the decay would affect
the detector response. The MCP-PMT can only be run in a time-gated mode with a
maximum time gate width of 10 ps. Response matrices for each of the detectors and
their corresponding operating modes at five different sets of decay times originating
from CdWOy phosphor were acquired. The different decay times were obtained by
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raising the temperature of the CdWOy sample starting at 294 K, and continuing with
373, 454, 519, and 561 K.
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Figure 5.10 Response matrix of PMT; at Figure 5.11 Response matrix of PMT at
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Figure 5.12 Response matrix of MCP-PMT at  Figure 5.13 Response matrix of APD at
373 K, triggered 10 ns before the signal 373 K.

arrived.

Figure 5.10, Figure 5.11, Figure 5.12, and Figure 5.13 represent the constructed
response matrices as a function of the calculated decay time for each of the four
detectors subjected to luminescence originating from CdWOy at 373 K. In theory, if
the detectors display a linear response, the response matrix should show similar decay
times across the entire matrix, apart from minor discrepancies due to evaluation errors.
Two conclusions can be readily drawn from the figures shown. The first conclusion is
that the decay time is strongly affected by the operating conditions of the detector. The
other conclusion is that the response of each of the detectors is unique to a particular
detector, which suggests that a response matrix is needed in order to adequately
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understand the detector effects with respect to the calculated decay time and the later
temperature assessment.

The high decay time zone observed at low phosphorescence intensities can be
attributed to changes in the decay time CdWOj4 due to changes in the laser fluence.
Similar effects have been reported for other phosphors [30]. The extent of the detector-
induced distortions of the decay time in relation to the temperature can be clearly seen
in Figure 5.14. Artificial temperatures were calculated on the basis of a previously
obtained phosphor temperature calibration. The temperatures showed a spread of 40 K
in temperature, whereas the actual phosphor temperature was held constant at 373 K
during acquisition of the response matrix. Temperature distortions of such magnitude
are detrimental to phosphor thermometry and can render it useless or, even worse,
provide false temperature information.
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Figure 5.14 Estimated temperatures as Figure 5.15 Reconstructed temperature
calculated from Figure 5.10 using temperature  calibration points for all of the detectors, as
calibration data of CdWOy. The actual gathered from a fixed response matrix element.
phosphor temperature was kept constant at The Error bars indicate values at one standard
373 K. deviation from the mean value.

Decay times from a fixed matrix element in the response matrices of all of the
detectors were plotted as function of the phosphor temperature so as to obtain a
temperature calibration curve (Figure 5.15). Although all of the detectors were
subjected to identical conditions, each individual detector provided a unique
phosphorescence decay time calibration polynomial.

It is important to note that when PMT; was operated with an electrical amplifier
and with a lower detector gain range, PM T, showed a better response. The response of
the amplifier-PMT, system resembled that produced by PMT,. On the other hand,
operating PMT5 in a time-gated mode was found to have no effect on the response of
the PMT, the resultant response matrix is similar to that obtained for a normal
operating mode.
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Of the various detectors that were tested, the time-gateable PMT (PMT;)
exhibited the best performance in terms of linearity as a function of the decay time.
The APD, on the other hand, provided the best sensitivity, as can be seen in Figure
5.15. Due to its intrinsic low gain, APD cannot be used under low illumination
conditions. The MCP-PMT used has a gate width limit of 10ps, which means that
decay times longer than 2-3 ps could not be registered by this detector. The
investigations carried out showed the detector to have a significant effect on the
performance of the phosphor thermometry technique, thus the characterization of the
detector response is essential prior to its use in detecting phosphorescence signals.

5.2.2 Detector Response and Laser Energy Dependence

The results reported in section 5.2.1 in which the different detectors were
compared indicated the time-gateable PMT to be the most favorable option of the
different detectors that were selected. In this section, the results of the investigations
carried in paper IV are reported on. The detector found to be most favorable, time-
gateable PMT (PMT53), was subjected to further experimentation in order to determine
the sources of the distortions present in the generated output waveform. The output
signal of the detector and the detector gain were used as parameters for characterizing
the response of the PMT. Current-output type PMTs have been studied extensively,
and most manufacturers set a limit of 100 pA as being the maximum current output of
a PMT for a linear response. This upper limit was established, however, for PMTs
subjected to a constant illumination over time. In the case of the detection of
phosphorescence signals, the signal is usually temporally short (ns to ms time-scale),
which can affect the detector in a different manner than if it was subjected to
continuous illumination. Several studies have demonstrated a linear PMT response at

PMT output currents higher than the previously set limit of 100 pA [31, 32].

As taken up in section 5.2.1, most of the detectors displayed a long decay time at
a low incident photons count, this suggesting there to be phosphor-related variations
rather than detector-induced distortions involved here. During the present
investigation, variations in the laser energy were decoupled from the phosphorescence
luminescence intensity variation through holding the laser energy at a constant level
while varying the incident phosphorescence intensity by means of an iris placed in front
of the PMT. Thus, any variations in the decay times that occurred can be attributed to
the detector response instead. CdWOj was utilized as the luminescent source for this
investigation too.

During this test, the maximum value for the voltage output signal was held at two
pre-designated levels, 30 and 300 mV, for all of the acquired measurement points. To
maintain the output signal at either of the pre-selected levels, the detector gain and
incident phosphoresce intensity were varied interchangeably. This means that when a
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lower gain was utilized, a higher luminescence intensity was allowed to fall onto the
detector window. The phosphorescence intensity was varied either by changing the
incident laser fluence upon the phosphor (ranging from 15 pJ to 5 mJ), or by holding
the laser fluence constant (at 5 mJ) while changing the diameter of the iris. The detector
gain was controlled by the control voltage applied to the PMT. As the control voltage
increases, the PMT gain increases too.
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Figure 5.16 Excitation energy dependence test for CAWOy. The light intensity was varied either
by means of the laser energy employed, from 15 uf ro 5 mJ (e/m), or by changing the diameter of
the imaging lens while employing a constant laser energy of 5 mj (0/0). The maximum electrical
output signal was kept constant at either 30 mV (8/0) or 300 mV (m/0).

Two different ranges of control voltages were tested in order to determine which
of them provides a better representation of the decay time. When attenuating the
incident laser energy, it is clear that the decay time increases with decreasing laser
energy, as could be seen earlier in Figure 5.10. Such a change in the decay time as a
function of the laser energy fluence has been reported earlier for thermographic
phosphors other than CdWOj4 [30]. When the iris was used to change the incident
luminescence, a different detector response was exhibited. Data acquired at a maximum
voltage output of 300mV was found to display a longer decay time than that acquired
at 30 mV. This behavior is usually observed at high incident phosphorescence
intensities. In Figure 5.16 b, the decay times acquired at a 300 mV output voltage level
generated much shorter decay times than those acquired at 30 mV. PMT response
saturation could clearly be observed, the decay times nearly half of the length of those
obtained at lower output voltages (30 mV). This indicates the PMT unit here to display
a much higher distortion limits at lower ranges of control voltages.
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Figure 5.17 Normalized decay times originating from CAWO4 when it is subjected o different
excitation laser fluence magnitudes ar 294 and ar 453 K.

All of the previously reported findings strongly suggest that the phosphorescence
decay time of CdWOy is strongly dependent upon the fluence of the excitation
radiation. Figure 5.17 presents a characterization of the decay time as a function of the
laser energy employed for a fixed laser beam diameter. As can be seen, the decay time
of CdWOy decreases with increasing laser fluence. This validates the finding that the
longer decay times at low laser energies reported in paper III are due mainly to the
effects of the laser energy involved and not to a detector-related response.

5.2.3 A Comparison of Time-gateable PMTs

In the investigation reported in paper III it was concluded that the time-gateable
PMT exhibited the best performance in terms of reproduction of the phosphorescence
decay waveform under various operating conditions. A continuation of the earlier study
of the detector response was reported on in paper IV. This study involved an
examination of the response of four presumably identical time-gateable PMTs
(H11526-20-NF) in terms of the production type and the model involved, the
specifications of the detectors in question are listed in Table 5.2.

Table 5.2 Specifications of the individual PMTs.

Cathode Anode Anode
Serial number S‘Eﬁ:;;:jy Se;ix:li]ty dark current
[symbol] [nA]
58590020 [A] 499 606 2.1
58590039 [m] 326 1490 6.7
58590040 [o] 412 1920 15
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Figure 5.18 The assessed CAW Oy decay times, shown as a function of the peak output voltage of
the detector as affected by variations in the control voltage of the detector when subjected to a
constant light intensity for 294 K and 453 K. The markers represent the results for the H11526-
20-NF PMT5 listed in in Table 5.2. Each subplot was acquired at a different bur constant laser
energy level (20 uf -5 mj).

As apparent from Table 5.2, although the PMTs in question are of the same
production type, their specifications display various discrepancies. In some cases, the
values of some specification (cathode and anode sensitivities) are below the minimum
value or instead an order of magnitude higher than the typical value. The wide range
of variations in the specifications of the PMTs indicates strongly that the response of
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each unit is individual. Creating an experimental setup similar to that displayed in
Figure 5.9 provided the basis for a further investigation of the individual responses
obtained.

This investigation also sheds light on gain-induced distortions of the decay times
obtained. Since the laser energy and incident luminescence were held constant, the
effects of the electrical detector gain on the calculated decay times can be examined.
The decay times were presented as a function of the maximum output voltage of the
corresponding decay waveform. Figure 5.18 shows three output ranges that were
obtained at each of the two different temperatures to account for the effects of the
magnitude of the decay times if present. Stable decay times were found to be attained
at output currents higher than those suggested by the manufacturer, of 100 pA, which
corresponds to a maximum voltage output of 5 mV across a 50 (2 termination. Stable
decay times were obtained up to a maximum output signal of 500-600 mV, which
corresponds to a maximum current output of 10-12 mA. Figure 5.18 also shows no
effect of the shorter decay times obtained at higher temperatures on the behavior of the
detector.
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Figure 5.19 Estimated temperature error due to decay time deviations as a function of

thermographic phosphor temperature of CdWOs.

Biasing of the decay time of thermographic phosphor due to any of the possible
sources of distortion affects the temperature determination process directly. In order to
understand the magnitude of temperature bias due to decay time distortions, a relation
has been constructed in Figure 5.19. In this figure, the difference between the true
temperature and the biased temperature is estimated as a function of the deviation of
the estimated from the true decay time. Since most thermographic phosphors display
different levels of sensitivity across their temperature sensitivity range, it is essential that
the assessment arrived at be a function of temperature as well. Depending on the
temperature and the magnitude of distortions occurring, temperature deviations up to

57 K are to be expected. One should note that CdWOy is characterized by its high
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degree of sensitivity, which lessens the impact that decay time related distortions have
on deviations in the determined temperature. Those thermographic phosphors that
show a lower decay time sensitivity to changes in temperature can be expected to exhibit
greater temperature deviations in response to any distortions of their decay times that
occur.

5.3 Lubricant-Oil Effects on the Decay Time

In using phosphor thermometry, it is important to take into consideration
possible sources of distortion that could lead to erroneous temperature assessment. The
investigated error sources have been those of temperature calibration and of the
response of the photodetector under different operating conditions. It is of equal
importance to also factor in plausible distortions originating from the experimental
environment. Another possible source of distortions, if present, could affect the
performance of thermographic phosphor sensors, is that of engine lubricants, the
possible effects of which were subjected to a detailed inquiry in paper V. The present
section takes up the findings, in this regard reported in paper V, concerning the effects
of two lubricant oils that were selected (Castrol EDGE Professional V, 0W-20 and
Energol CL-DX 405) have on the decay times of six different thermographic
phosphors. The two lubricants were selected to cover two different areas of application,
those of light-duty road transport and of large-bore marine engines, respectively. As
with the detector-induced distortions reported in section 5.2, any distortions that
might occur due to the presence of the lubricant oil can very well happen without this
being detected by the operator. In this sense, the concealed nature of the effect calls for
the enquiry regarding the effects such lubricants can have on the decay times of

thermographic phosphors.
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Thermaographic phosphor Temperature ﬁ—' Laser 355nm |

range” (K)
BaMg:Ali6027:Eu 473 -1073 Pellin-Broca
Laser Beam
BaMgAeuibu s 473 - 1073 Laser Beam
La;0S:En 293 - 600 i
Thermocouple
MgsF2GeOs:Mn 393 -1073
ZnO:Zn 293 - 570 Substrate:
. \Heating
ZnS:Ag 393-773 b i
—
* Temperature range in which the decay time of the B -DAQ
thermographic phosphor in question exhibits a  Colimator '”terfe’e”c‘ﬂirﬂ p— /%sémosco’)e
sensitivity to changes in temperature.
Optical fiber
Table 5.3 The thermographic phosphors Figure 5.20 The experimental setup used to
selected. examine the effects of the lubricant on the

acquired decay time. Abbreviations: PMT
(Photomultiplier tube), DAQ (data
acquisition unit), PC (personal computer).

An experimental setup was constructed to facilitate investigation of the effects of
the lubricant oil in question on the decay time of each of the six selected thermographic
phosphors; see Figure 5.20. The chemical composition of each of the tested
thermographic phosphors along with their corresponding temperature sensitivity range
are presented in Table 5.3. To eliminate any distortions produced by the detector, the
electrical gain and the output voltage were held constant during the entire measurement
procedure. The decay time was measured as a function of the lubricant to phosphor
mass ratio as to allow for the characterization of the influence in terms of relative
lubricant quantity that was present on or in the phosphor layer. The thermographic
phosphors were subjected to two different temperature ranges, 294 K and 375-381 K,
to examine whether or not the temperature affects the extent of the effect that the
lubricant can have upon the decay time of the phosphors in question. A lubricant oil
can quench the luminescence emitted by the thermographic phosphor. Quenching
refers to a decrease in the intensity and decay time of the luminescence due to the
interaction of the thermographic phosphor with one or more of the oil components.
The investigation here concentrates on the quenching of the decay time of the
phosphorescence emitted by the selected phosphors.

An examination of the spectra of the thermographic phosphors and of the
lubricant oils was carried out to better understand their spectral characteristics in terms
of emission and of absorption. The normalized emission spectra of the selected
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thermographic phosphors after excitation of them by 355 nm laser radiation are
presented in Figure 5.21. In addition, the absorption and emission spectra of Castrol
EDGE Professional V, 0W-20 and Energol CL-DX 405 lubricants are illustrated in
Figure 5.22. The emission and the absorption spectra indicate that there is a spectral
overlap of the emission spectra of the thermographic phosphors and of the absorption
and emission spectra of the lubricant oils. The greater the extent of the overlap the
higher the probability of luminescence quenching due to resonant energy transfer is.
This also points to the lubricants being effective absorbers of the laser UV radiation
often employed to excite the thermographic phosphors. This can be problematic for

thermographic phosphors that display a laser-fluence dependence of their
corresponding decay time.
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Figure 5.21 Emission spectra of the selected
thermographic phosphors under 355 nm laser
radiation. BaMg:Al16057:Eu (dot), ALOs
coated BaMg:Al15027:Eu (dash), La2O,S:Eu
(dash dot), MgsF>GeO.s:Mn (short dash),
ZnO:Zn (dash dot dot), and ZnS:Ag (solid).

Figure 5.22 Absorption and emission spectra
of Castrol EDGE Professional V OW-20 and
Energol CL-DX 405 engine lubricants after
excitation by 355 nm laser radiation.

The reference decay times of each of the phosphors at each of the two designated
temperatures were acquired. After which the lubricant was sprayed in minute quantities
upon the phosphor layers and another decay time acquisition followed. This process
was repeated for each of the lubricants. The ratio of the mass of the lubricant to that of
the deposited thermographic phosphor layer was then used as a characterization
parameter. The results obtained at 293 K, summarized in Figure 5.23 and Figure 5.24,
show that only two out of the tested six thermographic phosphors, namely ZnO:Zn
and ZnS:Ag, displayed a distortion of their decay time due to the presence of the
lubricants. The magnitude of decay time distortion is specific to the lubricant in
question and to the phosphor to which the lubricant is applied. The Energol CL-DX
405 lubricant had a much stronger effect on the decay times obtained for ZnO:Zn and

52



ZnS:Ag than that exhibited by Castrol EDGE Professional V 0W-20 lubricant. For
lubricant/phosphor mass ratios exceeding 90 %, Energol CL-DX 405 was found to
reduce the decay time of ZnOZn by a factor of 4 and that of ZnS:Ag by a factor of 35.
The estimated error for the phosphorescence decay times obtained at 293 K ranged
from 0.3% to 3 %. The estimated error for the lubricant/phosphor mass ratio was
computed as ranging from 2 % for the highest ratios to 20 % for the lowest ratios.
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Figure 5.23 Normalized decay time shown as  Figure 5.24 Normalized decay time shown as
a function of lubricant/phosphor mass ratio of  a function of lubricant/phosphor mass ratio of
Energol CL-DX 405 at 293 K. Castrol EDGE Professional V OW-20 at

293 K.

The results acquired at 293 K clearly indicate both lubricants to have a strong
effect on the value of the decay time obtained for some thermographic phosphors. One
should bear in mind that the phosphors were kept at a constant temperature and that
the detectors were subjected to identical running conditions which mean that any
change in the decay time can be attributed to quenching by the applied lubricant.
However, the results do not indicate how the phosphorescence that was emitted or how
the decay waveform was affected. In order to shed light on the way in which the shape
of the decay waveform is altered as a result of lubricant quenching, decay curves
originating from ZnO:Zn and ZnS:Ag with and without the presence of Energol CL-
DX 405 lubricant oil are presented in Figure 5.25. The decay curves display a strong
alteration of their waveforms, and also indicate that the quenching occurred throughout
the phosphor layer and not simply as a surface effect. The lubricant quenching altered
the entirety of the decay curve and did not affect only a particular part of the decay
curve.
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Figure 5.25 Normalized decay curves of ZnO:Zn (a) and ZnS:Ag (b) at 293 K with and withour
the presence of Energol CL-DX 405 lubricant oil. The decay curves displayed are the result of an
averaging of 10 single-shot decay curves.

Tests at a higher temperature were also conducted in order to investigate whether
the temperature has any impact on the magnitude of the effect that the lubricants have
on the phosphorescence decay time. All of the thermographic phosphors that were
tested were heated to temperatures of around 375-381 K. Heating the phosphors to
temperatures higher than 400 K led to the evaporation of the lubricant oils. The results
obtained also point out that ZnO:Zn and ZnS:Ag are the only thermographic
phosphors of those tested that displayed a change in their decay times. It is evident, in
compared with the results obtained at the two temperature levels that the temperature
involved does change the magnitude of quenching effect that the lubricant has on the
decay time of the phosphor which has been affected.

The decay time quenching of ZnO:Zn and ZnS:Ag thermographic phosphors
that was observed can be attributed to the existence of quencher ions, such as Fe, Ni,
and Co, within the lubricant oils [14, 19]. Many lubricant oils have been reported to
contain these killer/quencher ions in their composition [33]. Even ppm levels of
quencher ions are capable of effectively quenching the luminescence from ZnS
phosphors [14]. It is also important to consider the effect of the attenuation of
excitation radiation due to absorption by the lubricant oil. None of the phosphors
tested manifested any sensitivity of their corresponding decay times to laser fluence.
Absorption of excitation radiation by the lubricant present within the phosphor layer
results in a lower level of laser fluence experienced by the thermographic phosphor
layer. If a phosphor exhibits sensitivity to laser fluence in its decay time, then longer
decay times are to be expected at lower levels of excitation fluence as compared to the
reference decay times, as has been reported in previous studies [30, 34].
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Table 5.4 Calculated decay times of the thermographic phosphors tested at elevated temperatures

when subjected to engine lubricants.

Thermographic
grap BAM
phosphor

BAM + ALO;

La,0,S:Eu

Mg;F.GeOs:
Mn

ZnO:Zn

ZnS:Ag

Lubricant Ene  Cast

Temperature

X)

375

Qil Conc.
(m%)

50.6  54.0

Normalized

103 1.02
decay time®
Normalized

decay timestd 0.3 0.3
(%)¢

Ene. Cast.

378

58.7 493

1.02  1.01

0.3 0.3

Ene. Cast.

381

544  50.6

1.01  0.98

0.8 1.1

Ene. Cast.

375

50.5 537

1.02  1.02

0.3 0.3

Ene. Cast.

376

55.7 513

Ene. Cast.

378

529 514

069 097

2.9 2.5

*Energol CL-DX 405

b Castrol EDGE Professional V 0W-20

¢ The decay times were normalized with respect to the reference decay time obtained at the same temperature without a lubricant.

¢ Standard deviation of 100 acquisition in percent
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6 Phosphor Thermometry Technique
Applications

Due to the hostility of the environments present in combustion engines, retrieving
precise and accurate temperature information, or any other high-quality information,
is an immense challenge. By applying phosphor thermometry to different components
of a combustion engine, the temperature of these components can be determined with
a high level of spatial and temporal resolution. Phosphor thermometry was applied to
two different combustion engines, a large-bore two stroke marine engine and a gas
turbine combustor. The temperature of the piston wall and of the burner tip was
determined for each of the two engines while running under a variety of operating
conditions. This section summarizes the results of studies that were carried out
concerning the application of phosphor thermometry to these different types of
combustion engines. The findings were published in papers VI and VII.

6.1 Large-bore Two-stroke Marine Diesel Engine

A section of the cylinder wall of a MAN 4T50ME-X engine was coated with
CdWOy thermographic phosphor so as to retrieve the temporally resolved temperature.
The engine was run in motored and fired operation modes. The specifications of the
4T50ME-X engine are listed in Table 6.1. The engine has a centrally located exhaust
valve at the top of the combustion chamber and air intake ports at the bottom. The
engine, of a uniflow scavenged type, is characterized by the strong swirling motion. The
engine was equipped with an optical cylinder head having 24 optical ports that enables
the laser radiation to be introduced and the phosphorescent signals to be retrieved from
the combustion chamber. A thin layer of CdWOy thermographic phosphor was
deposited on a metallic cylinder wall insert. The average thickness of the coating was
measured to be around 20pm and it to have a radial spread of 55mm. A sketch of the
experimental setup employed is shown in Figure 6.1.
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Engine type 2-Stroke diesel
Number of cylinders 4
Bore [mm)] 500
Stroke [m] 2.2 Nd:YAG Laser
Stroke volume [l] 423
Compression ratio 14:1
Power [MW] 7 .
Max speed [rpm] 123 Oscilloscope
Max pressure [bar] 190

Table 6.1 The specifications of MAN 4T50ME-  Figure 6.1 The experimental setup for

X engine. phosphor thermography on the 4T50ME-X
engine. DM: dichroic mirror, FI: long-pass
[filter A>400 nm), F2: Interference filter
(center wavelength at 450 nm, 40 nm
FWHM), L: plano-convex lens (f =
100 mm), PB: Pellin-Broca prism, PM:
laser power-meter, PMT: photomultiplier
tube, RCWI: removable cylinder wall

insert.

CdWOy was excited using 266 nm radiation from an Nd:YAG laser operating at
10 Hz. Because of the marine engine having a speed ranging from 60 to 123
revolutions-per-minute (rpm), single-cycle temperature measurements could be
obtained with the use of a 10 Hz repetition rate laser. Thus, a timing circuit was used
to synchronize the timing of the first laser pulse with a specific crank angle degree
(CAD). The remaining pulses were evenly distributed over the cycle. Depending upon
the engine speed, the cycle duration could range from 0.5 to 1 second, permitting the
acquisition of 5 to 9 measurements within a given engine cycle. After which the laser
triggering timing was shifted to another CAD using a synchronization program. The
acquisition procedure was repeated until measurements points spread over the entire
combustion cycle had been acquired. The data obtained provided information
concerning the temperature profile during a full combustion cycle under fixed
operating conditions.

The engine was run in a motored mode, which means that the remaining three
cylinders drive the test cylinder. In the motoring mode, no combustion occurs, since
no fuel is injected. The resultant increase in temperature observed is due to the
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compression of the air-charge loaded through the inlet ports. In this motoring phase,
the driving cylinders were operated at a 12 % at 60 rpm and at a 23 % load at 75 rpm.
When switching to firing operations took place, fuel (fuel oil) was injected with use of
an electronically controlled injector having four injector holes. The engine was run at
a23 % at 75 rpm and at a 54 % load at 100 rpm.
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corresponding average pressure trace. average pressure trace.

The average temperature shown as a function of the crank angle degrees along
with the corresponding average pressure trace both for motored operation and for firing
operation cases are presented in Figure 6.2 and in Figure 6.3, respectively. Each data
point represents the average of 50 single-shot temperatures, the error bars representing
one standard deviation. As expected, the temperatures registered are higher for the
firing operation mode, due to the extra energy generated by the combustion of fuel.
The highest temperature registered was around 486 K for the 54 % load case. The
results display the capability of the phosphor thermometry technique of providing
accurate, precise, and cycle-resolved temperature information. The average standard
deviation of 50 single-shot measurements was estimated to be around 2-3 K. However,
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the standard deviation increased to about 8 K for crank angles located around 120 CAD
after top-dead center position due to cycle-to-cycle variations. Exhaust blow down
phenomenon also led to a 5 K temperature drop at around 120 CAD position, as can
be seen in Figure 6.2 and in Figure 6.3.

This study indicates clearly that conducting temperature measurements can be
conducted within a two-stroke marine engine through use of phosphor thermometry.
These results, to the authors’ knowledge, can be considered to represent the first
attempt ever of applying the phosphor thermometry technique to large-bore marine
diesel engines.

6.2 Burner-tip of Gas Turbine Combustor

The increase in temperature of the different engine components leads to a
shortened longevity of components and may jeopardize the integrity of the engine.
Thus, it is of considerable importance to monitor the temperature of the engine
components to help maintain the integrity of the engine and prevent any catastrophic
failures. Gas turbines utilize thermal barrier coatings, permitting the engine to be run
at temperatures that are otherwise not possible without these coatings. Thermal barrier
coatings (TBCs) are composed of ceramic materials that are characterized by their low
thermal conductivity and their ability to withstand very high temperatures. By applying
a layer of TBC onto an engine component, the engine component is shielded from
high temperatures. This thermal shielding enables the engine to operate at higher
temperatures and thus with greater efficiency. Due to lower thermal loads, TBCs also
help to prolong the lifetime of the engine. The lifespan of the applied TBC layer is
governed by the temperature the thermally insulating layer is subjected to, in particular
the temperature of the interface between the substrate and the TBC. As the interface
temperature increases, the lifespan of the TBC is significantly shortened and the
probability of coating spallation becomes higher. Coating fatigue is a serious issue and
TBC performance-monitoring is crucial.

TBC temperature sensing provides much-needed information for the monitoring
of TBC health. However, obtaining temperature information for the interface between
the substrate and the TBC layer is no trivial matter. Several reported studies have
attempted to perform beneath-TBC temperature measurements using the phosphor
thermometry technique [27, 35-40]. Using the same principle of luminescence
detection, monitoring of the delamination and spallation of TBCs has also been
achieved [36, 41-48]. There are two major deposition methods for applying the TBC
layer: atmospheric plasma spray (APS) and electron-beam physical vapor deposition
(EB-PVD). Due to translucence of EB-PVD coatings for UV radiation, the vast
majority of studies reporting beneath-TBC temperature sensing have used EB-PVD
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coatings instead of APS. APS coatings are characterized by their low UV radiation
transmission or complete lack of it, and their high-scattering medium, resulting in a
severe attenuation of the radiation passing through the coating. A Few studies have
reported successful temperature sensing beneath an APS-deposited layer of TBC [27,
43]. These studies have established a maximum TBC thickness of around 100 pm for
substrate/ TBC interface temperature measurements using phosphor thermometry.

Since most TBCs are deposited in layers with thicknesses exceeding 100 pm, it is
important to be able to assess the temperature of coatings similar in thickness to those
used nominally in standard engines. Paper VII includes a study demonstrating the
feasibility of conducting remote temperature sensing from beneath a 300 pm layer of
APS yttria-stabilized zirconia (YSZ) TBC coating. The study consists of both a
laboratory-based investigation and a temperature-sensing demonstration of a
combustor burner-tip in an atmospheric rig.

6.2.1 Spectroscopic Investigations of Embedded Sensors and TBCs

The implementation of thermographic phosphors as embedded temperature
sensors requires investigating the properties of the materials employed. Properties such
as the emission spectrum, the decay time temperature sensitivity range, and possible
interference from the TBC topcoat. A TBC system usually has a multi-layer structure
composition. Layers such as thermally grown oxide (TGO) and the bond-coat are
significant parts of such a thermally insulating system. The layer composition of the
TBC system was altered here by adding two thin (less than 20 pm thick) sensing layers,
as shown in Figure 6.4. The sensor materials were selected after extensive spectroscopic
investigation. An experimental setup was constructed for the purpose of obtaining the
necessary spectroscopic information from the sensors and the TBCs that were applied;

see Figure 6.5.
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Figure 6.4 Diagram of the TBC system, Figure 6.5 The experimental setup constructed
showing the added sensor layers. Jfor studying the emission spectra and the decay

time of the selected temperature sensors and
the TBC materials.

The sensors that were selected were of dysprosium—stabilized zirconia (DySZ) and
Europium-doped yttrium oxide (Y,O3:Eu) which have temperature-sensing capabilities
extending over the temperature range of 700 to 1300 K. As depicted in Figure 6.4,
DySZ was implemented as the sensor for determining the topcoat surface temperature,
Whereas Y>O3:Eu, was implemented as a sublayer sensor for the topcoat/TGO interface
temperature. The choice of Y,Os5:Eu as the sublayer sensor was based on the fact that
Y>0;:Eu has the capability of absorbing the radiation at 532 nm that is generated by
an Nd:YAG laser and that APS YSZ is partially translucent at that wavelength. Which
circumvents the issue of radiation attenuation through the APS deposited YSZ topcoat
layer and allows for the retrieval of the temperature sensitive luminescence.

6.2.1.1 Ynria-stabilized Zirconia Topcoat Impurity Content

Spectral interferences to signals originating from the sensor layer can hinder any
possibility of performing temperature sensing. In a worst scenario, such interferences
can introduce biases to the detected decay time and remain undetected throughout the
temperature-determination phase. In order to test for possible spectral interferences
stemming from the sprayed YSZ topcoat, five different YSZ materials were
spectroscopically investigated. A list of the tested YSZ materials along with their
corresponding composition, as provided by the manufacturers, is provided in Table

6.2.

62



Table 6.2 List of the chemical composition and the porosity of the considered YSZ materials.

ZrO; YzO; Si02 Ti02 A.les FezOs HfOz Porosity
Product
(m. %) (m. %) (m. %) (m. %) (m. %) (m. %) (m. %) (vol. %)
Amperit 827 Balance 7.0-9.0 0.5 0.4 0.2 0.3 2.0 14.6
204B-NS Balance 7.0-9.0 0.3 0.2 0.2 0.2 - 23.4
204B-XCL Balance 7.0-8.0 0.05 0.05 0.05 0.05 - 23.8
204C-NS Balance 7.0-9.0 0.7 0.2 0.2 0.2 - 18.5
204G-XCL Balance 7.0-8.0 0.05 0.05 0.05 0.05 - 20.2

T 1
[—— Amperit 827
‘ - - - 204G-XCL
---- 204C-NS

‘ 204B-XCL
------204B-NS

Er

Relative Intensity

N
N

T T
460 480 500 520 540 560 580 600
Wavelength (nm)

Figure 6.6 Emission spectra of the examined YSZ materials under excitation by UV-radiation at
355 nm generated by an Nd:YAG laser.

Figure 6.6 depicts the emission spectra obtained from each of the tested YSZ
topcoats after their excitation by 355 nm radiation. The emission spectra indicate the
presence of contaminants such as dysprosium (Dy) and erbium (Er). Dysprosium and
erbium are not listed among the constituents of the Amperit 827 which indicates that
even very low levels of impurities are sufficient to produce luminescence in YSZ
materials. It has been reported in earlier studies that by doping YSZ with rare-earth
elements, the YSZ becomes optically activated and can be used as a thermographic

phosphor [38, 44, 49].

The remaining peaks could not be assigned to any particular element. The
presence of Dy and Er in the Amperit 827 topcoat renders that YSZ material unusable

63



for spectroscopic applications. Since one of the sensors layers, DySZ, utilizes the
temperature-sensitive luminescence from Dy, the unwanted dysprosium luminescence
from the YSZ layer interferes with the dysprosium luminesce from the DySZ. Among
all of the different YSZ materials that were investigated, Metco 204B-NS provides the
lowest levels of emissions from contaminants. Metco 204B-NS was implemented as the
topcoat for further experimentation on a combustor burner tip.

6.2.1.2  Dysprosium-stabilized Zirconia

To determine the temperature sensitivity range of the DySZ (10 wt. % DySZ)
sensor, the material was subjected to a spectroscopic and decay time investigation as a
function of temperature. These results indicate DySZ to have the capability of
providing temperature information from the decay time and the intensity ratio
methods.
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Figure 6.7 Dysprosium-stabilized Zirconia (DySZ) emission spectra as a function of temperature
after excitation by laser excitation radiation ar 355 nm.

Figure 6.7 indicates DySZ to have a high degree of spectral sensitivity as a function
of temperature. Using the spectral ratio of the emission bands centered at 450 nm and
480 nm, a relation of the calculated ratio versus temperature was constructed. In
addition, through use of a PMT, a decay time temperature calibration could also be
constructed (Figure 6.8). DySZ was found to exhibit a temperature sensitivity range
extending from 400 up to 1000 °C for both the spectral ratio and the decay time.
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6.2.1.3  Europium-doped Yitrium Oxide

Y,O0s:Eu (75 mole % Eu manufactured by Phosphor Technology) was also
characterized to assess its temperature-sensing capabilities. Unlike DySZ, 532 nm
excitation radiation was used to excite Y,0Os:Eu. The resultant emission spectrum as a
function of temperature is shown in Figure 6.9. The emission spectra distribution
displays only an overall reduction in the luminescence intensity due to thermal
quenching. Y>0;:Eu shows a decay time temperature sensitivity extending from 400 up
to 900 °C with reduced sensitivity for temperatures above 700 °C.
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Figure 6.9 Emission spectra of Y>0s:Eu shown
as a function of temperature under beneath a

50 pum top-coat layer of 204B-NS YSZ after

532 nm laser radiation excitation.
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Figure 6.10 A Y>O5:Eu calibration function
after excitation by 532 nm laser beneath
200 pm of 204B-NS YSZ top-coat layer.
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6.2.2 Temperature Measurements of a Combustor Burner-tip in an
Atmospheric Rig

After selecting sensor materials that were suitable for the objective of measuring
the temperature on top and beneath a YSZ topcoat layer, a TBC system similar to that
depicted in Figure 6.4 was sprayed onto the burner tip of a Siemens SGT-800
combustor. The experimental setup utilized two Nd:YAG lasers to selectively excite
each of the deposited sensor layers at a specific location on TBC coated burner tip.
Note that the spatial resolution of the surface temperature measurements was set by the
excitation laser beam diameter. However, the expected spatial resolution of beneath-
the-surface temperature measurements was lower due to excitation radiation scattering
by the YSZ topcoat layer. The experimental setup employed for temperature
measurements in the Siemens atmospheric test rig is shown in Figure 6.11.

Pellin Broca Prism

Nd:YAG Laser EI
Nd:YAG Laser D—-

SGT-800 Burner tip

bandpass filters
>570nm edge filter

. Imaging lens

\\ P rmeter Water cooled
itk emission probe

(optional)

355nm mirror
! wh| s ACCESS Combustion chamber

Combustion air Cooling air

532nm mirror "~

Figure 6.11 A sketch of the experimental setup used to measure the temperature on the surface
and beneath the YSZ TBC top coat together with q diagram of the Siemens atmospheric

combustion test rig.

The combustor was run through six different operating conditions. The relative
pilot fuel percentage and the mean flame temperature (Ts) were changed to produce
the six operating conditions selected. A list of the operating conditions that were
implemented is provided in Table 6.3. The engine condition number one is considered
as the reference case.

The thickness of the deposited YSZ topcoat was around 300 pm with a 20 pm
DySZ layer on top of it and a 20 pm Y;Os:Eu layer beneath it. Under each of the
operating conditions, a set of 200 decay curves was collected from the two sensing layers
and were then processed so as to extract the decay time and consequently the
temperature. The aim of the experimentation carried out was to validate the plausibility
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of conducting remote temperature sensing from beneath a 300 pm thick APS coated
YSZ layer. Figure 6.12 shows the normalized temperatures as evaluated from decay
times originating from Y>Os:Eu sublayer, shown as a function of the engine running
conditions. Temperatures obtained from a thermocouple embedded few millimeters
below the metallic substrate surface close to measurement point P, are also included in
Figure 6.12. The temperature profiles registered at both measurement locations, P; and
P,, and those registered by the thermocouple, display a similar trend as function of the
engine running conditions involved. The thermocouple exhibited a lower temperature
than that registered by the sensor layer due to the fact that it was embedded within the
substrate. The TGO/topcoat interface temperature was found to decrease with an
increase in the pilot fuel amounts.

Table 6.3 The engine operating conditions selected.

Running Condition  Pilot fuel (%)  Flame Temp.(K)

1 0 Ts*
2 3 Ts
3 6 Ts
4 12 Ts
5 0 Ts + 100
6 0 Ts + 200

The DySZ layer provided the topcoat surface temperature, shown here as a
function of the selected engine running conditions; see Figure 6.13. The temperature
was found to remain at a constant value, regardless of the operating conditions that
were implemented. This temperature response, which was unexpected, can be
attributed to the use of an electrical amplifier for the output signal that limited the
response range of the detection system. It seems more likely that the surface of the TBC
was subjected to temperatures in excess of 900 °C. The findings here indicate the
possibility of obtaining temperature information from beneath a 300 pm thick APS
coated YSZ topcoat layer. The dual sensing layer system that was implemented also has
the ability to measure the temperature gradient across the TBC layer that was applied.
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7 Summary and Outlook

The thesis work concerns the development and various applications of a remote
laser-based temperature sensing technique known as phosphor thermometry. The
developments involved here were concerned with means of achieving a greater precision
and accuracy in use of the technique. This included the creation of an automatic
calibration routine with a new substrate design. The devised calibration routine has the
capability of continuous and automatic acquisition of a temperature calibration for
thermographic phosphor of any type. The effects of the response of different detectors
on the evaluated temperature were investigated. The response of the detectors was
characterized in terms of the detector gain and the incident luminescence intensity the
detectors were subjected to. In addition, the luminescence quenching by engine
lubricant-oils of the decay time originating from several different thermographic
phosphors was studied.

Two demonstrations of phosphor thermometry applications in combustion
engines are also reported. The first application demonstrated remote temperature
probing of the cylinder wall of a large-bore two-stroke marine diesel engine. The second
application involved the integration of a dual-layer sensing system capable of providing
temperature information from beneath and from the top of a TBC layer coated onto a
gas turbine burner.

There is a space, however, for further improvement of the phosphor thermometry
technique. The following are various points at which further investigation is needed:

e A broad selection of thermographic phosphors is available. However, for most
of these thermographic phosphors information regarding their sensitivity to
pressure and laser fluence is lacking. It would also be beneficial to investigate
how the addition of sensitizer ions can improve the quantum efficiency and
extend the saturation limit of various thermographic phosphors.

e The conclusions presented in paper V regarding the effects of lubricant oil on
the decay time of several different thermographic phosphors, indicate the
presence of quenching mechanisms that strongly affect the decay time. The
mechanisms responsible for the alteration of the decay time are not completely
understood and further investigations involving a broader array of
thermographic phosphors and lubricants should be carried out.
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Applying phosphor thermometry in experimental environments that have a
rapidly changing temperature profile necessitates the use of high speed lasers
in order to temporally resolve the changes of temperature. All of the results
presented here were obtained using a laser having a 10 Hz repetition rate.
Utilizing a laser operating at kHz repetition rates range can significantly
enhance the temporal resolution of the temperature measurements obtained.
Such high repetition rates provide the possibility of obtaining cycle-resolved
measurements in internal combustion engines. It also permits segment
averaging within a single cycle instead of averaging over a number of different
cycles.

Paper VII presents an investigation of a dual layer sensing system that is
capable of delivering temperature information concerning both the top of the
TBC layer and the TBC/substrate interface. Further investigation is needed to
examine the effects of parameters such as that of porosity changes due to TBC
sintering. Extending the measurement capabilities to TBC thicknesses in
excess of 300 pum is also highly desirable.

At high temperatures, low signal levels are very common, which necessitates
the use of an amplifier system to aid in the detection of very low signal
intensities. Such a system introduces a bandwidth reduction to the acquisition
that is possible, thus lowering the range of decay times that can be acquired by
the amplified system. Employing a high-bandwidth low-noise amplifier can
extend the decay time limits set by the amplifier currently being used. By
increasing the system over all bandwidth, shorter decay times can be acquired,
which translates directly into an extension of the maximum temperature that
is measurable.

Investigation of the abovementioned matters can improve the applicability of the

technique and provide improved comprehension of the parameters that can affect the
performance of the phosphor thermometry technique.
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Summary of Papers

Paper I.

Paper II.

Development of an Automatic Routine for Calibration of Thermographic

Phosphors

This paper describes the development of an automatic routine for continuous
calibration of thermographic phosphors. The routine developed was compared
with the conventional calibration routine and was validated by the calibration
of MgsF,GeO4s:Mn thermographic phosphor. The continuous calibration
routine employed included both a hardware and software elements that were
developed and are described in this paper. A new substrate design using a high-
performance alloy comprised the hardware elements of the presented
calibration process. The software element, on the other hand, involved a real
time automated acquisition system that able to simultaneously acquire the
phosphor decay waveform and the thermocouple temperatures. The resultant
system provided an accuracy improvement by 1-2 K and shortened the time
necessary to perform a calibration by a factor of 4. The developed system was
also used to investigate the magnitude of the thermographic phosphor heating
as a function of the applied excitation radiation energy.

[ designed the substrate and developed the LabVIEW code controlling the different
components of the acquisition system. I constructed the experimental setup,
conducted the measurements, and evaluated the data. I wrote the major part of the

paper.

On the Automation of Thermographic Phosphor Calibration

This paper represents a validation study of the calibration substrate used in the
automatic calibration routine developed in paper I. Using a heat transfer
model, the thermal gradients of the calibration substrate were studied in detail.
The heat transfer model used a finite element method to analyze the volume
under study. The heat transfer study was conducted using COMSOL software
package. The results indicate there to be a maximum temperature gradient of
0.4 K within the substrate at a heating rate of 4 K.min™.

[ constructed the experimental setup, conducted the measurements, and evaluated
the data. I also constructed the heat transfer study using COMSOL software and
wrote the manuscript of the paper.
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Paper III. Comparison of Photo Detectors and Operating Conditions for Decay Time

Determination in Phosphor Thermometry

This paper reports on a study of the linearity of the response of different types
of photodetectors as a function of the incident phosphorescence intensity and
the detector gain. A regular photomultiplier tube, a time-gated
photomultiplier tube, a micro-channel plate photomultiplier tube, and an
avalanche photodiode were tested. The linearity of the response detectors was
characterized by the phosphorescence decay time that was measured. The
effects of detector saturation were shown as a change in the measured
phosphorescence decay times. Distortions of the decay times due to saturation
could results in an error of tens of Kelvins in the evaluated temperatures.
Experiments to investigate the saturation effects were carried out using the
phosphorescence that originated from CdWOy thermographic phosphor.
Tests were conducted at temperatures ranging from 290 to 580 K. Regions of
linear response were identified using a detector response mapping procedure
developed here.

[ constructed the experimental setup, conducted the measurements, and evaluated
the data. I also contributed to the writing of the manuscript.

Paper IV. Improved Measurement Precision in Decay Time-based Phosphor

78

Thermometry

This paper represents a continuation of the investigations reported on in
paper III. This paper also consists of a number of investigations aimed at
characterizing the different sources of systematic error in temperature sensing
using decay time based phosphor thermometry. The earlier investigation was
concerned with the study of different types of point photodetectors. This
paper, however, presents a study of photomultiplier tubes all of identical
detector type for investigating the magnitude of the unit-to-unit variation in
terms of the measured decay time. The study revealed that supposedly identical
detectors differed in the behavior they displayed and resulted in different
detector response maps. In addition, the effects of the excitation laser fluence
on the decay time of CdWO4were investigated. The effects of the presence of
an intense and short fluorescence peak prior to the longer and weaker
phosphorescence on the measured decay time were also reported. In addition,
the study also revealed that distortions originating from the oscilloscope could
lead to deviations in the measured decay time.

[ constructed the experimental setup, conducted the measurements, and evaluated
the data. I wrote the major part of the paper.



Paper V. Investigation of the Effect of Engine Lubricant Oil on Remote Temperature
Sensing Using Thermographic Phosphors

This paper presents a study on the potential quenching of phosphorescence
from thermographic phosphors due to the presence of engine lubricant oil.
The presence of the lubricant oil can affect the measured decay time and thus
the calculated temperatures. The paper investigates the effects of each of two
different lubricant oils on the decay time and emission intensity of six selected
thermographic phosphors. Tests were conducted at temperatures around 273
and 376 K for both lubricants. It was found that only two of the tested
thermographic phosphors, ZnO:Zn and ZnS:Ag, displayed an effect of the
lubricant oils on their respective decay time. The remainder of the tested
thermographic  phosphors, BaMg,Al;sO,:Eu (BAM), AL Os-coated
BaMg,Ali027:Eu, La,0,8:Eu, and MgzF,GeO4:Mn, showed no sensitivity in
their decay time to the presence of either of the two lubricant oils.

[ constructed the experimental setup, conducted the measurements, evaluated the
data, and wrote the manuscript.

Paper VI. A First Application of Thermographic Phosphors in a Marine Two-Stroke
Diesel Engine for Surface Temperature Measurement

This paper presents the application of the phosphor thermometry technique
to measure temperatures in a marine two-stroke diesel engine. The
measurements were conducted on a MAN 4T50ME-X marine research engine
equipped with an optical cylinder head. CdWO4 thermographic phosphor was
employed as the sensor material in these measurements. Cycle-resolved
temperature measurements of the cylinder wall were obtained during motored
and fired engine operation.

1 constructed the experimental setup and conducted the measurements together with
Johan Hult. I was responsible for evaluating the data. I wrote the manuscript of
this paper with the aid of Johan Hulk.

Paper VII. Remote Temperature Sensing on and Beneath Atmospheric Plasma
Sprayed Thermal Barrier Coatings Using Thermographic Phosphors

This paper comprises investigations and measurements of remote temperature
sensing on and beneath atmospheric plasma sprayed thermal barrier coatings
using phosphor thermometry. The temperature of the interface between the
Bondcoat and the topcoat was measured using Y,Os:Eu thermographic
phosphor. Whereas the topcoat surface temperature was measured using
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Dysprosium stabilized zirconia (10 wt.% DySZ) as the sensing material.
Temperature measurements on and beneath the 300 pm thick layer of the
yttria stabilized zirconia top-coat were successfully conducted on a Siemens
SGT-800 burner in an atmospheric rig.

[ constructed the experimental setup with the aid of Andreas lantz. I conducted the

measurements and evaluated the data. I wrote the manuscript with the aid of Jenny
Larfeldt.
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