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Abstract

Understanding the process of turbulent fuel jet ignition in engines is critical to improve engine designs.
Unfortunately, there is much we do not understand about the ignition process, and current diagnostic
methods are insu cient to improve our understanding of the coupling between temperature, velocity,
and chemistry in high-pressure turbulent jet ignition. Here, a diagnostic approach is designed that can
simultaneously measure temperature, velocity, and formaldehyde concentration in a turbulent fuel jet
during low-temperature ignition in an optically-accessible engine. Particle image velocimetry (PIV),
aerosol phosphor thermometry (APT), and formaldehyde planar laser-induced uorescence (PLIF) are
used in combination. A detailed characterization of formaldehyde photophysics is performed using
spectral simulations and experimental data. Several thermographic phosphors are characterized in detail
(including physical and luminescence properties), models are developed for phosphor signal intensity and
APT performance, and a method is outlined and demonstrated to combine simultaneous APT techniques
to increase the temperature measurement range. The APT methods are applied to atmospheric pressure
heated jets to validate the performance estimates, and identify issues in their application. A thorough
analysis of design considerations for particle-based techniques is also provided, and performance estimates
are made for the combined diagnostic. It was found that the Ce:LUAG phosphor with 355-nm excitation
can be most easily integrated with PIV and formaldehyde PLIF measurements, and has good performance
characteristics over the 700-1000 K temperature range of interest, with 20 K estimated precision on
average. Multiple scattering was found to impose a signi cant limitation on particle seeding density.
Several phosphor materials and techniques were also found to be viable for temperature imaging well
above 1000 K (Ce:GdPO4, Eu:BAM, and Ce:CSSO). Performance predictions for formaldehyde suggest
that detection limits are on the order of 100 ppm throughout much of the temperature and pressure
range expected during ignition, and a ratiometric background correction approach was discussed to
avoid interference from phosphor luminescence, or other broadband background sources. PIV is readily
integrated into the APT measurement. The proposed approach is capable of simultaneous temperature,
velocity, and formaldehyde concentration imaging of low-temperature ignition processes, and provides a

signi cant step towards improving our understanding of high-pressure turbulent jet ignition.
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Chapter 1

Introduction

One of the most crucial aspects of diesel combustion is the ignition of the turbulent fuel jets injected
in-cylinder. The ignition process has a strong in uence on engine performance and emissions formation,
and a signi cant e ort has been dedicated to studying the process of turbulent fuel jet ignition in diesel
engines. Unfortunately, traditional experiments have been primarily limited to measurements of pres-
sure, pollutant emissions, and chemiluminescence of certain UV-active species which provide little direct
information on temperature and composition distributions [1, 2]. Knowledge of temperature, velocity,
and species concentrations are needed to better understand the complex turbulence-chemistry interac-
tions. To achieve this, improved diagnostics and diagnostic characterization are required to improve our
understanding of high-pressure turbulent jet ignition.

A recent study [3] using combined schlieren and formaldehyde planar laser-induced uorescence
(PLIF) imaging suggests that low-temperature ignition in turbulent high-pressure spray ames originates
immediately behind the penetrating spray head on the radial periphery. This is followed by a rapid
appearance of low-temperature reactions throughout the jet head, ultimately leading to high-temperature
ignition. This description has further been developed into a conceptual model for turbulent ignition in
high-pressure spray ames [4]. However, due to limitations in diagnostic capabilities, little quantitative
data is available to validate the model.

Spatially- and temporally-resolved, quantitative optical diagnostics, including aerosol phosphor ther-
mometry (APT) and formaldehyde PLIF, provide an opportunity to study ignition phenomena in diesel
engines in greater detail. Temperature and velocity elds can be measured in 2D using combined APT
and particle image velocimetry (PIV), while formaldehyde concentration elds can be measured using

PLIF separate or simultaneous with APT and PIV. This approach can potentially be performed at



high-speed providing the temperature, concentration, and velocity eld information needed to validate
the conceptual model of turbulent high-pressure fuel-jet ignition.

In this work, | aim to develop a combined diagnostic for simultaneous imaging of formaldehyde species
concentration, temperature, and velocity for high-pressure fuel jet ignition experiments in an optically-
accessible engine. This will be accomplished through characterization of formaldehyde PLIF spectroscopy
parameters at engine-relevant conditions, characterization of several di erent APT techniques that could
be used in the jet ignition experiments, demonstration of the new APT techniques at atmospheric
conditions, and the design of a combined APT and formaldehyde PLIF experiment for assessing high-
pressure turbulent fuel jet ignition in an optically accessible engine.

To that end, this work represents a signi cant step towards the design and application of a combined
APT-PIV-PLIF diagnostic for diesel ignition, and is believed to be the rst attempt to integrate APT
and PLIF concentration measurements. A major focus of this work is on the design and characterization
of several new APT diagnostics using a variety of phosphors, and aims to characterize the performance
of these phosphor materials in detail. A signal model was developed to describe some of the complicated
features observed in the characterization data including non-linearity with respect to laser energy. The
model uses excited-state absorption to describe and explain these features. The signal model is used
to analyze phosphor performance including biases due to uncertainties in laser uence and reference
temperature, and a framework for quantifying diagnostic performance is provided. APT measurements
in several di erent scenarios (two electrically heated air jets, and an air jet heated by a concentric at
ame) are also provided and analyzed to demonstrate the APT techniques and validate performance
predictions.

Likewise, formaldehyde photophysics are discussed and analyzed by combining theoretical models
with data reported in literature. Absorption cross-sections at engine relevant conditions are determined
using data taken at ambient conditions, combined with relatively simple spectroscopy theory. Fluores-
cence quantum yields are extrapolated from measurements made at elevated temperature and pressure
in nitrogen (up to around 800 K and 10 bar) using a physics-based model previously reported in the
literature. Finally, collection fractions and emission spectrum band shapes are measured directly and
extrapolated to higher pressure and temperature using the same relatively simple spectroscopic models
and theory. As will be shown, knowledge of the collection fraction of formaldehyde can be used for
background correction in the formaldehyde PLIF imaging diagnostic.

In addition to photophysics, a detailed discussion of design considerations is provided. The discussion
addresses issues primarily concerning tracer particle response and diagnostic intrusiveness. A thorough

discussion and analysis of experimental biases stemming from the enclosed experimental geometry in



an internal combustion engine €.g. surface re ections and multiple scattering) is provided. As will be
shown, multiple scattering can present a signi cant challenge for experiments at even low or moderate
seeding densities. Additional factors including blackbody radiation from particles are discussed, but are
negligible at the conditions expected for ignition.

Finally, the results of the characterization and design analysis are used to choose experimental param-
eters for a prototypical turbulent high-pressure fuel-jet ignition experiment in an optical engine. Using
the selected parameters, temperature imaging and formaldehyde concentration imaging performance is
estimated, and a recommendation is made regarding phosphor selection. A strategy for performing the
APT and PLIF diagnostics simultaneously is discussed, and a method for formaldehyde background cor-
rection is provided and analyzed in detail. The impact of a gate delay and stretched laser pulse on the
APT diagnostic are discussed, and detection limits for the formaldehyde PLIF diagnostic are estimated.
This work uses several new phosphors including trivalent cerium (C& ) and praseodymium (Pr?*) in-
dividually doped into calcium scandium silicate (Ce;SSi30;2, CSSO) or Ce:CSSO and Pr:CSSO, and
trivalent cerium doped into gadolinium phosphate (GdPO,) or Ce:GdPQO,4. Several more well-known
phosphors are characterized as well, including divalent europium (E¢f ) doped into barium magnesium
aluminate (BaMgAl 10017, BAM) or Eu:BAM, and Ce 3* and Pr3* doped into lutetium aluminum garnet
(LusAls0;2, LUAG) or Ce:LUAG and Pr:LUAG. In addition, this work investigates phosphors in which
two ions are doped into the same host (co-doped phosphors). As will be shown, the co-doped phosphors
allow the experimenter to e ectively combine two phosphors, such that multiple di erent measurements
can be made simultaneously; the co-doped phosphors also provide new possibilities for AP€&,g., by
comparing the emission intensity of the two ions.

The remainder of this thesis is organized as follows. Chapter 2 discusses background relevant to
temperature and concentration measurements for turbulent high-pressure fuel-jet ignition, and provides
background on the APT and PLIF techniques. Chapters 3 and 4 detail the results of the formaldehyde
and phosphor photophysical characterization portions of the work. In particular, a signal model is de-
rived and discussed in detail for the investigated phosphors, and a model is provided for formaldehyde
photophysical properties including absorption cross-section at 355 nm, uorescence quantum yield, and
collection fraction. Next, the results of several APT experiments are presented in Chapter 5 to demon-
strate the application of the APT diagnostics, validate the performance predictions, and discuss some
potential issues in the application of APT techniques. Chapter 6 discusses additional considerations for
experimental design of APT experiments including tracer response, intrusiveness, and multiple scatter-
ing to address the concerns introduced in Chapter 5. All of the aforementioned work is used to design

the combined APT-PLIF experiment in Chapter 7. An outline of the technique is provided, including a



ratiometric background correction approach for formaldehyde PLIF, and performance estimates for APT
are provided along with estimates of formaldehyde PLIF detection limits. Finally, a recommendation
regarding the APT technique selection and the integration approach is made. Chapter 8 summarizes
the results and concludes the thesis. A brief, non-technical summary of this work was created for non-
scientists with the support of the Wisconsin Initiative for Science Literacy (WISL) and is provided in

Appendix A.



Chapter 2

Background

Accurate spatially-resolved thermometry, velocimetry, and species concentration measurements are nec-
essary to gain insight into the details of the complex physical and chemical processes that play key
roles in the ignition of fuels in diesel engines. Temperature and species concentrations largely control
local reaction rates and also can be used to estimate the local combustion progress. Formaldehyde con-
centration in particular is strongly tied to low-temperature oxidation and ignition of hydrocarbon fuels

[5], and concentration elds can and have been used qualitatively as a marker for derived properties
such as ame location [6] and more generally as an indicator of combustion progress [7]. Velocity mea-
surements are likewise important as velocity can control transport of species and thermal energy. For
these reasons, simultaneous spatially- and temporally-resolved temperature, velocity, and formaldehyde
concentration measurements are desired due to the information they can provide relating to ignition in

internal combustion engines.

2.1 Overview of Ignition Diagnostics

In most engine applications, pressure and heat release are the primary diagnostics used to characterize
ignition. Pressure or heat release measurements are the simplest and least intrusive form of ignition
diagnostic as cylinder pressure is commonly measured in engine experiments. When properly corrected
for time lag, this diagnostic can provide an accurate measurement of the ignition delay [8]. Unfortunately,
methods based on a single pressure measurement alone cannot provide spatially-resolved information.
Combustion detection has similarly been performed using block-mounted accelerometers [9] and even
ionization sensors in-cylinder [10]. However, these su er the same drawbacks in that they are not

spatially resolved and only indirectly measure ignition timing.



Quantitative diagnostics for ignition in internal combustion engines are often performed optically in
optically-accessible engines. Typical optical diagnostics for ignition studies include natural luminosity
or chemiluminescence imaging [11, 12] and schlieren or shadowgraph imaging [8]. Natural luminosity
or chemiluminescence imaging collects light emitted from luminescent species in-cylinder and does not
require any external excitation. However, since the emitted light intensity depends solely on the in-
cylinder conditions there is little opportunity to control or improve the performance of the diagnostic.
Further, it is dicult to apply these diagnostics quantitatively; there is often signi cant emission of
light from outside the object plane, and the emitting species are often not known or interferences are
present. Conversely, schlieren and shadowgraph measurements are dependent only on density gradients
in the medium and can be applied at any condition provided the density gradients are large enough.
However, these techniques are path integrated and can be in uenced by phenomena outside the object
plane. Finally, since schlieren images are only dependent on density gradients, they can be di cult to
interpret as ignition processes have been show to \soften" density gradients relative to non-reacting fuel

jets [3].

2.2 Temperature and Concentration Measurements

Although temperature and concentration are clearly important in combustion applications, accurate
measurements are still di cult to achieve in engines. A broad overview of temperature measurement
techniques is given by Childs [13]. Although many devices and techniques exist for both temperature
and species concentration measurements, most are not suitable for measurements of high-pressure fuel
jet ignition. Thermocouples and other temperature probes are subject to multiple biases, including
time response, and by nature are only capable of point measurements. Similarly, point techniques for
concentration measurement such as photoionization mass spectrometry [14] and molecular beam mass
spectrometry [15]) are invasive and cannot be performedn situ.

Laser absorption measurements can be performeih situ in a relatively non-intrusive manner and
can provide accurate measurements even in non-equilibrium scenarios [16, 17]. Further, absorption
spectroscopy can provide detailed species concentration [18] and temperature information. Although
these diagnostics resolve some of the issues with probe or point measurements, they are usually path-
integrated and don't provide spatially resolved measurements. Some work has been done to apply line-
of-sight laser absorption techniques in a spatially-resolved manner using tomographic reconstruction by
sweeping the test volume in space [19] or using multi-beam absorption [20]. However, tomography is

still limited in spatial resolution if high time resolution is also required.



Similarly, laser scattering techniques such as Coherent Anti-Stokes Raman Spectroscopy (CARS)
and spontaneous Raman spectroscopy can be applied at high speed, are viable at high temperature,
provide temperature accuracy on the order of a few percent [21], and can be spatially-resolved (typically
1-D [22]). Although some imaging with CARS has been done [23], the extension to planar imaging is
often di cult and demanding in terms of equipment because collected data must be wavelength-resolved
in addition to spatially-resolved. Additionally, measurements at high-pressures ¢ 50 atm) with these
techniques are not routinely or easily performed.

Fully spatially- and temporally-resolved molecular scattering-based measurements include sponta-
neous Raman scattering and Rayleigh scattering. Scattering-based imaging measurements directly mea-
sure the scattered light intensity which has spectral features that depend on species composition as
well as temperature [24]. Rayleigh scattering is an elastic process, where light is scattered at the same
wavelength as the excitation source, whereas Raman scattering is an inelastic process that results in
wavelength-shifted radiation. Raman scattering typically has a small cross-section, on the order of
10’ times smaller than uorescence processes [25], making detection di cult and often resulting in low
signal-to-noise ratios (SNRs). This is a signi cant limitation in engine and combustion applications as
even trace amounts of uorescent substances can interfere signi cantly with the measurement. Similarly,
Rayleigh scattering techniques can su er from interference due to surface scattering, as the scattered
light is not wavelength shifted from the excitation source. This has been demonstrated to be problem-
atic in enclosed environments such as engines where measurements must be taken in close proximity
to scattering surfaces [26]. In general, background radiation is still the most severe limitation in the
application of Rayleigh scattering techniques in engines [27].

In high-pressure and high-temperature experiments, Rayleigh scattering is not perfectly monochro-
matic. Temperature (or Doppler) broadening results in a small change in the wavelength of scattered
light due to the relativistic Doppler e ect; the thermally broadened Rayleigh line shape is a measurement
of the speed distribution of the scattering particles [28]. Pressure broadening also occurs and is a result
of Brillouin scattering from acoustic waves [29] and, collectively, the Rayleigh line-shape is a function
of temperature and pressure. Filtered Rayleigh scattering (FRS) takes advantage of this broadening by
allowing only a narrow portion of the Rayleigh line shape to be imaged. Since unshifted light corresponds
to slow or stationary particles (or surfaces), rejecting light at the excitation laser wavelength can greatly
reduce the background surface scattering contribution [30]. Similarly, collecting a narrow band away
from the excitation peak selects only particles that are moving at a uniform speedge.g., in high-speed
ows. FRS has also been applied guantitatively to measure temperature to within a few percent accu-

racy in ames [31] and has also been successfully applied to measure fuel vapor fraction in a constant



temperature liquid spray vaporization experiment (e ectively rejecting droplet scattering) to around 8%
[32]; however, FRS intensity is dependent on the local collision environment, temperature, scattering
species, and number density, and thus requires a signi cant knowledge of the ow of interest to apply
guantitatively on a single-shot basis. In principle, angle-resolved FRS measurements can be used to
measure temperature, velocity, density, and pressure simultaneously (and has been demonstrated in an
air jet with 5-10% uncertainty in each quantity; single-shot precision estimates were not provided) [33]
although this method is di cult to apply in a spatially-resolved manner as angle-resolved measurements
are required at each point, and requires some knowledge or assumption of the chemical composition and
scattering cross-sections.

Planar laser-induced uorescence (PLIF) diagnostics can provide high-speed, spatially and temporally
resolved temperature and concentration eld measurements. Laser-induced uorescence cross sections
are much larger than for Rayleigh and Raman scattering and the emitted light is often wavelength-shifted
from the excitation wavelength, reducing the likelihood for interference. PLIF can be performed with
either existing species or by seeding a molecular tracer into the ow. Seeded hydrocarbon molecular
tracers, such as 3-pentanone, have been used successfully at low temperature as fuel tracers. However,
hydrocarbon species are not stable at high temperatures as they may decompose and react in air [34].
Conversely, PLIF imaging of nascent molecular species such as OH and NO can provide a direct measure-
ment of both species concentration and temperature at elevated temperatures, though imaging of OH
is not possible at low temperatures due to lack of su cient concentration. PLIF can provide spatially
and temporally resolved eld measurements, can be performed at high speed, and can provide both
gualitative and quantitative temperature and concentration information simultaneously. Additionally,
PLIF can be performed with many UV-active tracer species including formaldehyde. PLIF dependence
on both temperature and species concentration can also be a drawback in that it may not be possible
to apply PLIF quantitatively without additional temperature or concentration information.

Aerosol phosphor thermometry (APT), in which thermographic phosphor particles are seeded into
the ow, has been used successfully for planar imaging measurements of temperature in engines and
other turbulent environments [35, 36]. Thermographic phosphor particles are typically composed of an
inert ceramic host doped with rare-earth ions. Since the particles are solid, they are usually insensitive
to pressure and composition. Further, since they are chemically inert and do not exhibit signi cant
pressure dependence, they are an ideal tracer for engine measurements. Prior to this work, thermographic
phosphors were limited to a maximum temperature of less than 1000 K due to relatively low quenching
temperatures [37], although it was suggested that high temperature precision is achievable above 1000

K using a co-doped or scattering-referenced technique [38].



The combination of aerosol phosphor thermometry with formaldehyde PLIF is an ideal diagnostic
choice for low-temperature ignition. APT is able to provide precise spatially-resolved temperature mea-
surements and simultaneous velocimetry. Formaldehyde has a su cient uorescence quantum yield and
absorption cross-section for engine measurements, forms in reasonable concentrations during diesel ig-
nition, and is strongly tied to the low-temperature ignition process. APT measurements can be used
in combination with formaldehyde PLIF to provide a quantitative estimate of formaldehyde mole frac-
tion throughout the fuel jet. Simultaneous, spatially-resolved velocity, temperature, and quantitative
formaldehyde mole fraction can provide a more complete description of the ignition process that has not

yet been obtained experimentally.

2.3 Planar Laser-Induced Fluorescence

Although PLIF can directly provide both temperature and species concentration measurements, it can
still be dicult to apply quantitatively due to the dependence of the measured signal on multiple
parameters. These parameters can include not only pressure and temperature, but also the concentration
of species in the test volume; interactions of the excited molecule with other species can result in
collisional quenching that can impact the amount of light emitted and potentially the emission spectrum.
Insu cient information about the collisional environment and quenching processes can be a signi cant
barrier to quantitative measurements. The remainder of this section will brie y describe the laser-induced
uorescence process.

A general expression for PLIF intensity, in the linear excitation limit, is given by

EOO
Sup = 5 Vias(piT) (LoipiT) (itoipiTi) g (2.2)

where the detected signalS; ¢ is the number of photons incident per pixel,nyys is the absorbing species
number density, V is the excitation volume, is the collection solid angle, ~ is the reduced Planck
constant, ! ¢ is the excitation photon frequency, and Egois the incident laser uence. The factor is
an e ective optical collection e ciency, and the uorescence quantum yield (FQY, ) represents the
fraction of excited molecules that radiate. This expression is adapted from Hansonet. al. [39] for a
single electronic transition.

Equation 2.1 is written assuming that the LIF excitation is linear in energy, or rather, only a small
fraction of the ground state population is excited. If, on the other hand, a signi cant fraction of the

population is in an excited electronic state, the total absorption rate and hence emission intensity would
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necessarily decrease as fewer absorbing molecules are available. The LIF equation (Equation 2.1) can
be generalized to a spectrally-resolved LIF signal by rewriting the FQY in terms of the radiative rate
coe cients k. and transition lineshape function (! ;!o;p;T). The spectrally-resolved LIF equation

is written as

P
Filop T ke (V5lospsT)

@S 1Yy = ESOV T LoD T ij P P
@HF ()= T, Naps(P; T) (Lo piT) FilopT, ) kg + -Al Qi 4 22)
1) i .

_ EY . . R .

= TOVnabs(D,T) (o) (15! o,P,Tﬁ)‘T :
The partial derivative on the left hand side is used to denote that this is a di erential signal with
respect to the emission frequency. HereF; is the population fraction of the initial rovibronic state i,
and the pressure f), temperature (T), and emitted photon frequency (! ) dependencies are explicitly
shown for each factor. The FQY is now spectrally resolved by de nition. Integrating Equation 2.2 with
respect to emission frequency !() yields exactly Equation 2.1. The parameter ~ that appears in the
population distribution expressions represents the dependence on the local collisional environment, or
more speci cally the local mole fractions of all species. The population fractions ;) in Equation 2.2 are
typically taken as the Boltzmann fraction (assuming thermodynamic equilibrium) but in general may
have a more complicated functional form that is pressure dependent. The summations in Equation 2.2 are
to be taken as the sum over all possible combinations of initial rovibronic states and nal rovibronic
states j. Finally, Q; represents the nonradiative deactivation rate from the initial state i through
deactivation mechanism|; the total deactivation rate from state i sums over all of the deactivation
pathways. The nonradiative deactivation rate is generally dependent on pressure, temperature, and
species mole fractions.

Many initial rovibronic states may contribute to the PLIF signal since the initial population is often

able to redistribute before the uorescence process is complete. This complex behavior is encapsulated
in the FQY, which in the general case is assumed to be dependent on excitation wavelength and the

local thermodynamic state (pressure, temperature, and species mole-fractions).

2.3.1 Formaldehyde PLIF

Formaldehyde, being present naturally as an intermediate species in hydrocarbon combustion, is an
ideal molecular tracer for partial fuel oxidation and ignition in hydrocarbon combustion applications.
Concentrations on the order of 1% mole fraction have been measured [40] via mass spectrometry in

ame experiments. Similar concentrations have been reported in engines, where formaldehyde generally
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Figure 2.1: Calculated major species concentrations and temperature pro le for a constant pressure
reactor initially at 1000 K, 30 bar, using n-heptane in air at =0:5.

forms early through low-temperature reactions, and is very quickly consumed following high-temperature
ignition [41].

To illustrate the relationship between formaldehyde and low-temperature ignition, the results of
a chemical kinetics calculation for a constant pressure reactor at a typical injection condition of 30
bar and 1000 K are shown in Figure 2.1. Speci cally, gas temperature and concentrations for several
major species are plotted through the simulation. The calculation uses the LLNL n-heptane combustion
mechanism [42, 43]. Formaldehyde begins to form as the fuel is consumed by low-temperature reactions,
and is consumed during high-temperature ignition. For this condition, formaldehyde begins to form
immediately and is almost completely consumed when the end-gas reaches 1500 K. In contrast, OH is rst
being formed in signi cant concentrations as CO is being consumed and the temperature exceeds 1500
K. OH formation begins following the peak temperature rise and it remains in signi cant concentrations
inde nitely at the high temperatures following ignition. Therefore, OH is a good indicator of high-
temperature regions, but does not provide information on the mechanism leading up to high-temperature
ignition. Formaldehyde, in contrast, is an excellent marker for low-temperature chemistry.

Formaldehyde is also an attractive tracer molecule from a spectroscopic perspective due to its distinct
absorption and emission spectrum. A sample absorption spectrum from HITRAN [44, 45] is shown in
Figure 2.2, with the distinct spectral features called out, and the proposed 355 nm excitation wavelength
shown as a vertical dashed blue line. The formaldehyde absorption and emission spectra have many
distinguishable peaks corresponding to di erent vibrational bands. Emission bands fall in the wavelength
range from 380 nm to 500 nm, with absorption bands below 380 nm [46]. Formaldehyde can be excited

at 355 nm using the third harmonic of an Nd:YAG laser (as shown in Figure 2.2), and has a relatively
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Figure 2.2: High resolution formaldehyde absorption spectra measured at 300 K, extrapolated to zero
pressure. Data was taken from HITRAN [44, 45].

short lifetime on the order of 30-40 ns at atmospheric conditions, decreasing signi cantly as temperature
and pressure increase [47, 48]. Although 355 nm excitation is not optimal as the absorption peak is closer
to 353 nm, it has been used for qualitative formaldehyde concentration imaging in the past in both open
ames and in engines [6, 49, 50]. Other formaldehyde PLIF studies have excited hot bands near 370 nm
[51] or combination bands near 338 nm [52] to reduce temperature dependence and to increase total signal
intensity, respectively. However, shorter wavelength excitation tends to result in decreased uorescence
lifetime as a result of increased predissociation through the closest triplet state and directly to H +
CO [50, 53] at higher energies. Currently, there is no complete dataset for formaldehyde absorption or
uorescence at elevated temperatures or pressures, and deactivation mechanisms are poorly understood.
Speci cally, rovibronic linestrengths (both vibrational and electronic components) for the absorption
and uorescence processes are not well known. Further, there is little information available relating to
collisional behavior and quenching at engine-relevant conditions.

In sooting environments such as diesel engines, polycyclic aromatic hydrocarbons (PAHSs) tend to
interfere with formaldehyde emission, as PAHs have broadband absorption and emission spectra that
can overlap signi cantly with formaldehyde. This issue, and potential solutions including combined
on/o resonant imaging are discussed by Bakker, Maes, and Dam [54]. As a result of this interference it
is much more di cult to make quantitative concentration measurements in sooting environments [55].
This is perhaps the most signi cant challenge in applying formaldehyde PLIF in diesel engines, as it is
not necessarily clear what portion of the detected luminescence was emitted from formaldehyde.

A previous approach to quantitatively image formaldehyde PLIF in sooting environments was de-

veloped by Thering, et al., [56] using di erence-imaging with two wavelength bands. In this scheme,
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two cameras are out tted with lters designed to capture the uorescence peaks in one channel, and
the uorescence minima in another channel. Since PAH uorescence is expected to be broadband, these
channels are subtracted and the broadband background is removed. One potential issue with this ap-
proach is that a signi cant portion of the formaldehyde emission exists in the o -peak channel, reducing
signal level and signal-to-noise ratio of the measurements. Further, as will be shown in Chapter 3, the
fraction of uorescence intensity in the o -peak channel is temperature and pressure dependent resulting
in a temperature- and pressure-dependent bias. The approach as proposed by Therirgg al. [56] can
eliminate the background signal from images, but alone is not suitable for quantitative formaldehyde
mole fraction measurements due to these biases.

A more recent technique proposed to avoid bias from PAHs and other interfering species emission
in formaldehyde PLIF measurements for diesel engines uses an on/o resonant excitation scheme [54].
The technique was applied successfully in a constant volume combustion chamber. The technique uses
background subtraction of an average, o -resonance€.g., 350 nm) excitation image of interfering species
emission where the formaldehyde absorption is expected to be negligible. The technique as implemented
requires a separate experiment to estimate the time-averaged interfering emission, and is thus not suitable
for single-shot, spatially- and temporally-resolved imaging. Taking near simultaneous interfering emis-
sion images would require a second tunable laser system and camera increasing the cost and complexity
of the setup.

Like most uorescent molecules, formaldehyde's absorption and emission spectrum exhibit a strong
dependence on temperature. This is bene cial as the temperature dependence could be used for tem-
perature measurement. On the other hand, signi cant temperature dependence can make quantitative
concentration measurements much more di cult, particularly when background signals are present. The
temperature dependence is likely the result of changes to the equilibrium rotational population distri-
bution with temperature. Increasing temperature results in higher rotationally excited states becoming
populated, and hence a broadening of the vibronic peaks.

Currently, highly accurate quantitative formaldehyde PLIF imaging in diesel engines has not been
achieved due to uncertainties in spectral properties and interference from PAHs and other broadband

sources. However, formaldehyde PLIF is routinely used qualitatively as an indicator of ignition [3, 57, 58].

2.4 Aerosol Phosphor Thermometry

Similar to molecular uorescence, aerosol phosphor thermometry (APT) typically uses a laser or other

light source to excite the phosphor to an excited electronic state. The phosphor then decays radiatively,
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emitting a photon that is usually wavelength shifted from the excitation source. Phosphor emission
can be described similar to molecular uorescence with a few di erences. First, since phosphors are
composed of rare-earth ions doped into crystalline hosts, the absorption and emission are usually pressure
independent, as the crystalline host is generally incompressible except at very high pressure. Further,
phosphor emission is generally independent of the collisional environment as the ion is typically unable
to interact with molecules outside of the host. Finally, APT techniques often operate outside the linear
regime, such that phosphor emission intensity is not necessarily linearly proportional to excitation energy.
Rather, there is typically a diminishing return in emission intensity with increasing laser energy. This
can occur through several mechanisms. As excitation energy increases, the ground state population
is depleted resulting in a nonlinear increase in signal with laser energy; this is typically the source of
nonlinearity for molecular PLIF. More typically for phosphors, non-linearity can occur due to losses from
the excited state, e.g., due to excited-state absorption or through energy-transfer upconversion processes.
Excited-state absorption (ESA), or photoionization of the excited state, is a relatively common e ect in
thermographic phosphors and solid-state laser materials (see.g., [59, 60]). As an example, Eu:BAM
emission is nonlinear even for uences as low as 10 mJ/ct[61].

The luminescence signal, in photons incident per pixel, is given by the product of the number of
phosphor particles Ny, in a pixel volume V, the number of luminescence photons emitted per particle

SLumyp » and the fraction of emitted photons collected =4 ,i.e.,
Stum = NpStumyp 7 (2.3)
The number of luminescence photons emitted by a particle can be written as
Stump = Naps(T)( 1 o;T) (2.4)

where Ngps is the number of photons absorbed by the ions in a particle into the desired upper state,
and ( T) is the uorescence quantum yield for emission from that state. Using these de nitions and

the particle number density (n,) the collected luminescence signal can be written as
Sium = VnpNabs(! 0:T)( T)I : (2.5)

For the simpli ed case of excitation in the linear regime, assuming the laser uence is uniform inside
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the particles, the number of absorbed photons per particle can be written as

EOO
Nabs = TpONion (Yo;T) (2.6)

where Njo, is the number of active ions per particle and (! o; T) is the ion absorption cross section at

the laser frequency! o. The luminescence signal per pixel then becomes

EOO
Sium = TpovnpNion (Yo, T)( T)I: (2.7)

This result is similar to that for linear LIF given by Equation 2.1 with the absorbing species number
density replaced by the product of the particle seeding number density and the number of ions per
particle.

Typically APT measurements use a two-color, single excitation wavelength ratiometric approach.
This method has been performed in various scenarios with varying degrees of success. For example,
Pr:YAG has been used with some success in in-cylinder studies [35] and in heated jet experiments
[62]. Eu:BAM has been widely used for thermometry including in Im cooling studies [63], in high-
pressure cells [64], various heated jet geometries [65{67], and even in ame studies [68], with limited
success. As another example, a relatively new tracer ZnO has also been characterized and applied
using the ratiometric luminescence intensity ratio approach [69{71]. A more detailed review of phosphor
thermometry is given by [72]. However, in all of these cases, gas-phase temperature measurements
are limited to relatively low temperatures below 800 K. Two promising, recently proposed alternative
techniques, co-doped APT [38] and scattering-referenced APT (SRAPT) [73], provide a possible solution
for measurements at temperatures exceeding 1000 K.

The co-doped approach uses two di erent ions doped into the same host, where each ion has di erent
guenching properties. Rather than measure changes in the emission spectrum shape, as with the LIR
method, the entire emission of each ion is collected in a separate channel. The second ion adds another
degree of freedom to the design process that can be used to further optimize the technique. The
diagnostic sensitivity is controlled by the quenching behavior of the individual ions, and can be described
mathematically in a straightforward manner following the analysis of [74].

Assuming a single exponential time decay for phosphor luminescence, and that the nonradiative rate
follows an exponential dependence on the energy gap, the total emission intensity for either ion can be

expressed as
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N abs

Sum | 1576 " BT

(2.8)

where Ngps is again the number of absorbed photonsC,,, = km ox, is the ratio of the nonradiative
transition attempt rate k. o to the radiative rate constant k,. The nal parameter in the equation is

the characteristic energy gap for the deactivation processkE. The co-doped ratio is thus given by

SLum; 2 Nabs;z 1+ Cnr; 1€ Eizke T .
SLum; 1 Nabs;l 1+ Cnr; 2€ Ea=ks T~

Rcodoped = (2.9)

The quantity Nes 22N, ; iS the ratio of emitted photons in the absence of quenching. The parameters
E1, E2, Cu 1, and Cy. » are determined by the selected ions and host, and can be chosen to optimize
the temperature range and precision for a given experiment.

Alternatively, the SRAPT approach measures the ratio of the total phosphor emission intensity to
the elastic scattering intensity. This is advantageous because all of the emitted light from the phosphor is
captured. Further, since elastic scattering is likely already being captured for velocimetry, this technique
reduces experimental complexity compared to the LIR method for simultaneous velocity and temper-
ature measurements. The SRAPT technique can also be optimized for a specic temperature range
by appropriate selection of quenching properties for host-ion combinations. Since the elastic scattering
and phosphor emission do not have the same dependence on particle diameter, there is an additional
random uncertainty related to the particle size distribution. However, even with this additional uncer-
tainty the technique has been demonstrated to be capable of high-precision measurements at elevated
temperatures [73]. Similar to the co-doped technique, the ratio can be expressed analytically with the
additional assumption that scattering intensity is independent of temperature. The SRAPT ratio can

be approximated as

SLum' 2 NabS'Z 1
Sy : 2.10
Ssc Ssc 1+ Cpr 2€ Baks T ( )

RsrapT

where the subscript \sc' is used to indicated the elastically scattered light. As before, the constant
prefactor (Naos: 25, ) iS the ratio at absolute zero, such that the normalized ratio depends only on the

guenching properties of the selected host and ion combinationC ; and E;.
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Chapter 3

Photophysical Characterization of

Formaldehyde

In order to measure formaldehyde concentration quantitatively, it is imperative that we have a good
understanding of the photophysical properties at the conditions where we're interested in making mea-
surements. In particular, from the PLIF equation (Equation 2.1, and the spectrally-resolved version
in Equation 2.2), the absorption cross-section and uorescence quantum yield controls much of this
behavior. Both quantities are generally temperature, pressure, and concentration dependent.

Some measurements of formaldehyde photophysical properties have been madeq(, in [45, 47]),
although due to the molecule's complexity, many properties still are unknown. In particular, the temper-
ature, pressure, and excitation wavelength dependence of the absorption cross-section at engine-relevant
conditions is largely unknown, and few measurements have been made of uorescence quantum yield
at elevated temperature and pressure. This chapter will detail the results of recent investigations of
formaldehyde photophysical parameters. This includes modeling work to predict properties (the ab-
sorption cross-section in particular), and experimental work where uorescence emission bandshapes
were measured at relevant conditions. The proposed combined APT/PLIF diagnostic uses a ratiometric
formaldehyde imaging approach (this will be discussed in detail in Chapter 7), so ratiometric formalde-

hyde PLIF measurements will be presented and discussed as well.
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Table 3.1: Engine hardware speci cations

Parameter Value Unit
E ective Compression Ratio 12.0 -
Geometric Compression Ratio 13.9 -
Displacement 0.402 L
Bore 84.4 mm
Stroke 76.2 mm
Connecting rod length 144.8 mm
IVC/EVO/IVO/EVC -164/164/347/375 CAD

3.1 Experimental Setup

Experimental formaldehyde PLIF characterization was performed in an optically accessible engine. The
engine itself was designed in-house. The engine has a single cylinder, a centrally-located fuel injector,
and is optically-accessible through the side of the piston for laser sheet access, and the top of the piston
for imaging access. A UV-enhanced aluminum mirror is held at 45 to direct light transmitted from

the piston window towards an optical table where imaging equipment is mounted. Engine geometry
information is provided in Table 3.1, and a cross-sectional view of the engine is shown in Figure 3.1 with
important features called out.

The PLIF investigation primarily focused on measuring formaldehyde emission spectra at various
operating conditions. Formaldehyde was generated in the engine via low temperature ignition of n-
heptane, while avoiding the onset of high-temperature ignition. This resulted in a narrow range of
operating conditions where formaldehyde spectra could be measured. Once formed, the formaldehyde is
excited with an ultraviolet laser sheet, and the resulting emission is captured via a spectrometer. The
vast majority of the observed emission is believed to be from formaldehyde.

The optical setup is shown schematically in Figure 3.2. The laser source is a ash-lamp pumped
Q-switched Nd:YAG laser operating at 10 Hz (Spectra Physics GCR-170). The third harmonic output
at 355 nm is formed into a narrow sheet, approximately 2 cm wide and 0.5 mm thick, using three sheet
forming optics. The sheet is formed primarily by a -100 mm focal length cylindrical lens followed by a
500-mm focal length spherical lens. A nal 200-mm focal length cylindrical lens is used to correct for the
distortions introduced by the curvature of the windows in the engines. The engine windows are made of
UV-grade fused silica, but are not anti-re ection coated. At 355 nm, the estimated re ection coe cient
per surface is 4%. A 361-nm longpass Iter (Semrock Inc., BLP01-355R-50.8-D) was placed in front of

the lens used to collect and focus light into the spectrometer to reject scattered laser light. The ICCD
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Figure 3.1: Cross-sectional view of the optical engine with features called out.

camera was gated on for 100 ns, starting approximately 20 ns before the arrival of the laser pulse.

The collection optics consist of a single 50-mnf=1:2 Nikon Nikkor lens used to focus light onto
a 1-mm diameter ber optic bundle that connects to the spectrometer entrance slit. On the slit end,
the 19 bers that compose the bundle are spread into a line along the length of the slit. The lens is
focused to collect light originating in an approximately 6-mm diameter region in-cylinder positioned
between the injector tip and the piston side window (through which the laser sheet exits the engine).
The spectrometer (300-mm focal-length; Acton SP2300i) was out tted with an intensi ed CCD camera
(Princeton Instruments, Pl-Max4 1024i-HB-FG-18-P46). The spectrometer used a di raction grating
with 1200 groove/mm and a 500 nm blaze wavelength. The spectral resolution for the 1200 groove/mm
grating was measured to be 0.44 nm, as estimated from the full-width at half-maximum of a mercury
vapor lamp spectral line (H-line, 404.7 nm).

A single spectral measurement is collected per cycle, and the data reported is an ensemble average
over 200 measurements. Since the spectral resolution was relatively high, only a portion of the 380-500
nm range of the emission spectrum is collected in one measurement due to the limited size of the imaging
sensor; six measurements are needed to cover the 380-500 nm range. The spectra are collected in portions
and stitched together to form a single continuous measurement. In total, 1200 cycles or measurements
are needed to measure the full emission spectrum at a given condition. All spectral measurements are
corrected for relative spectral response using a quartz tungsten halogen lamp (Spectra Physics, Model

6319 20W QTH). A wavelength calibration is performed before collecting data using a mercury vapor
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Figure 3.2: Experimental setup diagram for formaldehyde spectroscopy measurements

lamp.

3.1.1 PLIF Imaging Measurements

An additional set of imaging measurements were taken using a ratiometric technique based on the Iter
bands chosen by Theringet al. [56]. The spectrometer was replaced with two cameras separated by a
beamsplitter (broadband 50% transmission/50% re ection). The experimental setup diagram is shown
in Figure 3.3. Each camera has an 11-band formaldehyde imaging Iter (Semrock Inc., FFO1-CH20)
placed in front of it. One lter is held at normal incidence to the camera, and the other Iter is held
at a 15 angle of incidence. Changing the angle of incidence shifts the transmission bands of the lter.
The normal incidence lter is setup to capture the peaks of the formaldehyde emission, while the tilted
Iter captures the valleys. The transmission bands of the lter, with a formaldehyde emission spectrum
superimposed, are shown in Figure 3.4. These are the same lters used in [56], and are the lIters that
will be used for the proposed ratiometric background procedure that will be discussed in Chapter 7.
Both cameras are the same model (Princeton Instruments, PI-Max4 1024i-HB-FG-18-P46) and are
out tted with identical 85-mm Nikon Nikkor f=1:4 lenses. The PLIF images are formed into a ratio,
which is related to temperature. Each image is ateld corrected using the average image taken at a
reference condition. The reference image is taken from an identical experiment at a known temperature
and pressure. The at eld-corrected PLIF images are then registered on an image-by-image basis to

reduce the e ect of camera shake resulting from engine vibrations. The images are resampled using
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Figure 3.3: Experimental setup diagram for formaldehyde PLIF ratio imaging experiments.

Figure 3.4: Transmission bands of the 11-band formaldehyde imaging lters. Transmission bands are
shown in black curves; the formaldehyde spectrum is represented by the shaded red region.
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a bicubic interpolation scheme. The ratio is then formed by dividing the two images on a per pixel
basis. The known reference condition used for this data is 875 K and 30 bar. The temperature used in
the calibration procedure was determined by isentropic compression of the air-fuel mixture, neglecting

chemistry.

3.2 Spectral Modeling

Development of an e ective diagnostic using PLIF naturally requires an understanding of the underlying
physics that describes the absorption, energy transfer, and emission processes. To that end, this section
outlines a spectral model for formaldehyde used to predict and describe the temperature- and pressure-
dependence of formaldehyde spectroscopy to aid in the design of a formaldehyde imaging diagnostic. The
spectral modeling results are used to estimate formaldehyde uorescence properties and engine-relevant
conditions.

The absorption cross-section and spontaneous emission intensities are calculated using a set of models
in the Born-Oppenheimer approximation using the combined Franck-Condon Herzberg-Teller approach
(these assumptions are discussed in detail and results are derived in Appendix B.1). Speci cally, this
assumes that electronic, nuclear vibrational, and nuclear rotational motions are separated with the
exception of vibronic coupling which is included to rst order. The full absorption cross section ()
and spontaneous emission intensity () per molecule are given by the sum over all possible transitions
with transition frequency ! , weighted by the population fraction or probability for the initial state ( F;).

These are given by

421 X
(1) = ?ij Fi(e;T) lev I LY ;35T p) (3.1a)
1) = 4~!4 X . 1 -1 LT
07 geg DD L EEETD (3.1)

where L(! ) is the assumed lineshape function. The constants and e are the ne structure constant
and the electron charge, respectivelyj, and I, are the vibronic transition intensity factor (this can be
thought of as the product of a Franck-Condon-like factor and a transition dipole moment; see Appendix
B.1 for derivations), and the rotational transition intensity factor (also called the Honl-London factor
[75]; see Appendix B.2 for derivations), respectively. Here the subscriptsand j represent the initial and
nal rovibronic states, respectively, and the sums are performed over every combination of rovibronic

states. The population fraction F; is the probability of a molecule being in statei and is temperature
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and pressure dependent in general. For LIF emission, it is also dependent on the excitation wavelength.
The lineshape function is also pressure and temperature dependent, and is centered at the most likely
transition frequency ~!'; = E;  E;.

For the results calculated here, the formaldehyde molecule is assumed to be an asymmetric rigid rotor,
with ve uncoupled harmonic oscillators and one anharmonic oscillator for the out of plane bending
mode in the A 1A, states, as this mode has been shown to be strongly anharmonic [76]. Although
these approximations are not able to provide an accurate estimate of vibronic band intensities, they are
believed to be su cient to investigate the temperature and pressure trends of the absorption cross-section

at xed wavelength.

3.3 Absorption Cross-Section Estimates

Absorption cross-sections were estimated using the theory presented in Section 3.2 and Appendices B.2
and B.3, with spectroscopic data taken from bothab initio simulations and literature (the data set is
tabulated in Appendix C). From Figure 2.2, the vibrational transition being excited at 355 nm is the

4% transition (v7, denotes a transition where vibrational modev has n vibrational quanta in the excited

A 1A, state and m quanta in the ground X 'A; state; v = 4 corresponds to the out-of-plane bending
mode); this peak is relatively isolated from other vibronic transitions. As such, the shape of the peak
is the result of many closely spaced rotational lines, with little or no interference from other vibronic

transitions. The absorption cross-section band can then be written as

4 2 | eG ADszT x x X X eF JO;K OZkBT
(! ;T) = lev D el I (! F Jooy oo+ F‘]O;K o) (3.2)
3e? Zy JO JO00 KO K 00 Zy

where F;x and Gy, are the rotational and vibrational energies, and the symbolsZ, and Z, represent
the vibrational and rotational partition functions. In this notation, a single prime ( 9 denotes a quantum
number of the initial (X 'A;) state, and a double prime (9 denotes the excited (& 1A,) state. Finally,
since the transition dipole moment is zero at the equilibrium con guration, the vibronic transition
strength 1, is the product of the e ective transition dipole moment squared, and the Franck-Condon

factor for the transition. Speci cally,

lev = =—  jh AYA; 4jgujX *A1 4oij? (3:39)
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where
@ = 0:17 Debye (3.3b)
@g
and
JhA A, A juiX TAL 4oij? jh 4gidoij® jh 2°2ij* 6 10 % (3.3¢)

where the Franck-Condon factors on the right hand side of Equation 3.3c are evaluated using the theory
presented in Appendix B.3, using the harmonic approximation for all modes except the out-of-plane
bending mode which uses a double-well potential (implemented as a Gaussian perturbation). The Franck-
Condon factor is primarily controlled by the out-of-plane bending mode and the C-O stretching mode.
This follows because the C-O bond is elongated and the out-of-plane bending mode undergoes a change in
the shape of the potential energy surface upon excitation. The other four modes are largely una ected.
The photon frequency of the transition is approximately 28,312 cmt [77]. The vibrational partition
function is calculated in the harmonic oscillator approximation as
Z, = Y wﬁ ; (3.4)

where ! ; is the vibrational frequency of modev; (there are six modes in total for formaldehyde). The
rotational partition function is calculated in the rigid-rotor high-temperature limit as

r—
1 k3TS,

Zr:*

2 ~3abc’ (3:5)

where a, b, and c are the spectroscopic rotational constants of the molecule in its initial state (tabulated
in Table C.3).

A simulated absorption spectrum was calculated and is presented for comparison with experimental
data in Figure 3.5. The simulated spectra in Figure 3.5 are divided by a factor of 3.5 to better match
the experimental results from Chance 2011 [45]; the disagreement in magnitude is unsurprising because
of the level of approximation required to calculate the spectrum (in particular the approximations used
for the Franck-Condon factor calculation). Higher order rigid-rotor parameters are included in the
calculation using data from [77]; in particular, the centrifugal distortion constants ;, g, and sk
are included. The transition dipole moment derivative used in the calculation is in entirely along the
b axis. Pressure broadening with a width of 0.45 crit (approximately corresponding to a pressure of
3 bar) is included to better match the data. Besides the di erence in magnitude, many of the features

of the absorption spectrum are captured well; one obvious exception is that some transitions near 355
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Figure 3.5: Comparison of measured and simulated absorption cross-sections of formaldehyde. The
simulated spectra are divided by a factor of 3.5 to better match the measured value.

nm are shifted relative to the measured value. The theory presented captures the general trends of the
absorption cross-section, but not the precise magnitude.

Several additional spectra are calculated to illustrate the temperature dependence of the absorption
cross-section and are plotted in Figure 3.6 at a pressure of 30 bar, assuming the pressure broadening
constant is 0.15 cm‘/bar (consistent with the value reported by [78]; similar magnitudes were also
reported by [79]). From the plot, the absorption cross-section at 355 nm increases slightly from 300 K
to about 500 K or so before dropping monotonically due to the increasing partition function at higher
temperatures.

Absorption spectra are available from [45] at 280 and 290 K, and can provide another estimate of
temperature dependence (at least locally near 300 K). In the left of Figure 3.7, the absorption cross-
section spectra at 280 and 300 K from [45] are divided by the spectrum at 290 K to show the relative
change with temperature. Although there is a lot of high-frequency variation, cross-sections at excitation
wavelengths near the peak ( 353 nm) clearly decrease with temperature, while at wavelengths away from
the peak they increase. This is consistent with the simulation (shown in comparison with experimental
data on the right side of Figure 3.7, where the data was Itered with a Lorentzian pro le to simulate
pressure broadening at 30 bar) where similar trends and magnitudes are observed, although the simulated

P-branch appears to be shifted relative to the measurement.
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Figure 3.6: Calculated formaldehyde absorption cross-section at 30 bar from 300 to 1200 K. The simu-
lation results were divided by a factor of 3.5 to match experimental data.

(a) Experimental data [44, 45] (b) Comparison with simulation

Figure 3.7: Formaldehyde absorption cross-section at 280 and 300 K, normalized by the absorption
spectrum at 290 K for experimental data.
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Assuming only a single rotational transition is excited, the absorption cross-section can be normalized
to its value at a reference condition, and written as

(T) _ Zu(To) Z:(To) Fjok o E i
(To) ~ Zu(T) Z, (1) &P (3.6)

where the fact that we're exciting the vibrational ground state has been used and the vibrational popula-
tion fraction is simply the inverse of the vibrational partition function (excluding the zero-point energy).

In reality, multiple lines likely contribute to the absorption, particularly with an assumed laser line width

of 1 cn!. (Line spacings are typically less than 1 crit, as observed in [78].) However, the scaling de-
pends only on the rotational energy level of the initial state, or the parameterF ;o.¢ o; the approximation

is valid so long as the initial rotational states have similar energy levels. Or, more generallyf jo.x o could

be temperature dependent to allow for excitation of multiple lines with slightly di erent initial energy
levels as expected here. This approach, assuming only a single absorption transition is excited, has been
applied for formaldehyde PLIF imaging correction before with parameters based on rigid asymmetric
rotor models and theory [80].

The simulated absorption cross-sections as a function of temperature for the Nd:YAG 3rd harmonic
(355 nm, or more precisely 28,184 cm) are plotted in Figure 3.8a, normalized to their value at 300
K, with Equation 3.6 superimposed. In this plot, F;ox o is a linear function of T, and was determined
by a linear least squares t to the simulation data. Equation 3.6 appears to describe the behavior of
the absorption cross-section well, and there appears to be minimal pressure dependence. The t result
suggests the initial rotational energy level increases as temperature is increased. This is consistent with
theory; as temperature increases, higher rotational levels are activated. Since rotational line strengths
increase with the initial rotational quantum number J, it follows that the average energy of the initial
state increases with temperature. Since the temperature dependence of the simulated spectra appear to
be shifted relative to the measurements from [45], the analysis is repeated for the experimental data and
the t result is shown in Figure 3.8b. In the plot, the curves indicate the values predicted by Equation
3.6, and the experimental data points are taken from [45] after Itering to simulate a 30 bar pressure.
The data from [45] appears to be represented well by Equation 3.6, but with a slightly lower parameter
Fjoko=330 cml.

The simulation data shows that Equation 3.6 describes the temperature dependence of the absorption
cross-section well. Pressure broadening does not appear to strongly a ect the temperature trend. Using
the experimental data from [45], the e ective rotational energy level being excited at 290 K was found

to be 330 cm'. For performance prediction calculations, the temperature dependence of the absorption
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(b) Experimental data at 280-300 K, with simulation

(a) Simulation data and best t )
t superimposed

Figure 3.8: Simulated temperature dependence of formaldehyde absorption cross-section at 355 nm.
Absorption cross-sections are normalized to the value at 300 K. Solid lines are ts to Equation 3.6, and
the best- t initial energy Fq is used in place ofF ok o in Equation 3.6. The simulation t is compared

to experimental data from 280-300 K in (b); although the simulation data t did not include points at

T < 300 K, the t captures the low-temperature simulation results reasonably well (simulation results

at 280, 290, and 300 K are included on the plot for comparison).

cross-section at the Nd:YAG 3¢ harmonic wavelength is assumed to obey Equation 3.6 WithF jo o
being a linear function of temperature. The value of Fjox o at 290 K is taken as 330 cmt (from the
measured spectra [45]) and the slope oF jox o is taken as 0.143 crit/K (from the simulation data).
This combination is chosen because it represents a compromise between extrapolation of the 280-300 K
data with a constant value of Fjox o (which provides a lower limit on absorption cross-section) and the
simulation data (which provides an upper limit). The resulting temperature dependence is plotted in
the left panel of Figure 3.9 as a solid line, while the simulation t and constant F jox o assumption are
superimposed as dashed curves. From the plot, the absorption cross-section drops by almost a factor of
4 between 300 and 1200 K, although it may be slightly more or less depending on the values Bfo o
chosen.

Unseeded ashlamp-pumped Nd:YAG lasers typically have line widths< 1 cm®, which is relatively
large compared to the formaldehyde absorption cross-section linewidths. The large line width may have
an impact on the absorption process. The absorption spectrum, with a Lorentzian t to the absorption
peak near the Nd:YAG third harmonic, is shown in the left of Figure 3.10 in relation to the laser line
location. The spectrum is extrapolated to zero pressure (from [44, 45]), but is not fully rotationally-
resolved. From the plot, the absorption peak is almost a perfect Lorentzian function, and the laser line
lies almost directly on top of the peak (the shift is small compared to the assumed width of both peaks).

Although this spectrum shows a smooth and broad peak, there is additional rotational structure that
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Figure 3.9: Assumed temperature dependence of the formaldehyde absorption cross-section at the
Nd:YAG 3™ harmonic wavelength.

appears to be under-resolved (as observed in [78]). Assuming the laser line shape is also Lorentzian, the

overlap integral (and hence total absorption cross-section) can be estimated at high pressure as

z 2
T P L L max (3.7)

O A G A T

where o is the location of the Lorentzian peak, ( and , are the Lorentzian width parameters of
the laser and absorption peaks, respectively, and nax is the maximum value of the absorption peak
(1.604 10 20 cm?). The laser line width is taken as 1 cm* and for simplicity the absorption peak width is
takenas , = 9 (where S is the pressure broadening coe cient of 0.15 cm'/bar and p is the pressure).
This naturally ignores the complicated nature of the rotational structure, but at higher pressures the
approximation should be valid. The pressure dependence of the absorption peak is calculated and plotted
in the right of Figure 3.10. From the plot, accounting for the relatively large line width of the laser,
there may be signi cant pressure dependence in the absorption cross-section at low pressures, but at
typical engine pressures (above 20 bar) the absorption cross-section has little dependence on pressure.
For performance estimation, Equation 3.6 will be used to estimate the absorption cross-sections at
higher temperatures using the valueF jox o = 330 as determined from the low-temperature spectra. The
300 K absorption cross-section will be assumed to be pressure-dependent according to Equation 3.7 and
the results plotted in Figure 3.10, and performance estimates will be restricted to pressures above 20

bar.
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Figure 3.10: Left: formaldehyde absorption spectrum near the Nd:YAG ¥ harmonic (from [44, 45])
extrapolated to zero pressure. Right: calculated pressure dependence of the formaldehyde absorption
cross-section at the Nd:YAG 3¢ harmonic wavelength with an assumed laser line width of 1 cni.

3.4 Fluorescence Quantum Yield Estimates

From the PLIF equation (Equation 2.2), the absorption cross-section, uorescence quantum yield (FQY),
and emission spectrum bandshape are all necessary to make a quantitative formaldehyde measurement.
In this section, FQY values are discussed at conditions that are relevant for diagnostic performance
prediction. The uorescence quantum yield is equal to the fraction of electrons that deactivate radiatively

after being excited. Speci cally, it is given as

— ke - -
= vk kr ; (3.8)
where the radiative rate k; is de ned in Equation 3.1b (divided by photon energy, ~! , to get the

rate). Further, is the uorescence lifetime (inverse of the total deactivation rate), and k,, is the
total non-radiative deactivation rate. The non-radiative rate can be a result of collisional quenching,
intersystem crossing, or internal conversion. Internal conversion and intersystem crossing, and their
associated rate constants, are discussed in Appendix B.4. Collisional quenching is more di cult to
describe quantitatively so experimental results will be used to estimate lifetimes.

The radiative deactivation rate of formaldehyde from the 4* has been reported ask, 435 kHz
(r 2.3 ps) [81]. This value is consistent with theory and the spectroscopic parameters presented
in this thesis (calculated k, 340 kHz). The nonradiative rate (at zero pressure; due to internal
conversion and intersystem crossing) has been reported as 11.8 MHz( 85 ns) [81]. The zero
pressure uorescence quantum yield is thus 0.035 using the observed rates, and the intrinsic lifetime

of the excited state is about 82 ns. Estimates for diagnostic design calculations in Chapter 7 will use
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r =2:3 s.

Collisional quenching is a sign cant loss mechanism for formaldehyde uorescence. Measurements of
uorescence lifetime have been made in several studies [47, 48] in nitrogen (although [48] also explores
other gases including helium, oxygen, dimethyl-ether, and carbon dioxide). In particular, [48] developed
a kinetic model describing collisional quenching, in which the e ective decay rate (inverse uorescence
lifetime) can be written as

L= ki +(Ka + kg)p (3.9)

where p is the pressure of the bath gask; is the decay rate of the excited state at zero pressure (based
on the 82 ns lifetime, this would have the value of 12.3 MHz). The model assumes that electrons are
transferred from the excited state A to a collisionally excited state A? with a rate k, and reverse rateky,.
The collisionally excited state A” deactivates spontaneously to the ground stateX" with rate kp. Direct
collisional quenching fromA to X" occurs with rate Kg.

Although values for the rate constants are provided in [48], the ts are only performed at low
pressures, up to around 1.5 bar. Further, there appears to be an error in the printed values. As such,
the decay rate constants in nitrogen published in [47, 48] were t to the model (Equation 3.9) using a 2D
linear least squares algorithm. Temperature was included as the second dimension of the t by making

the Kka, kp, and kq parameters temperature dependent using an Arrhenius expression,

ki = kioe 7T (3.10)

as suggested in [48]. The resulting t surface is shown below in the left of Figure 3.11, and the individual
measurements are shown plotted against pressure on the right. From the plots, the model does indeed
represent the results well, in particular matching those from [47] over much of the range. The results
from [48] show more disagreement (in particular the Yamasaki 500 K data series), but also cover a
smaller range and hence do not impact the t results as much.

The best- t parameters are tabulated in Table 3.2, along with the radiative rate from [81]. A few
interesting features are observed in the parameters. Firstk; , the zero-presure rate, is almost a factor of 2
larger than the value found by [81]. As a result, the t may not be representative of the low temperature
and very low pressure behavior of formaldehyde. Additionally, the rate of collisional quenching from
A X is very low compared to the rate of quenching through theA” state. The activation temperature
of ka is relatively large ( o = 1950 K | E, 1360 cm 1) and could correspond to activation of a

number of formaldehyde's vibrational modes.
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Figure 3.11: Measured formaldehyde uorescence decay rates from thée' 4ibrational state from Metz
[47] and Yamasaki [48], with best- t surface superimposed.

Table 3.2: Best- t parameters for formaldehyde collisional quenching model. The radiative rate constant
k. is also included in the table for comparison, and is taken from [81].

Parameter Value Units

Ka:o 2718 MHz/bar
Kp:0 98.8 MHz/bar
Kg:0 3.2 MHz/bar
ks 21.8 MHz
Kp 23.9 MHz

a 1953 K

b 716 K

q 121 K

Ky 0.45 MHz




33

Figure 3.12: Calculated uorescence quantum yield of formaldehyde in nitrogen as a function of tem-
perature and pressure.

The uorescence quantum yield of formaldehyde in nitrogen was calculated as a function of tem-
perature and pressure using the model presented in Equation 3.9 and the best- t parameters (listed in
Table 3.2) and is plotted in Figure 3.12. At most, a couple percent quantum yield is possible at very low
pressure and temperature. Above 10 bar, and above 800 K, the model is being extrapolated and may
not be reliable. However, the extrapolation predicts a pressure dependence of approximately p 1,
since at high pressure the deactivation rate becomes proportional to pressure. High pressure data is
only available for nitrogen as a bath gas, so experiment design calculations will assume the bath gas is
nitrogen for simplicity.

From the analysis and results presented by Yamasaki [48], oxygen in the high pressure limit quenches
formaldehyde much more e ectively than nitrogen. Speci cally, Equation 3.9 in the high pressure limit
becomes

L=k + :zikp + Kqp; (3.12)
b

and using the t results from [48] at room temperature, the ratio ka=k;, is approximately 4 times larger
for oxygen than nitrogen, andky is approximately 7 times larger in oxygen than in nitrogen. On average,
from pressures of 2 to 20 bar at room temperature, oxygen quenching is around 5 times as e ective as
nitrogen. Treating air as a mixture of nitrogen and oxygen (80% and 20%, respectively), the results from
[48] can be used to show that the lifetime of formaldehyde in air is around 2.3 times smaller than the
lifetime of formaldehyde in nitrogen at high pressures (on the order of 100 bar or larger total pressure)
at 300 K. At 800 K, extrapolating based on the temperature ts for O ,, the lifetime of formaldehyde in
air in the high pressure limit is reduced by around a factor of 3.5, and at 1000 K it is a factor of 4. Thus,

for typical air mixtures at engine relevant pressures, the formaldehyde lifetime is approximately 25-30%
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of the lifetime in nitrogen. This fact will be used later in Chapter 7 in regard to formaldehyde detection
limits; speci cally, the ts discussed in this chapter will be used to determine the FQY in nitrogen, then
the ts from [48] will be used to apply a temperature and pressure dependent scaling to account for the

presence of oxygen.

3.5 Fluorescence Bandshapes

In addition to uorescence quantum yield and absorption cross-section, the uorescence bandshapes
are needed to estimate performance. In particular, bandshapes are needed to determine what fraction
of uorescence is collected, and to select appropriate lters for the imaging diagnostic. They are also
needed to correct for background luminescence, as will be discussed in Chapter 7.

A series of formaldehyde emission spectra were taken in the optical engine. The experimental methods
were described in Section 3.1. Nine spectra were measured at di erent conditions, with pressure from 1.5
to 53 bar, and temperatures from 370 to 740 K. For each measurement, the spectra were measured in 6
sets of 200 images. The 6 sets of measurements were needed to cover the emission wavelength range from
380 to 500 nm. For each set, the 200 images were averaged and background subtracted. The spectra
were then concatenated after scaling and smoothing to produce a single continuous measurement. The
results are shown in Figure 3.13, where the spectra were normalized by their integral over the 370 to 490
nm emission range. The spectra appear to broaden signi cantly at high temperature. The broadening
is a result of increasing population in the higher rotational states, as suggested by the theory and
results presented earlier in this chapter. There is additionally some pressure broadening that is visible;
speci cally, the 370 K case (at 4.6 bar) is actually broader than the 510 K (1.6 bar) case.

To augment the experimental data and extend the analysis outside of the limited pressure and tem-
perature range that was feasible with engine experiments, a series of spectral simulations were performed
using the data and theory presented in Appendices C, B.3, and B.2, and the theory presented earlier in
this chapter. A sample spectrum is shown in Figure 3.14 in comparison with some experimental data
(the simulation was ltered with a Lorentzian distribution with FWHM of 0.4 nm to better match the
experimental resolution). Due to the complexity of the formaldehyde molecule, the calculation was cut
o at J =50 rotational levels, v = 8 vibrational levels for the out-of-plane bending and CO stretching
modes andv = 2 vibrational levels in all other vibrational modes. Thirty-two levels were included in the
anharmonic calculation for the out-of-plane bending mode. This simulation only includes cold bands,
and hot bands involving the out-of-plane bending mode {e. v = 0 in the A A, state for all modes

exceptvy). This is done to reduce the complexity of the calculation, and because it is not immediately
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Figure 3.13: Measured formaldehyde emission spectra at engine-relevant conditions. Each spectrum is
normalized by its integral.

clear whether vibrational equilibrium will be achieved in other modes before uorescence occurs at higher
pressures.

The calculated vibronic band strengths (.e., the relative height of di erent vibrational bands) do not
match well with the experimental data. Speci cally, the 29 progression appears to be underestimated,
and the near-UV bands (< 400 nm) appear brighter than in the measured spectra. The discrepancy
could be a result of ignoring hot bands (in particular, the 2} progression is excluded). Both e ects also
may be a result of error in the Franck-Condon calculation as anharmonic e ects can be important at
even relatively low excited vibrational states. The Morse oscillator has been shown to provide better
agreement for transitions involving the C-O stretching mode [82]; the harmonic approximation tends to
underestimate Franck-Condon factors (and hence transition intensities) for progressions with relatively
large normal coordinate shifts. However, the relative shape, width, and location of the individual vibronic
bands appears to match the measured spectra reasonably well.

The temperature and pressure dependence of the collection fraction is largely a result of increasing
rotational population in higher rotational J states rather than a change in the vibrational population
distribution. Thus, the temperature dependence results from changing vibrational band shapes, rather
than changes in the intensity of vibrational peaks. As such, even with modest errors in the intensity of

individual vibronic bands, the simulation is believed to be su cient for estimating the temperature and
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Figure 3.14: Calculated formaldehyde uorescence spectrum compared with the measured spectrum at
a similar condition. Both spectra are normalized by their integral.

pressure dependence of collection fractions and ratios.

A set of spectra were calculated at constant pressure and constant temperature to show the e ect
of just temperature or pressure on the spectrum; these spectra are plotted in Figure 3.15. From the
plots, increasing temperature and pressure both tend to broaden the spectra, but do so in dierent
ways. Increasing temperature populates higher rotational levels, such that transitions further away from
the vibronic peak become more prominent at high temperatures; this lls in the gaps between vibronic
bands as temperature increases, raising the local minima and lowering the local maxima of the spectrum.
Pressure broadening causes individual rovibronic lines to broaden such that the individual lines blend
together leading to a smoother and slightly broadened spectrum. Temperature clearly plays a dominant
role in the broadening of the emission spectrum, while the impact of pressure is much weaker or even
negligible at resolutions on the order of 1 nm; a factor of 10 change in pressure (10 bar to 100 bar)
appears to have an almost negligible e ect beyond smoothing some of the features. However, increasing
temperature by a factor of 4 from 300 to 1200 K, the valleys between vibronic bands more than double

in intensity at points, and the peak intensities drop by a factor of two in some cases.
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(a) Constant temperature

(b) Constant pressure

Figure 3.15: (a) Calculated formaldehyde uorescence emission spectra at constant temperature (30 bar
pressure) and (b) constant pressure (600 K temperature). No instrument function has been applied to
the simulation results.
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Table 3.3: Best- t parameters for the formaldehyde collection fraction model.

Parameter Value Units
W 4 nm
Wo 2.42 nm
Wp 8.09 10 * nm/bar
Wt 233 103 nm/K

3.5.1 Collection Fraction

A set of two identical thin- Im interference lters (Semrock Inc., FFO1-CH20) will be used for ratiometric
formaldehyde imaging. By changing the incidence angle of the lIter, the transmission spectrum of the
Iter can be changed. Using 0 and 15 AOI lIters, the emission peaks and valleys can be collected
[56]. The measured collection bands of the formaldehyde imaging lters at 0 and 15A0I are plotted
in Figure 3.16. A sample formaldehyde emission spectrum is included on the bottom panel of Figure
3.16. The Iter bands largely capture the peaks of the spectra at normal incidence, and the valleys when
tilted at 15 . The collection bands are typically 4 nm wide.

The fraction of collected signal is calculated by integrating over the emission spectra, weighted by
the collection bands. The normal incidence lter collects at most around 50% of the emitted light, while
the tilted Iter at most collects around 30% of the emitted light. At higher temperature and pressure,
the tilted Iter is expected to collect even more light. The calculated collection fraction in the normal

incidence bandS; is t to the form:

1 W

S; =erf
' 2872w + wpp+ wr T

(3.12)

where W, wp, w, and wr are constants. This form is the analytical solution for a Gaussian lineshape
with a square lIter band (of width W) centered on the emission peak. The denominator inside the error
function thus is an e ective Gaussian width (2372 times the width parameter ). The band width is
assumed to be 4 nm, while the remaining 3 parameters are t. The results of the t are tabulated in
Table 3.3 and are shown graphically in Figure 3.17.

The simulated spectra are also used to calculate the collection fraction. Note that the fraction is
only calculated over the 360 to 500 nm range, and the weak bands above 500 nm are excluded from
the calculation. The results are plotted in Figure 3.18. The plots show an almost identical structure
to Figure 3.17, which supports the model t to the spectral measurements. However, the absolute

magnitude is di erent because the simulated and measured spectra do not match exactly, particularly
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