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ABSTRACT

Fluorescent Emission Ratio Imaging Thermography and Its Application

in Heat Transfer Analysis
By

Bin Lian

This research seeks to develop and evaluate the fluorescent imaging
thermographic technique for applications in surface temperature measurements. As
opposed to two other thermographic technologies - the infrared and liquid crystal
methods, fluorescent thermography has not been studied systematically even though
some progress has been made in the last twenty years. This research investigated the
technique with respect to several important aspects that determine its performance, which
include imaging equipment characterization, test condition evaluation and temperature
rendering. Windows-based custom application software has been successfully developed
for integrating necessary tasks to obtain surface temperature distribution, including
imaging, processing, and temperature rendering. Through this study, potential advantages
of the fluorescent thermographic techniques are assessed in terms of temperature and
spatial resolution, cost, operating convenience and other factors, as compared with
infrared and liquid crystal techniques. The new system was shown to be advantageous
over the infrared method in cost and spatial resolution, as well as data interpretation. It
has wider operating raﬁge than the liquid crystal method and is more convenient to apply

to the surface. This work also demonstrated the advantages of the new probe/solvent



system for improved photo-bleaching behavior which is a drawback for systems
previously developed. In addition, a better calibration model and an efficient temperature
rendering algorithm improve the fluorescent emission imaging technique from its
previous qualitative/semi-quantitative nature to a truly quantitative method. The
contributing factors to the measurement accuracy of the fluorescent thermographic
technique were identified and estimated. Recommendations were made for configuring
such a system including defining the required equipment and test conditions for given
constraints of costs and performance criteria. This technique was successfully tested in

several heat transfer applications to demonstrate its capabilities.
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INTRODUCTION

Thermal instrumentation has been playing a vital role in energy-related industries and
advancement in this area is expected to favorably impact virtually all seven areas
identified in a NSF workshop held in early the 90’s as critical technology areas affecting

the future economic strength of the nation [Jacobs and Hartnett, 1991].

Continuing developments in thermographic imaging techniques in recent decades have
made it possible and affordable to apply these techniques to various areas in industrial
and academic research, plant floor monitoring and surveillance, and many other

applications.

The first thermometer was invented by Galileo (1564-1642). It was an air thermometer
consisting of a glass bulb with a long tube attached. The tube was dipped into a cooled
liquid, then the bulb was warmed, expanding the air inside. As the air continued to
expand, some of it escaped. When the heat was removed, the remaining air contracted
causing the liquid to rise in the tube indicating a change in temperature. This type of
thermometer is quite sensitive, but not too practical since it can be affected by the

slightest change in atmospheric pressure.

In 1714, a gentleman by the name of Gabrie! D. Fahrenheit invented both the mercury
and the alcohol thermometer with which we are all quite familiar. Fahrenheit's mercury

thermometer consists of a capillary tube which after being filled with mercury is heated



to expand the mercury and expel the air from the tube. The tube is then sealed, leaving
the mercury free to expand and contract with temperature changes. Although the mercury
thermometer is not as sensitive as the air thermometer, it is not affected by atmospheric

pressure changes.

The mercury thermometer has a serious drawback, however. Mercury freezes at -39°
Celsius, so it cannot be used to measure temperature below this point. Alcohol, on the
other hand, freezes at -113° Celsius. Therefore, by substituting alcohol for mercury, much

lower temperatures may be measured.

Many industrial thermometers register temperature by means of a pointer on a calibrated
dial. These kinds of thermometers contain no liquid but operate on the principle of
unequal thermal expansion of metals. Since different metals expand at different rates, one
metal can be bonded to another and when heated, the bonded metal will bend in one
direction and when cooled it will bend in the opposite direction (therefore the term
"Bimetallic Thermometer" BiMet). This bending motion is transmitted by a suitable
mechanical linkage to a pointer that moves across a calibrated scale. Although not as
accurate as liquid in glass thermometers, BiMets are much more rugged, easy to read, and

have a wider span making them ideal for many industrial applications.

Thermal instrumentation development has progressed at a faster pace as microscopic
phenomena have been explored and unveiled by modern quantum theory for various

materials beginning at the turn of the century. Material properties such as electrical,



thermal, and mechanical behaviors are investigated and much insight has been obtained.
People began to realize that all matter is comprised of tiny particles called atoms, with
characteristic sizes which are on the order of angstroms. Atoms can further be resolved
and consist of even smaller structures called nuclei and electrons. Electrons are
negatively charged and form orbits around the nucleus. The nucleus is composed of
positively charged protons and neutrons which carry no electrical charges. The number of
protons, neutrons and electrons of each atom determines the identity of the atom. The
same kind of atoms can bond together to produce a pure substance or they can be bonded
to other kinds to form different molecules. The identities of the atoms and many other
factors such as geometric arrangement and inter-atomic interaction of the molecules

determine the properties of the material.

Such understanding created a tremendous opportunity for a wide range of thermal
instrumentation development. Thermocouple, Resistance Temperature Detectors (RTD),
infrared, liquid crystal, fluorescence/phosphorescence, to name just a few, are the major
players in the field of temperature measurements. Generally, thermocouples and RTDs
are limited to single point temperature measurement, while IR, liquid crystal and
fluorescent/phosphorescent techniques can be applied to situations which are single point
or two-dimensional. The above techniques will be described and reviewed in the

following chapter.



Chapter 1

Review of Thermal Instrumentation

1.1 Single Point Measurement Devices

1.1.1 Thermocouples

Thermocouples have been widely used in industrial process control and monitoring as
well as in the research laboratory. It is attractive primarily due to its low cost, good
reproducibility, and availability as standardized industrial products. An example is the T
type thermocouple made of copper and constantan wires. At the time of application, the
two ends of the two-wire thermocouple are joined together to create electrical contact
between the two materials, the common joining techniques include soldering, spot

welding, or simply by twisting two bare wires.

Metals are one common and special kind of material having one or more electrons from
the outer shell of each atom, that can move freely from one atom to the other. That is to
say these electrons are not bonded to individual atoms any more. Metal can be perceived
as positively charged nuclei immersed in a sea of electrons. When two different materials
are joined together, due to the fact that electrons from different materials have different

energies, there will be a net electron flow across the boundary until a potential/electric



field is establish at the interface of the two materials to offset and balance the electron
flow. The electric field or potential difference across the dissimilar metal/metal interface
results in a measurable voltage characterizing the interface. Two dissimilar metals joined
together and heated at the junction will develop a thermoelectric potential difference
(voltage) between the unconnected ends (Seebeck effect). The voltage will change with
temperature since different materials respond differently to temperature change. Such a
phenomenon is the operating principle of the most commonly used single point
temperature measurement method — thermocouple temperature measurement. Typical

responsivities of thermocouples are 10-40 pV/K [Hudson, 1991].

Voltage to
Temperature
Conversion

30.50°C

1]

=T
CIC

Figure 1. Thermocouple Temperature Measurement.

When voltage measurement equipment is connected to the two wires at their free ends,
two additional dissimilar metal/metal interfaces are created. Let 4 and B denote the
materials that make up the thermocouple and the terminal of the voltmeter is material C
(Figure 1). The voltage measured will be Vcc = Vca* + Vab + Vbc*, where the stars
denote the temperature condition of the voltmeter terminal. Since Vab = Vac + Vcb and
Vij = -Vji, Vcc will be zero if the thermal couple is also at room temperature as is the

measuring equipment since Vac=Vac*, and Vcb=Vcb*. Vcc is non-zero only when the



two ends are at different iemperatures, i.e., the voltage measured corresponds to the
temperature difference between the two ends. Usually, a temperature sensitive resistive
element (cold junction compensation - CJC) is used to provide an absolute measure of the
room temperature. In this case, both the CJC reading and the thermocouple could
introduce errors into the measurement. The error associated with the CJC could be the
deviation from factory calibration, or a possible temperature difference between the CJC
and thermocouple terminal connectors if they are far apart. Thermocouple wires are
prone to error due to batch to batch variation of the materials: impurity, inhomogeneity
and thickness. Another way to obtain an absolute temperature reading without a CJC
device is to provide a temperature reference, e.g., an ice point. Carefully calibrated
thermocouples can achieve accuracy to 0.1°C. Temperature reading obtained from poorly

calibrated thermocouples or those without calibration could be off by several degrees.

1.1.2 RTD Thermometer

The Resistance Temperature Detectors (RTD) method is also a single point measurement
technique that usually yields better measurement accuracy than thermocouples. This
method takes advantage of the fact that the electrical resistance of certain metallic
materials changes with temperature. Usually the measuring wire makes up one of the four
arms of an electric bridge circuit. A voltage is applied at two diagonal junctions while the
voltage between the other diagonal junctions is monitored. The output is adjusted to zero

when all elements are at the same temperature. When the measuring arm is changed to



another temperature, its electric resistance changes as well, which will then result in a
non-zero voltage output. Even though the RTD method could possibly provide very
accurate reading (to 0.01°C), the complexity of the required circuitry makes it more
expensive and inconvenient to use. The probe is also more bulky than a thermocouple

thus making it awkward to apply to certain measurement situations.

There are also some other types of temperature measurement devices such as the

thermistor, whose electric resistance changes with temperature.

Single point temperature measurement tools such as thermocouples and RTD
thermometers are still widely being used for industrial process control and monitoring. It
is most suitable for measurements in which spatial temperature variation is not a concern.
Even though it is possible to install several thermocouples to obtain field information, in

many situations, such an approach proves to be tedious and insufficient.

1.2 Thermographic Instruments

1.2.1 Infrared Thermal Imaging

Two decades ago, Infrared (IR) arrays were for the most part an exotic product of defense
research and application. It is widely used by the military to conduct surveillance, and to
develop heat seeking or laser guided missiles. Today, such imaging arrays are

commonplace in the form of products ranging from hand-held IR cameras for industry



and security uses, to ultra-sophisticated devices for IR astronomy. Infrared arrays sense
thermal energy, or heat irradiated from a surface. They are able to capture a two-
dimensional image of a scene that emits thermal radiation. Continuing efforts to produce
IR cameras with better performance and low cost have made this technique a popular

investigation tool in both industrial and academic research.

Infrared detectors cover a fairly wide range of the electromagnetic spectrum: the near and

mid infrared region, from 0.8 to 20 pm, and the far infrared region, from 20 um to 400

pm.

There are four main classes of IR-sensitive quantum detectors that are based on
semiconductor materials. The dominant approach today uses intrinsic semiconductors,
such as mercury cadmium telluride (HgCdTe), which consist of pure, undoped materials.
Extrinsic semiconductor detectors made from doped silicon or germanium, photo-
emissive detectors, and quantum-well detectors are several other popular choices. In all
these devices, incoming photons bounce electrons from the valence to the conducting
band across an energy gap and change the electrical conductivity of the materials. The

band gap defines the longest wavelength that a semiconductor can detect [Lerner, 1996].

HgCdTe Sensor: The HgCdTe compound has a band gap that can be varied to give a
long-wavelength cutoff from 2 to 30 um, providing great versatility. In many
applications, these detectors are cooled to liquid-nitrogen temperature (77K) to obtain

desirable high efficiency and low-noise performance. However, HgCdTe probably has



the most serious technical problems of any semiconductor in mass production today.
Aside from using highly toxic materials that create environmental and occupational
hazards during manufacturing, the compound is extremely difficult to grow reliably and
repeatedly. These factors significantly increase their cost. In addition, varying sensitivity
from pixel to pixel within an array can still be a serious problem for some applications

involving quantitative analysis.

Extrinsic Materials:  For sensing far-IR radiation, the band gap is so small that the
terary intrinsic semiconductor cannot work. The main alternatives are extrinsic
semiconductors, generally based on silicon or germanium doped with impurities that can
provide extra valence electrons. Those extra valence electrons, lying in the host material
band gap, can be knocked off by photons with energy far below the band gap cutoff for
the silicon or germanium itself. The drawbacks are they need to be cooled well below

liquid nitrogen temperature, and the reliability is also an issue.

Photo-Emissive Detectors: In these detectors, a metallic compound, for example,
platinum silicide (PtSi), is overlaid by doped silicon. A photon bounces an electron or, a
hole, out of the conductor into the silicon. The advantage of such a device is that the
response does not depend on the characteristics of the semiconductor but on those of the
metal, which are extremely uniform. However, photon absorption is proportional to the
square of the wavelength, so for wavelengths of a few microns, its efficiency and

sensitivity are much less that that of the extrinsic devices.



Quantum Well IR Photo-Conductors (QWIP):  The operating principle is similar to

that for extrinsic detectors - the dopants are used to alter the band structure. But in
QWIPs, the dopants are concentrated into microscopic regions, creating a quantum well.
QWIPs can be tailored to reduce the energy a photon needs for detection. However, it is
much more sensitive than extrinsic types, since the entire quantum well, not just an
individual dopant atom, acts as an absorber. QWIPs use the manufacturing techniques of
the mature GaAs chip technology and detector performance has been approaching that of
HgCdTe. Just like the extrinsic detectors, QWIPs generally have to be cooled below

liquid nitrogen temperature [Gunapala, et al, 1996].

Hybrid arrays: The most common IR imaging arrays are based on quantum detectors
such as photodiodes or photoemissive detectors. In such IR arrays, as in any imaging
array, the basic technical problem is to get the signals from each individual detector
element, or pixel, to an output register in an efficient manner. For all materials except
near-IR arrays, functioning at wavelengths shorter than Ium, this readout creates a
problem, because the circuitry needed to amplify and process the signals is made of
silicon, while the detectors themselves are generally made of other semiconductors. In the
near-IR region, platinum silicide (PtSi) and Indium antimonide (InSb) arrays are
available. Ternary compounds such as indium gallium arsenide (InGaAs) can be also
fabricated into imaging arrays. For longer wavelength infrared sensing, the dominant
material system is based on ternary compounds, especially mercury cadmium telluride.
The processing requirement for these very different materials are in general incompatible,

so the detectors are fabricated on one chip and the silicon processing circuitry on another.
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These two arrays are then carefully aligned and bonded together by bumps of indium

protruding from each detector and processing circuit. This results in a hybrid array.

Hybrid arrays have the advantage that nearly the entire area of the wafer is covered by the
detectors because the circuitry lies on top of the detector elements. However, large area
arrays are not easy to manufacture. Because two separate chips have to be made and then
bonded together, there are many steps in the manufacturing process, and yields tend to be
low, which forces the cost up. In addition, extreme dimensional accuracy is required to
ensure that the indium bumps bond to each other correctly. Hybrid arrays typically are
cooled to liquid nitrogen temperature (77K), which is another cost factor. Cryogenic
cooling also introduces serious thermal stress for the two disparate materials which are

bonded together and repeatedly cooled and warmed.

Readout circuits can cause complications with radiation detection. Silicon circuitry emits
a small amount of radiation itself, which can add to the noise level in low level IR
application. This problem can be avoided by using MOSFET circuits and turning them
off while the detectors are collecting a signal. The circuit is turned on only briefly while a
particular pixel is actually being read out, so extraneous radiation from the silicon
circuitry is minimized. Conversely, the requirements of the readout circuits put demands
on the detectors. The detectors have to be thin enough so that charge carriers can migrate
efficiently to the other side where they are collected by the readout circuitry. This
thickness is typically about 10 um, and the wafer is not very strong. Often transparent

substrates are added to previde the needed sturdiness.
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A Monolithic array, as an alternative to the hybrid design, has the detector and readout
circuitry fabricated on the same wafer. Such devices, while inefficient at short
wavelengths, are useful for wavelengths beyond the 30 um that limits intrinsic devices.
Monolithic manufacturing techniques allow large numbers of pixels to be made on the
same chip. Nevertheless, since the detector and circuit share space, the fill factor is well

below 100%, reducing its efficiency.

In both types of arrays, signals are generally multiplexed, i.e., read out in such a way that
the signals from all pixels are eventually funneled through a single output. Typically, in a
given readout cycle, power is applied to each column of pixels in turn. Each pixel in the
column is read out in sequence, and the cycle is then applied to the next column, so the
entire array is represented as a sequence of signals in the final readout. Because each
individual pixel can be addressed by this method, subsets of the array can be accessed,

for example, for faster time response [Lerner, 1995].

Microbolometer arrays: With the advancement of fabrication technology, arrays of
microbolometers, the leading thermal-array type, are challenging the more mature and
developed quantum arrays for many application areas, leading to the development of

room temperature thermal imagers.

Compared with the electronic sophistication of quantum detectors, bolometers are based

on an extremely simple physical principle: the electrical resistance of certain materials
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varies with temperature. For a given thermally isolated object (minimum heat
conduction), any increase in absorbed radiation must lead to an increase in emitted
radiation to reach equilibrium, and this can only be achieved by an increase in its
temperature. At room temperature, a radiation intensity of only ImW/cm? will lead, at
equilibrium, to an increase in temperature of 1 degree, and one-tenth of that change in
temperature can produce an easily detectable change in resistance. Bolometers are quite
sensitive even at room temperature, and because they do not need to be cooled, costs can

eventually be cut significantly.

A picture of pixel elements of a 320x240 microbolometer arrays [Santa Barbara Research
Center, 1999] is Shown in Figure 2. Each pixel is 48um x 48um and is made of
thermistor materials VOx and fabricated monolithically on the silicon readout circuit.
These arrays use a thermally isolated mechanical bridge to support a thin resistive film

with a high temperature coefficient of resistance.

Figure 2. Pixel Element of Microbolometer Arrays.



The disadvantage of a bolometer, at the present stage of development, is a slow response
time, because of the finite thermal mass of the detector, the device has to absorb enough
heat to reach equilibrium before an accurate measurement can be made. The answer is
miniaturization. The response time is proportional to the thickness of the absorber, and
for a thickness of about 0.5 pm, response times drop to tens of milliseconds, fast enough
for normal video-camera operation at 30 frame per second. For a typical microbolometer
array, silicon is etched away from around and under a 50 pm square absorbing element,
which is supported by two electrical conductors where each is only 0.1 pm thick and §
pum wide. The thermal conduction through these tiny electrical conductors is sufficiently
small that thermal sensitivities are within a factor of four of the theoretical maximum for
a perfectly isolated device. The individual microbolometers are formed as part of a 256 x
256 array (typical). Because ordinary silicon and integrated-circuit materials and
processing techniques are used, yields are relatively high and the costs of production are
far lower than for quantum thermal arrays. A sensitivity of 0.07°C has been reported.
Another drawback of the bolometer is that to achieve heat insulation, a vacuum dewar is
required. Since their sensitivity is not as good as that of ternary hybrids, larger optics are

required to compensate, which drives the costs back up [Lerner, 1995].

Near Field IR Thermography: To resolve the inherent diffraction-limited spatial
resolution of the infrared technique, near field IR thermography is under development
and evaluation in several academic and industrial research labs. Similar to its NSOM
(Near-field Scanning Optical Microscope) counterpart for visible application, the near

field IR method constrains the IR radiation in a region well below the diffraction limit by
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utilizing a very fine probe tip and the collected thermal radiation is detected by a liquid
nitrogen cooled IR detector. Two dimensional scanning is realized by a piezo-electric X-

Y scanner.

Since the probe tip is very close to the scanning surface (a distance of approximate one
probe tip diameter), this method is limited to investigation of surface temperature in the
conduction or radiation mode. The current state of the art can push the spatial resolution

to about 0.1 micron.

Currently, this technique can only be used to measure relative heating instead of absolute
temperature. The limitations of this technique include low optical throughput due to the
small aperture of the probe tip, complicated image interpretation, and probe non-
uniformity, as well as slow scan speed. Since precision probe tip motion control, IR
optics and high-speed electronics are necessary for such investigation, cost remains very
high (based on email correspondence with Daniel Fletcher of Stanford University,

October 98).

1.2.2 Liquid Crystal Thermography

Liquid crystal is a unique material that exhibits the behavior of both solid crystal and

liquid. Liquid crystals can be classified into three categories according to their molecular

arrangements: smectic, nematic, and cholesteric. The Liquid crystal material consists of



rod-like macromolecules and the orientation preferences of these macromolecules shows
different diffraction behaviors, while subjected to changes of its environmental
conditions, such as temperature, electric and magnetic fields, pressure, shear stress, etc.
In the presence of white light, these changes create a change of the spectral distribution of
reflected light and produce perceivable changes of color of the material. The liquid
crystals being used for thermographic purpose are derived from esters of cholesteric

liquid crystals and they exhibit temperature dependent properties [Abuaf, 1985].

A series of experiments designed to study the non-invasive evaluation of temperature on
solid surfaces using liquid crystals was proposed by Akino et al (1989). These
experiments were conducted by several research groups around the world. These
experiments included the narrow bandwidth filter method, the multiple regression
method, and the hue-based method. A review paper by Moffat (1990) summarized

development in this area.

Liquid crystal thermography has been around for almost three decades and it has been
mostly used in different situations for surface temperature measurement. Its advantages
include: 1) moderate accuracy (~ 0.2C); 2) moderate operating cost. Its two major
drawbacks are: 1) insufficient temperature range (~10°C). In order to satisfy a given
measurement accuracy requirement, the liquid crystal material is tuned to change color in
a narrow temperature window; even though several liquid crystals which respond to
different temperature ranges can be utilized to cover wider range, they also create more

complexity; 2) inconvenience could become a problem in some cases since the liquid
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crystal is made in a sandwich structure, this limits its applications to relatively flat
surfaces; even though product in the form of spray paint is available for liquid crystal
film fabrication that could make it possible to apply the technique to curved surfaces; the
color spectral response is dependent on the angle of view and specular reflections impose
severe problems; 3) slow dynamic response, the finite thermal mass of the liquid crystal
film corresponds to a typical time response of about 1 Hz. In addition, calibration and

data interpretation also involve considerable effort.

Some advancement has been achieved in materials and measurement technique. For
example, narrow bandwidth filters were used to extract more than one temperature
contour and semi-automated image processing has been devised. However, the reliability
of the calibration methods and the time response of the liquid crystals require

improvement before this method will likely be more widely used [Akino, 1989].

Despite these problems, the liquid crystal technique clearly demonstrates the practicality

of the optical sensor concept, and in the form of commercially available research

instrumentation, has made possible thermal measurements in varied situations.

1.2.3 Fluorescent/Phosphorescent Thermography

The use of phosphor for observing surface temperature patterns has been known for some

time. In 1951, Urbach patented the use of various thermographic phosphors for
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qualitatively visualizing temperature distributions on the surfaces of solid bodies
[Urbach, 1951]. Bradley extended these techniques to evaluate aerodynamic effects
leading to changes in surface temperature patterns [Bradley, 1953]. Brenner later applied
a similar technique to measure temperatures of operating electronic devices [Brenner,

1971].

In phosphor, once excited, the activator ion can relax to its initial (ground) state by a
variety of processes. At low temperature, the luminescent process dominates. At higher
temperatures, the phonon-induced non-radiative relaxation process becomes dominant.
The primary non-radiative quenching process in most phosphors is via multiphonon
relaxation (i.e., collective molecular vibration motion) to either a lower energy state or
the ground state of the ion. As the temperature of the phosphor is increased, the
efficiency of these transitions increases because thermal expansion of the lattice increases
the vibratory motion necessary to dissipate the energy released by these transitions,

which leads to a decrease in the luminescent intensity.

Incorporated with fiber optics, phosphorous temperature sensors have been commercially

available for contact type single point temperature measurements.

In some applications, the characteristic that phosphor emits sharp lines whose relative
intensities change with temperature is used for temperature measurement. By isolating
two appropriate emission lines and determining the ratio of their intensities,

measurements of phosphor temperature independent of the absolute intensities of the
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emission can be obtained. The phosphor can be fixed to the end of a fiber or coated onto
the surface of interest and viewed at a distance. Complexity such as spatial probe
concentration variation can be introduced into these systems if two types of phosphors
are mixed to get the desired characteristic [Wickersheim and Mei, 1985], or the surface

has different spectral reflectance/absorbance at the two wavelengths.

Kolodner and Tyson reported the implementation of a microscopic fluorescent imaging
system that promised 0.01°C resolution [Kolodner, Tyson, 1982]. Filtered chlorobenzene
solution containing 1.2wt% EuTTA (thenoyltrifluoroacetonate) and 1.8wt% by
perdeutero-poly-(methylmethacrylate) (dPMMA) was placed on the sample surface,
spun at 600rpm, dried and baked at 125°C for 30 minutes. A film 300nm thick is formed.
The surface is illuminated with long wave UV light (345nm - 380nm) and the orange
fluorescence is imaged onto a CCD camera. Digital image processing removes the optical
features in the images, leaving a purely thermal map of the surface. The temperature
resolution is limited mainly by shot noise and can be improved by collecting more light.
An inherent drawback for this system is photo-bleaching, a process characterized by the
decrease in the fluorescent luminescence over time under constant UV illumination, even

when the film is maintained at constant temperature.

Chyu, et al developed a rare-earth phosphor laser-induced fluorescence thermal imaging
system for surface temperature and heat transfer analysis [Chyu, Bizzak, 1994]. They
measured the temperature-dependent luminescence decays of the 512nm and 620nm
3

emissions of the La;0,S:Eu™ coating under the irradiation of the frequency-tripled
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output of a pulsed Nd:YAG laser (355nm). A measurement accuracy of about 0.5 °C
was reported. The surface coating, which consists of a 1.0 mol % europium-doped
lanthanum oxysulfide formulation, is about 25 pum thick with an average phosphor
particle size of 7 um. Since this type of coating is extremely fragile and can be damaged
by incidental contact, a thin transparent potassium silicate overcoat has to be applied onto
the phosphor film. Fluorescent emission is split into two beams and passes through
512nm and 620nm filters respectively. A neutral density filter is used to reduce the
intensity of the 620nm emission. The two beams are then imaged by an intensified CCD
camera. The camera’s integrating period for the decay time measurements is
synchronized with the laser pulses. To obtain desirable accuracy at the given signal to
noise level, area averaging was used and this limits the spatial resolution to about 2mm.
In addition, the system uses laser and exotic optics and electronics, which inevitably
leads to high cost for implementation ($150,000 ~ $200,000). The major advantage of

such a system is its capability to work at relatively high temperature (~1000F).

An investigation conducted by Caffrey in the Heat Transfer Laboratory of MSU indicated
that the presence of oxygen in the test is the main reason for photo bleaching of the
EuTTA system [Caffrey, 1994]. Since the system used a single wavelength as its

measurement quantity, in-situ calibration has to be done for each test.

The fluorescent technique was applied to heat transfer study of shock-turbulent boundary

layer interaction by Sullivan’s group [Liu, Campbell, and Sullivan, 1995]. They used the

mixture of EuTTA and dope (for coating hobby model-airplane) to fabricate of the
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temperature sensitive film. Temperature measurement error taking into account the CCD
digitizing accuracy (8-bit), calibration model, and thermocouple accuracy was estimated
to be a total error of 0.85°C, for a range of 20°C to 50°C. Additional error caused by UV
excitation fluctuation was not included which could increase the total error to over one
degree. No further comparison between experimental data obtained by the fluorescent
method and that given by other methods such as thermocouple was provided. Due to
photo-bleaching of the EuTTA system, the calibration was conducted within a vacuum

enclosure.

Barton’s group [1996] modified the original system developed by Kolodner and Tyson to
make this technique easier to apply to electronics thermal management analysis.
However, the inherent photo-bleaching problem remained unsolved. An exponential
model was used to infer the temperature distribution which resulted in an error up to

several degrees for a 30°C range temperature measurement.

1.3  Description of Current Technique (FERIT)

There have been increasing demands in modern energy related industrial process control
and monitoring for two-dimensional thermographic information. With the dramatic
increase in computing power and lower computational costs, complex 2-D and 3-D heat
transfer problems can now be modeled to evaluate a product’s performance before the
designs are handed to the manufacturing floor. Such practice is crucial not only to ensure

good performance of a product, but it also plays a vital role in cost reduction related to
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the potential savings in prototyping. The accuracy of the computer model will ultimately
determine the usefulness of the model itself. There have been continuing efforts devoted
to verifying those computer models. Comparison of data created by the models with
experimental measurements are necessary and critical. Such comparison requires as much
experimental data as possible. In the case of temperature measurements, there have been
increasing demands for field information which can only be offered by thermographic
measurement tools such as infrared, liquid crystal, and fluorescent/phosphorescent

techniques.

Unfortunately, it is still not quite possible to meet the measurement requirements using
just one single kind of method currently available, while considering accuracy, ease of

use, dynamic response and cost factors.

The infrared technique is quite versatile, but its high cost and relatively poor spatial
resolution as well as the difficulty of obtaining accurate emissivity data make it less
attractive to many users. Even though some systems for surveillance use become less
expensive, systems with a scientific grade sensor still cost between $50,000 to $200,000.
Take the 700 series IR cameras made by Inframetrics (Billerica, MA) as an example. The
Model 740 operates at a normal range of -20°C to 400°C and has a measurement accuracy
of £2°C or 2% over the full range with repeatability of +0.5°C or £0.5%. The high end
Model 760 can operate between the range of 2°C to 1000°C and has a measurement
accuracy of £1°C or +1% and repeatability of +0.5°C or £0.5% (Inframetrics website,

1998). The Model 700 series costs $60,000 or more depending on configuration. The 700
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series scanner design incorporates a dual resonant galvanometer scanning mechanism and
a single HgCdTe detector which produces images by raster scanning the scenes. New
classes of IR cameras have become available using small format (320 x 240) PtSi sensor
arrays or even the microbolometer arrays. Their temperature measurement accuracy is
poorer than the scanning HgCdTe sensor even with calibration to account for the
response non-uniformity of individual IR sensing element. There is some improvement in
dynamic response (frame-rate) for these new devices but there isn’t much improvement

for its spatial resolution.

Moderately high temperature accuracy (~0.2°C) can be achieved utilizing the liquid
crystal technique but this is only possible in a fairly narrow temperature range (~10°C). It
has limited dynamic response and is useful mostly on flat surfaces. Calibration difficulty
is still a problem for the liquid crystal technique. It has rarely been applied to application

of microscopic scale (~ 1 pm).

The phosphor technique, measuring the decay time of rare-earth chemical compounds,
usually requires exotic optics and electronics. It has limited success in accurate
temperature measurement with the disadvantage of high cost. Previous fluorescence-
based techniques promised low cost, good accuracy and high spatial resolution. However,
photo bleaching (intensity decaying over time) was encountered for the previous system
(EuTTA) which makes it difficult to apply to transient phenomena or even steady state
conditions. It also imposes difficulty for calibration since the sample has to be placed in a

vacuum to prevent photo-bleaching over the several hours period of calibration (~3 hours
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for 7 calibration points). In addition, fluctuation of the UV source is a major determining
factor in intensity measurement accuracy and it has not been considered in previous
investigations. The EuTTA system also has a limited workable range (~30°C). The lack
of systematic study has also prevented it from becoming a main stream competitor in the

thermographic instrumentation market.

The Fluorescent Emission Ratio Imaging Thermography (FERIT) technique is currently
under development at the Heat Transfer Laboratory of Michigan State University. Based
upon the literature reviews of the current state-of-art technologies (Infrared, Liquid
Crystal, Phosphors), this research work on Fluorescent Emission Ratio Imaging
Thermography (FERIT) will address problems previously encountered and study its
implementation systematically. The characteristics of such a system will be evaluated and

applications to heat transfer problems will be used to demonstrate its capability.

The fluorescent imaging thermographic technique was proposed as early as the 70’s but it
hasn’t received much attention and popularity compared to the infrared and liquid crystal
techniques. One important reason is the lack of systematic study of the several important
aspects as a scientific instrument. Limited progress has been achieved in areas such as
temperature-sensitive film fabrication. However, much work has to be done to finally
realize its potential and become a standard measurement apparatus. Such work is
necessary and vital since this technique has begun to demonstrate its great potential in

high power electronics thermal management analysis. especially at the microscopic level.



The work presented will address the key factors associated with fluorescent imaging
thermography. Unlike infrared and liquid crystal thermographic techniques, where a
substantial amount of work has been devoted to characterizing such a system in terms of
measurement capability, there hasn’t been much systematic study to look at fluorescent
techniques in such a way, especially from the engineering point of view. Such study is
especially important to the fluorescent technique because these factors which ultimately
influence the measurement accuracy of this technique are related to each other. Methods
for such characterization will be presented and discussed. The scope of work will cover
film fabrication, imaging system development and temperature rendering, and error
estimation. The new system of temperature-probe/solvent described here also has
significant advantages over other systems currently used by other research groups in
terms of morphology and photo-bleaching characteristics, which will significantly
improve the ease of calibration and make it more applicable to studies of thermal
transients. This work could be used as a benchmark for utilizing the fluorescent
thermography for similar analysis. In contrast to qualitative or semi-quantitative
temperature measurement/estimate done previously, examples of quantitative surface
temperature measurements will be demonstrated to show the improvements realized
using the system being developed in our lab. Recommendations for setting up such a
system in terms of measurement requirements, costs and limitations will also be provided

and discussed.
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In summary, the developed system seeks to demonstrate potential advantages in the
following areas compared with the current infrared, liquid crystal and fluorescent

methods:

Comparing with infrared method:

(1)  Higher spatial resolution by working in the region of visible wavelengths.
) Much lower costs.

3) Easier calibration and temperature interpretation.
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