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Abstract

The safe, clean, and reliable operation of combustion devices depends to a large degree on the exact control of the fuel/air
mixing process prior to ignition. Therefore, quantitative measurement techniques that characterize the state of the fresh gas
mixture are crucial in modern combustion science and engineering. This paper presents the fundamental concepts for how to
devise and apply quantitative measurement techniques for studies of fuel concentration, temperature, and fuel/air ratio in
practical combustion systems, with some emphasis on internal combustion engines. The paper does not attempt to provide a full
literature review of quantitative imaging diagnostics for practical combustion devices; rather it focuses on explaining the
concepts and illustrating these with selected examples. These examples focus on application to primarily gaseous situations.

The photophysics of organic molecules is presented in an overview followed by discussions on specific details of the
temperature-, pressure-, and mixture-dependence of the laser-induced fluorescence strength of aliphatic ketones, like acetone
and 3-pentanone, and toluene. Models that describe the fluorescence are discussed and evaluated with respect to their
functionality. Examples for quantitative applications are categorized in order of increased complexity. These examples include
simple mixing experiments under isothermal and isobaric conditions, fuel/air mixing in engines, temperature measurements,
and mixing studies where fuel and oxygen concentrations vary.

A brief summary is given on measurements of fuel concentrations in multiphase systems, such as laser-induced exciplex
spectroscopy. Potentially adverse effects that added tracers might have on mixture formation, combustion, and the faithful
representation of the base fuel distribution are discussed. Finally, a brief section describes alternative techniques to tracer-based
measurements that allow studies of fuel/air mixing processes in practical devices.

The paper concludes with a section that addresses key issues that remain as challenges for continued research towards the
improvement of quantitative, tracer-based LIF measurements.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. Motivation: use of fluorescent tracers

The safe, clean, and reliable operation of combustion
devices depends to a large degree on the exact control of the
fuel/air mixing process prior to ignition. Therefore,
quantitative measurement techniques that characterize the
state of the fresh gas mixture are crucial in modern
combustion science and engineering. The mixture deter-
mines not only the homogeneity of the combustion process
but also the ignition process in unsteady combustion
systems, such as internal combustion engines. It therefore
affects pollutant formation and release of unburned hydro-
carbons in many ways, and its control is crucial for the
development of energy-efficient, low-emission devices. The
mixture is characterized by a number of key quantities.
While the fuel concentration determines the total energy
available for the process, the actual chemical process
depends mostly on the ratio of fuel, oxygen and inert

gases. The temperature of the mixture in turn has a strong
influence on ignition, flame speed and flame orientation.
Turbulence, finally, significantly increases the volumetric
reaction rates.

In practical combustion devices the presence of large
quantities of premixed (and therefore highly explosive)
fuel/air mixtures is typically avoided for safety reasons.
The aim is then to mix the components rapidly either
shortly before the combustion process or while combus-
tion is already in progress. In technical burners this is
accomplished by turbulent mixing, i.e. in swirling flows.
In internal combustion engines, injection of fuel into the
compressed air provides fast mixing. Typically, no
perfectly homogeneous mixture is achieved within the
available time.

In contrast, a well-defined stratification of fuel/air
mixtures is often attempted in modern internal combustion
engines. This allows the operation of overall lean mixtures
while still providing high enough fuel concentrations close
to the spark plug to ensure reliable ignition. Direct-injection
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Nomenclature

E energy

f focal length

FRET  fluorescence resonance energy transfer

h Planck constant

IC internal conversion

ISC intersystem crossing

Kabs rate of absorption

keon rate of vibrational relaxation

kq rate of spontaneous fluorescence

kic rate of internal conversion

kise rate of intersystem crossing

ke rate of non-radiative depopulation
processes

IEq rate coefficient of collisional quenching

ksv Stern—Volmer coefficient

kot total rate of all depopulation processes of
electronically excited state

LIF laser-induced fluorescence

ng number density of fluorescence tracer

ng number density of quenching species

Oh Ohnesorge number

P, probability of energy transfer in FRET

() probability of effective collision

o critical radius in FRET

Sa fluorescence signal intensity (proportional to
number density)

Sh fluorescence signal intensity (proportional to
mole fraction)

59 fluorescence signal intensity in the absence of
collisional quenching

SI spark ignition

Vv volume

VR vibrational relaxation

We Weber number

Xq mole fraction of fluorescing species

Zeon collision rate

AE.,;  energy difference in collisional relaxation
AEermal average thermal ground state energy
Q/4T solid angle of detection

0] equivalence ratio

o fluorescence quantum yield
n detector efficiency

A wavelength

v frequency

Oabs absorption cross-section

o surface tension

Teff effective lifetime

Trad radiative lifetime

engines allow the control of the amount of fuel independent
of the air load, which minimizes pumping losses and
therefore increases the energy efficiency. In terms of
characterizing the starting conditions of the combustion
processes, an additional level of complication is added. The
mixing of fuel vapor and air happens at the same time as fuel
vaporization. The evaporation changes liquid and gas phase
temperatures, and deposition of liquid films on the surfaces
of the combustion chamber can occur.

Laser diagnostics are widely used in fundamental
combustion science, research, and development to investi-
gate transient phenomena without influencing the system
under study by inserting probes and surfaces. Laser-induced
fluorescence (LIF) is frequently used for remote detection of
concentration and temperature. Within the duration of a
single laser pulse (typically a few nanoseconds) volume
elements in the sub-millimeter range can be observed. Two-
dimensional cross-sections can be illuminated with light
sheets and the resulting signal light can be imaged on CCD
(charge-coupled device) cameras. Often, these cameras
employ image intensifying devices to enhance signal levels
and to provide temporal gating to suppress luminosity from
flames.

Laser-induced fluorescence is emitted from electroni-
cally excited levels that are populated by absorption of
photons, typically in the ultraviolet and visible spectral
region. Usually the absorption wavelength increases with
increasing size of the chromophore of the excited molecule

(i.e. the active part of the molecule that absorbs light).
Aliphatic (saturated, i.e. no double bonds) hydrocarbons that
form the major part of combustion fuels are transparent
within the spectral range of interest and therefore do not
give any LIF signal at all. On the other hand, many
commercial fuels contain unsaturated and aromatic com-
ponents that strongly absorb light, leading to strong
fluorescence. This fluorescence, however, typically does
not come from a single component but is composed from
signal light from numerous species. While this signal can be
used for qualitative imaging of the fuel cloud, quantitative
interpretation of the signals is typically not feasible. Each
component exhibits a fluorescence signal that depends not
only on the concentration of the fluorescing species but—in
its own characteristic way—also on temperature, pressure
and local gas composition. The simultaneous detection of
signal from various species leads therefore to a complicated
dependence of the integrated signal intensity on these
variables. The various fluorescing compounds of commer-
cial fuels furthermore might differ in their physical proper-
ties (boiling points, diffusion, and transport coefficients).
LIF images of commercial fuels therefore do not perfectly
represent the fuel distribution during fuel evaporation and
mixing.

For quantitative analysis, systems are preferred where
the fluorescence signal can be attributed to single species.
Therefore, it is popular to add well-characterized fluorescing
tracers to otherwise non- (or weakly) fluorescing fuels.
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There is, however, not a single best tracer-LIF approach that
covers all possible applications. The tracer signal intensities
depend on the environment, which has to be corrected for
when quantitative tracer concentration measurements are
desired. In turn, these interdependencies can be used to gain
further information on the system under study, yielding
information about temperature and fuel/air ratios.

1.2. Desired quantities

There are a number of quantities that would be desirable
to measure with non-intrusive in situ techniques in order to
completely characterize the mixing process in the fresh gas.
These quantities include:

Fuel concentration

Fuel/air ratio

Temperature

Fuel composition (i.e. concentration of individual
components)

e Residual gas concentration.

In order to visualize the mixing process and to facilitate
the interpretation of the results, these quantities should be
imaged in at least two dimensions with temporal resolution
faster than the time scale of mixing and chemical reaction.

When using tracers as representatives for the local fuel
concentration in spatially well resolved experiments or in
high-temperature applications, an important question must
be addressed. The fuel and the tracer experience chemical
reactions well before the flame front (the region of
maximum heat release) in both time and space. Therefore,
the disappearing of the fuel parent molecule and the tracer is
not necessarily indicative for the onset of the high-
temperature combustion process. The distinction of burned
and unburned areas is based on the assumption of a single-
step reaction, which is not a good model for many
combustion situations.

1.3. Range of experimental situations

Mixing processes can be categorized according to the
level of difficulty in terms of quantitative imaging
measurements. They are listed here in order of increasing
complexity:

e Constant pressure vs. temporally fluctuating pressure

e Constant temperature vs. temporally fluctuating tem-
perature (spatially homogeneous)

e Spatially homogeneous temperature vs. spatially varying
temperature

e Temperature approaches the stability limit of the tracer

e Homogeneous vs. inhomogeneous bath gas composition
(mainly oxygen concentration is relevant)

¢ Single-component fuel vs. multi-component fuel

e Non-fluorescing vs. fluorescing fuel

e Homogeneous (gas-phase) vs. heterogeneous (two-phase
flows).

1.4. The ideal tracer

The ideal tracer should behave exactly like the fluid to
which it is added (i.e. the fuel or the desired component of a
multi-component fuel) in terms of droplet formation,
evaporation, convection, diffusion, reactivity, and reaction
rate. It is obvious that these requirements cannot be met in
full. However, practical tracers are often very similar to the
fuel or are components which are present in commercial
fuels. Therefore, in some situations, tracers must not be
understood as ‘added’ to the fuel. Rather, the other
fluorescing substances are replaced. The modification of
the system must be kept to a minimum, and the influence of
the tracers on a given experimental situation must be
critically reviewed.

Ideally, the tracer should yield LIF signal intensities that
are directly proportional to the desired quantity and should
not be influenced by the ambient conditions. Unfortunately,
signals from all fluorescent tracers show at least some
dependence on local temperature, pressure, and bath gas
variation. Therefore, in experiments where ambient con-
ditions change in time or space, the underlying interdepen-
dencies with the tracer signal must be understood in order to
obtain quantitative results.

1.5. Roadmap through the paper

This paper is organized as follows. We emphasize tracers
for gas phase diagnostics. The tracers typically applied in
these environments are discussed in Section 2. Section 3
introduces the photophysics of organic molecules necessary
to explain the spectroscopic behavior of the most frequently
used tracer classes and the dependence of signal intensities
on ambient conditions. The two most frequently and best
studied tracer classes—aliphatic ketones (e.g. acetone and
3-pentanone) and single-ring aromatics (e.g. toluene)—are
discussed in Section 4. In Section 5 applications of the
aforementioned tracers in gas phase systems are shown,
using data evaluation based on the photophysical under-
standing. Section 6 gives a brief overview of the techniques
that are currently used to characterize two-phase flows.
Section 7 critically reviews the adverse effects of tracers
added to fuel in practical combustion devices, and Section 8
describes alternative approaches to measuring fuel concen-
trations in single- and two-phase situations.

2. Tracers for gas-phase systems

Tracer-based LIF techniques have been used for
experimental studies in fluid mechanics and combus-
tion for several years. Tracers are single components
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(molecules or atoms) with well understood spectral behavior
that represent the local concentration of the fluid of interest
or that allow remote measurements of a quantity of interest
(e.g. temperature or pressure). Typically, compounds are
chosen that yield strong enough LIF signal intensities to
allow two- (or even three-) dimensional visualization of the
desired quantity with sufficient temporal resolution to freeze
the motion.

There are two opposite cases that require the application
of tracers for the measurement in fluids. First, the
components of the fluid do not (or only weakly) fluoresce.
This is the case for air and typical exhaust gases (H,O [1],
CO; [2]). At room temperature these species are excited in
the vacuum-UV only, and only at high temperatures do their
spectra extend into the spectral range that is of practical use
for combustion diagnostics. The resulting signal in O, [3]
and CO; [2] is then strongly temperature-dependent and the
practical use for concentration measurements is limited. In
the second case the fuel contains too many fluorescing
compounds. This is true for commercial fuels. Their
fluorescence has been used to obtain qualitative and semi-
quantitative measurements of fuel vapor concentrations [4].
However, because all these compounds have different
physical properties in terms of volatility, transport, and
spectral response on variations in ambient conditions, the
overall signal cannot be quantified. In both situations it is
desirable to add a single tracer that can be selectively
observed within the fluid. In the case of fuels (gasoline or
Diesel-type fuels) this often means replacing the fluorescing
compounds of the fuel by non-fluorescing compounds,
leaving only one, or adding an additional compound that
was not part of the original mixture.

Different ‘classes’ of molecules have been used as
tracers. The choice of potential tracers is driven by the desire
to add a minimum concentration of tracer that yields a
maximum LIF signal intensity, while not perturbing
the system under study. To provide high enough seeding
concentrations especially at low temperatures (room
temperature), the tracer must have a high enough vapor
pressure. While the main part of this paper focuses on the
fuel-like hydrocarbon-based tracers, we include other
concepts in the following overview.

2.1. Added tracers

2.1.1. Atoms

Atoms have large absorption cross-sections, and they are
candidates that emit strong fluorescence upon excitation in
the UV and the visible. The atomization of the material,
however, requires high temperatures that are present in
flames. Some metal salts (like thallium chloride or indium
chloride) can be dissolved in the fuel. In the flame front
metal atoms are then generated that can be used to measure
temperature in the burned gases [5,6]. The strong transition
moments in atoms allow the use of extremely low (and
therefore non-perturbing) seeding levels; this is also

required to avoid attenuation of the incident laser beam
and fluorescence trapping. The strong transitions, in turn,
are easily saturated. This needs to be avoided for
quantitative temperature measurements. Excitation laser
intensities are therefore limited and signals are weak,
despite of the favorable spectroscopic properties. This class
of fluorescing species is not suited for the observation of fuel
distributions prior to combustion.

2.1.2. Small inorganic molecules

Di- and tri-atomic inorganic molecules are frequently
used in combustion diagnostics. While unstable radicals like
OH, CH, and C, that appear during the combustion process
can be used for flame front localization and combustion
diagnostics [7], they are not suited for observations in the
mixing process prior to ignition. Strongly fluorescing stable
species, however, are potentially interesting as tracers for
the airflow. NO has been used, despite its toxicity, for
studies in gaseous mixing processes [8,9], and its spec-
troscopy is well understood for a wide range of possible
applications [10]. It could, therefore, be used as a tracer for
gaseous fuels or mixed with air to ‘inversely’ trace the fuel
in practical combustion situations prior to the onset of
combustion. The latter application would circumvent
several problems that are connected with tracing the fuel
flow, e.g. non-ideal co-evaporation of fuel and tracer. This
approach has not yet been demonstrated to our knowledge
other than qualitatively with toluene to address mixture
homogeneity and location of reaction sites in an engine [11].
OH and NO can also be photolytically generated in flow
systems. While not suited for studying mixing on a large
scale, these flow-tagging techniques give detailed insight in
the fluid motion within the lifetime of the generated species.
OH was generated following photodissociation of vibra-
tionally hot water [12], while NO was produced from NO,
photolysis [13] and from O,-photolysis in air [14].

Molecular oxygen was used to ‘trace’ the air flow [15]
and to measure temperatures during mixture formation in a
Diesel engine [3]. It was also used for flow tagging
following the excitation of higher vibrational states by
stimulated Raman scattering (RELIEF, [16]).

Iodine was applied as a fluorescing tracer that can be
excited and detected in the visible spectral range [17]. Its
toxicity, corrosiveness, and the difficulty of seeding iodine
at constant rates limit its practical applicability.

SO, can be excited at various wavelengths below 390 nm
and subsequently emits fluorescence from the UV to the
violet [18-20]. This corrosive and toxic gas (bp: —10 °C)
can be either doped to the flow or can be generated in a
flame from sulfur containing precursors [21]. The latter
application was suggested to mark residual burned gases in
internal engine combustion and to visualize their mixing
with fresh air and fuel. SO, fluorescence is strongly
quenched by many molecules including N, [19,22-25]. Its
applicability in high-pressure environments could therefore
be restricted.
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NO, has been used as a tracer as well. It can be excited
conveniently with a frequency-doubled Nd-YAG laser [26]
and has been used to address cyclic variability of mixture
concentration in an SI engine [27].

The LIF properties of high-temperature CO, upon
excitation in the UV have been recently presented [2]. This
observation offers a potential for new diagnostics for the
observation of mixing of hot burned gases with air and fuel.

2.1.3. Organic molecules

In contrast to the excitation of atoms and di- and tri-
atomic molecules, poly-atomic organic molecules have a
high density of states and therefore show broad-band
absorption spectra. Excitation is possible at various
wavelengths that are often accessible with standard laser
sources. The organic tracers are chemically close relatives
of hydrocarbon fuels. Some of the molecules that are
attractive tracers are present in commercial fuels at the
percent level. Therefore, relatively high tracer concen-
trations can be applied without significantly disturbing the
combustion process (cf. Section 7.3).

The chemical similarity between tracer and fuel has the
additional advantage that the tracer disappears (burns) with
the fuel close to the flame front. In measurements with
limited spatial resolution (~ 1 mm) this is a good match to
identify and visualize the position of reactive zones.
However, since the reaction kinetics of the tracer are not
identical to that of the fuel, tracers are not in general suited
for highly resolved measurements close to the flame front
because their concentration might no longer represent the
fuel concentration accurately. It should be noted that during
combustion of hydrocarbon fuels, the parent fuel molecules
are consumed in a step-wise process [28]. While not much
heat is released during the first steps of this oxidation
mechanism, the original fuel molecules are already
consumed. The same can happen to tracer molecules. For
measurements in many combustion systems this has no real
negative implications on the interpretation of the data since
high-resolution measurements are either not needed or
cannot be achieved. However, there are situations when the
interpretation of tracer-LIF signals becomes difficult
because of the early disintegration of the fuel and the fuel
tracers (cf. Section 2.2.3).

Fluorescing organic tracers come in different sizes and
structures with different volatilities. Using their boiling
points as a first criterion they can be used to represent
different volatility classes of multi-component fuels [29]. At
the same time, care must be taken to avoid distillation
processes that separate fuel and tracer due to non-ideal
boiling behavior during fuel evaporation [30-32].

2.1.3.1. Aromatic hydrocarbons. Aromatic hydrocarbons are
typical components of commercial fuels. These species are
responsible for the strong absorption in the UV and the
subsequently emitted fluorescence [33]. Single-ring aro-
matics like benzene, toluene, and xylene are part of gasoline

fuels at the percent level, while two-ring aromatics like
naphthalene and its derivatives are present in Diesel fuels.
They typically have high fluorescence quantum yields
(toluene: ¢q=0.17, benzene: ¢q=0.22, fluorene: ¢gq=
0.66, dimethyl anthracene: ¢3=0.82), and their absorption
and emission spectra shift towards the red with increasing
size of the aromatic system. The wide variety of molecular
sizes (and therefore boiling points) makes this class of
molecules attractive as tracers that can be adjusted to the
boiling behavior of the fuel or that are representative for
boiling classes in multi-component fuels. Compounds larger
than benzene and toluene have vapor pressures too low for
seeding room temperature gas flows.

A major drawback of aromatic tracers is the strong
quenching by oxygen. The signal intensities do not only
depend on the tracer but also (inversely) on the oxygen
concentration. This effect was taken advantage of by
interpreting the signal as proportional to fuel/air ratio
which is of major practical interest (for this approach and its
limitations, cf. Section 4.3.2).

The aromatic compounds in commercial fuels have been
used for qualitative and semi-quantitative measurements,
both in the vapor [34] and the liquid phases [35,36].
Benzene as a fuel tracer is typically avoided because of its
carcinogenic effects. Toluene is less toxic and not
considered carcinogenic. Therefore, it has been most
frequently chosen as a fuel tracer [37], and recent
publications shed more light on its fluorescence dependence
on pressure, p, temperature, 7, and oxygen number density,
np, [38,39]. We describe the properties of toluene in more
detail in Section 4.3. a-Methyl-naphthalene was investi-
gated by LIF, e.g. [40], because it is part of a model two-
component fuel that is used in experimental and numerical
studies as a substitute for Diesel or JP8 fuel. Like
naphthalene, it is used in combination with N,N,N',N'-
tetra-methyl-p-phenylendiamine (TMPD) in exciplex
studies to simultaneously visualize liquid and vapor phases
[41] (ref. Section 6).

2.1.3.2. Aliphatic compounds. Typical saturated aliphatic
hydrocarbons like alkanes and saturated alcohols do not
fluoresce. They have their first absorption bands in the
vacuum UV and excitation typically leads to photodissocia-
tion. Non-saturated hydrocarbons with extended conjugated
systems that would have useful spectroscopic properties are
unstable and tend to polymerize.

Fluorescing aliphatic candidates contain chromophores
that allow excitation into stable states that subsequently
fluoresce (see Table 1 for some examples). This class of
molecules contains ketones (R,CO), aldehydes (R-CHO),
and amines (R3;N, where R is a saturated aliphatic
hydrocarbon chain). The (conjugated) combination of
chromophores (like in diketones R-CO-CO-R) typically
shifts the absorption and fluorescence spectra to the red.

Ketones are the most frequently used class of fluorescent
tracers. Their properties have been extensively studied
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Physical and thermodynamic properties of the most frequently used organic tracer molecules in comparison to typical fuels

iso-Octane Propane Methane  Acetone 3-Pentanone  Acetaldehyde Biacetyl Toluene
Molecular weight 114.2 44.1 16.0 58.1 86.1 44.1 86.1 92.1
(g/mol)
Density at 25 °C 0.69 0.49 - 0.79 0.81 0.77 0.98 0.87
(g/em’)
Boiling point (°C) 99.2 —42.1 —161.5 56.1 102.0 20.1 88.0 110.6
Heat of vaporization at ~ 35.1 14.8 - 31.0 38.5 25.5 38.0
25 °C (kJ/mol) [200]
Heat of combustion 5.50 2.22 0.89 1.82 3.14 1.31 3.95
(MJ/mol) [200]
Max. burning velocity at  41.0 46.4 44.8 44.4 42.4
25°C and ¢= (cm/s) at 0.98 at 1.06 at 1.08 at 0.93 at 1.05
[201]
Flash point (°C) [202] —12to0 22 —104 —188 —18 7 [203] —27[203] 3 [203] 4.5-7
Autoignition tempera- 415-561 450-504  537-632  465-727  425-608 175-275 365 [203]  480-810
ture in air (°C) [201]
Flammability limits in 0.95-6.5 2.1-95 5.0-15 2.6-13 1.6-8 4.0-60 2.4-13 1.2-7.1
1 bar air (% vol) [201] [203]
Gas-phase viscosity at 7.7 10.2 13.4 9.5 8.2 10.7 8.8
100 °C (uPas) [204]
Gas-phase diffusion 0.102 0.181 0.344 0.166 0.129 0.218 0.135 0.132
coeff. (1 bar air, 100 °C) [205]
(em® s ") [204]
Gas-phase diffusion 0.0148 0.0261 0.0493 0.0239 0.0187 0.0311 0.0283 0.0190
coeff. (8 bar air, 130 °C) [205]

(ecm?s™ 1 [204]

Compilation taken from [205].

[42-48], and they have been applied to various practical
situations [49-52]. The high vapor pressure makes acetone
(bp: 56°C) an ideal tracer for gaseous flows [53,54].
3-Pentanone (bp: 100 °C) [43,55,56] or mixtures of
3-pentanone and 3-hexanone [30] were suggested as tracers
that mimic the boiling and transport properties of gasoline.
In most of those cases, iso-octane was substituted as a
representative for the mean boiling point characteristics of
gasoline. This has the advantage that iso-octane is non-
fluorescent and, as a single component, is more amenable to
detailed modeling studies. For Diesel fuels the use of even
larger ketones was suggested which turned out to have a
limited stability at high temperatures. The larger aliphatic
chains enhance the reactivity of the carbonyl group.

The smallest aldehyde, formaldehyde (HCHO), tends to
polymerize and is therefore difficult to handle as a dopant.
Its next larger homologous molecule, acetaldehyde
(CH3CHO) has been used as a tracer in internal combustion
engines [57]. Its low boiling point (21 °C) allows high
seeding concentrations. Its spectral properties are compar-
able to those of acetone. Because acetone is considered less
harmful, acetaldehyde is not frequently used as a tracer
substance. Aldehydes with different molecular weights have
been used to trace different boiling fractions in multi-
component fuels [58].

The fluorescence quantum yields (¢ =0.0008-0.0018 for
acetaldehyde depending on the excitation wavelength and
¢=0.002 for acetone [59,60]) are small compared to those
of aromatic compounds in the absence of oxygen. In
realistic situations where fuel is mixed with air, however,
resulting signals are comparable. Hexafluoroacetone has
been suggested as an alternative that has fluorescence
quantum yields about an order of magnitude stronger than
that of acetone [61,62]. Because of the toxicity, however,
this substance has not been further considered as a tracer for
practical applications.

Biacetyl (CH;—CO-CO-CH3) is frequently used as a
fluorescent tracer. With a boiling point of 88 °C, the room
temperature vapor pressure is too low for many applications.
On the other hand, the boiling point is significantly below
that of typical fuels. This intermediate position, the stability
and the strong odor might be the reasons why biacetyl,
despite its attractive spectroscopic properties and its
extensively studied photophysics [63-65], is less popular
than ketones. For seeding oxygen-free flows, biacetyl is
especially attractive because of its high phosphorescence
quantum yield (15%, but strongly quenched by O,).

Amines do fluoresce upon UV excitation. Some studies
include ethylamine [66], and N,N-dimethyl aniline [67].
Strong quenching by oxygen often hinders the practical
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application, and an unpleasant (fish-like) smell and toxicity
might deter people from using this class of tracers. Amines,
such as TMPD [41,68] triethylamine (TEA) [69], and
diethylmethylamine (DEmA) [70], have found some atten-
tion as part of exciplex systems. TEA and DEMA do not
contribute significantly to the overall gas phase signal but
play an important role in forming the excited complex that is
responsible for a shift of the liquid phase fluorescence
relative to that of the monomers.

2.1.3.3. Organic dyes. Organic dyes with larger chromo-
phores can be tailored for absorption and emission proper-
ties, minimized intersystem crossing, maximum
fluorescence quantum yield, and fluorescence lifetime
[71]. This class of molecules is well known as laser dyes
[72] or as fluorescence tracers that are used in the liquid
phase down to single-molecule detection level [73,74]. A
wide variety of molecules is available that allow choosing
tracers with spectral properties that have minimal inter-
ference with the properties of the base fuel [75,76]. While
these substances are attractive for measuring fluorescence
from the liquid phase, e.g. in sprays [75,77] or wall films
[33], they are not applicable for vapor phase diagnostics
since they have either negligible vapor pressures or they
disintegrate before vaporization. Because this paper focuses
on vapor phase diagnostics, this class of tracers is not further
considered.

2.1.3.4. Purity of fuels and tracers. Laser-induced fluor-
escence is a very sensitive diagnostic technique, and even
trace amounts of substances other than the ones under study
can compromise the integrity of the signals and introduce
systematic errors into the measurement. The ideal case is
that non-fluorescing base fuels are used and the fluorescing
tracer is responsible for all measured signals. Thus, care has
to be taken to choose adequately pure chemicals. Fuels like
methane, propane, n-heptane, and iso-octane are available
with high purity levels that guarantee negligible levels of
LIF signal in wavelength ranges coinciding with tracer
LIF signals. Reports on fluorescence in these fuels (like
iso-octane [78]) must be attributed to impurities or to
partially oxidized by-products that form in the hot but not
yet burning fuel/air mixture (cf. Section 2.2.3). Therefore,
spectroscopic grade or HPLC-grade fuels should be used to
ensure high quality measurements; unfortunately this comes
at a higher price compared to regular high-purity grades.
Since the base hydrocarbon fuels include larger carbon
chains the purification process becomes increasingly more
difficult and expensive. Fuels like decane or higher
hydrocarbons are hard to produce in spectroscopic purities.
It should be mentioned that the purity specification itself is a
poor indicator for its suitability as ‘non-fluorescing’ fuel.
Chemically very similar isomers of the desired hydrocarbon
are counted as impurities as well as aromatic compounds,
whose fluorescence yields could be higher by several orders
of magnitude. Therefore, it is almost mandatory to run

a ‘blind test’ and to perform LIF measurements with just the
parent fuel, and it is highly advised to check the quality of
the fuel at least when purchasing from a new vendor or
changing to another quality.

As for tracers, toluene and acetone are available in
spectroscopic grade. Biacetyl and 3-pentanone are typically
sold in purities of 98% and are usually adequate for
quantitative measurements.

2.2. Natural tracers

There are several practical situations where fluorescing
substances are naturally present in the system of interest and
do not have to be added for LIF measurements.

2.2.1. Aromatics in commercial fuels

Gasoline and Diesel fuels as well as typical aviation fuels
contain a variety of fluorescing aromatic compounds. A full
quantification of fluorescence intensities is difficult because
several compounds with different evaporation and transport
properties as well as different photophysical behavior
fluoresce at the same time. The broad-band absorption
allows simple, qualitative visualization of fuel (liquid [36]
and vapor [4]) distributions in practical situations. Based on
several assumptions, semi-quantitative interpretation of the
data was possible [34]. However, it was shown that for
gasoline the fluorescence is dominated by naphthalene [33], a
strongly fluorescing compound with significantly higher
boiling point (217 °C) than the rest of the fuel (50%
evaporated point at 109 °C). In systems where the evapor-
ation kinetics determines the distribution of the fuel
compounds, the ‘natural’ LIF signal might therefore be
misleading. To alleviate this, 3-pentanone was added to
regular gasoline for a stronger representation of mid-boiling
point fractions [79]. For imaging diagnostics in gas turbines
the use of naphthalene or even higher boiling point
substances like fluoranthene, on the other hand, can be
beneficial for a better representation of the kerosene fuel [80].

2.2.2. Odor markers in natural gas

For safety reasons the suppliers of natural gas usually
add so-called odor markers to natural gas at small quantities.
Substances typically used for this purpose are mercaptanes
(sulfur analogs to alcohols) and tetrahydrothiophen (THT,
thiophane, C4HgS). The latter strongly fluoresces upon UV
excitation, which allows for easy tracing of natural gas
concentrations in mixing systems. THT is strongly
quenched by oxygen. The resulting fluorescence intensity
can therefore, similar to the case of aromatic compounds, be
used as a measure for local fuel/air equivalence ratios [81].

2.2.3. Naturally generated tracers

Fluorescing species might also form through chemical
reactions within the system under study. In some combus-
tion situations close to auto-ignition partially oxidized
species are generated in a process called ‘cool flame’ [28].
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Fig. 1. Temporal variation of 3-pentanone concentration and
formaldehyde LIF intensity in an HCCI engine [82]. While the
fuel and the added tracer disintegrate, formaldehyde is formed in the
‘cool flame’ at high concentrations and suddenly disappears at
the onset of the hot combustion phase. Reprinted with permission
from SAE Paper 2001-01-1924 © 2001 SAE International.

At high temperatures and high pressures the fuel disinte-
grates and is partially oxidized before the onset of the ‘hot’
combustion phase. This gives rise to ignition in Diesel
engines, is involved in the process that causes engine knock,
and is of major importance in so-called homogeneous-
charge compression-ignition (HCCI) engines that rely on
auto-ignition of (more or less) homogeneous gasoline/air
mixtures. During the cool flame phase, formaldehyde
(HCHO) is formed at high concentrations (up to the percent
level), while—depending on the fuel—added tracers
disintegrate (Fig. 1) [82]. The slow disappearance of the
tracer can be correlated to the slow breakdown of the parent
fuel [83]. These first reaction steps, however, are not
connected with strong heat release. The regions where the
tracer signal disappears should, therefore, not be confused
with the zones where the ‘hot’ combustion is active.

The HCHO-LIF intensity for a selected excitation
wavelength shows local variations which can be interpreted
as local temperature variations [84]. The regions where
the HCHO-LIF signal disappears, finally, indicate the
locations of hot combustion.

Furthermore, fluorescing species forming as a con-
sequence of partial combustion in fuel-rich flames are
polycyclic aromatic hydrocarbons (PAH). Their fluor-
escence signal appears in many diagnostics situations as
a nuisance [49]. Because it is emitted from a large
number of different molecules that all have broad-band
absorption and fluorescence spectra, the signal yields
limited information only [85].

2.3. Tracers for measuring temperature

Atoms and small (mostly diatomic) molecules have well
defined line spectra that allow the direct assessment of

the population of different quantum states by tuning the
excitation wavelength to appropriate transitions. This tech-
nique has been applied with atomic tracers [5,6,86]
(cf. Section 2.1.1) and diatomic molecules, mainly OH and
NO, yielding either vibrational or rotational temperatures
[9,87-92] (cf. Section 2.1.2). Atomic tracers and OH,
however, give no information about areas of unburned fuel/air
mixtures. NO gives temperature information about non-
reactive low temperature regions as well, but is not well suited
to trace the fuel concentration distribution at the same time.

For a few larger organic molecules the temperature
behavior of absorption cross-sections and fluorescence
quantum yields is understood well enough to use them for
gas phase temperature measurements. Acetone has been
most thoroughly studied and used for temperature measure-
ments in flows [43,93,94]. The understanding of 3-penta-
none fluorescence has also evolved to a state [43,46] that
makes this tracer useful for not only temperature measure-
ments [95] but also simultaneous temperature and fuel
concentration measurements in internal combustion engines
[93]. The temperature effects in toluene LIF have been
recently investigated [38,39,96]. It appears that toluene is
also suited as a tracer for measuring temperature at least in
oxygen-free environments [97]. The combination of simul-
taneous temperature and fuel concentration measurements is
particularly interesting because it provides fuel number
densities, fuel mole fractions, and equivalence ratios
(based on the assumption that oxygen is evenly distributed
within the air) [93]. The temperature-dependence of
acetone, 3-pentanone, biacetyl, and toluene LIF will be
presented in Sections 4.1.1, 4.2.1 and 4.3.1, respectively.
The applications of ketones for temperature measurements
will be discussed in further detail in Section 5.2.

The temperature-dependence of exciplex fluorescence
was exploited with the use of 1,3-bis-(1’-pyrenyl)-propane
and 3-(4'-dimethylaminophenyl)-1-(1’-pyrenyl)-propane as
tracers in hydrocarbon liquids to measure temperatures up to
673 K [98].

After excitation in the UV, pyrene emits fluorescence in
two transitions: S,— Sy and S;—S,y. The ratio of these
signals is temperature-dependent and was used to measure
temperatures in low-pressure flames [99].

2.4. Inverse tracing

In some cases it is possible to deduce the concentration
of a species via a tracer-based approach by visualizing
another component in a mixture and determining the actual
species of interest through a number balance. Deschamps
and Baritaud [100] describe measurements of exhaust gas
concentrations in an engine. Their approach uses biacetyl as
a fluorescence tracer that indirectly indicates the presence of
recirculated exhaust gas when images are compared to
images from operating conditions without exhaust gas
recirculation. In a similar manner, Frieden et al. [101] have
used a combination of 3-pentanone and toluene to obtain
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information on oxygen contents in an engine for different
operating conditions that then also provides insight into the
amount of residual gas. Reuss and Sick [11] have seeded the
intake air of an HCCI engine with a mixture of acetone and
toluene to observe ignition sites and combustion progress.
The engine was fueled with a direct-injection strategy with
n-heptane that was not doped with fluorescence tracers. In
principle, this approach is suited to extract the fuel
concentration from the difference of the measured signal
and the total gas content. Modulations of the LIF signals
were only measured early after the injection where local air
(seeded) concentration decreased substantially. At later
times during the engine stroke, the fuel was mixed well
enough with the air to not produce significant modulation of
the LIF signal that could have been analyzed as fuel
concentration. (Note: for the fuel/air equivalence ratio of 0.5
that was chosen, the ratio of fuel to air volume is 1:30, which
illustrates why the sensitivity of such an indirect method to
measure fuel concentration is low).

3. Photophysics of organic molecules
3.1. Laser-induced fluorescence

The tracer techniques discussed here are based on laser-
induced fluorescence detection. Molecules are electroni-
cally excited by absorbing a photon typically in the
ultraviolet or visible spectral range. Spontaneous emission
(fluorescence) from the excited molecule that occurs within
1-100 ns is then detected and is representative of the local
tracer concentration. There is, however, a strong influence
of the bath gas on absorption, energy transfer in the excited
state, and non-radiative relaxation from the excited state on
signal intensities and spectral distribution. An interpretation
of measured signal intensities therefore requires a detailed
knowledge of the underlying photophysical processes, as
long as significant changes of these processes are expected
relative to the calibration system. The following sections
describe the fundamentals of photophysics of small organic
molecules. In Section 4 the relevance of these processes to
frequently used tracers (ketones and aromatics) is discussed.
The reader not interested in the fundamental approach might
therefore directly continue to Section 4.

3.2. Absorption

3.2.1. Classification of electronic transitions

Absorption of photons in the UV (and with larger
molecules also in the visible) populates excited electronic
levels in the respective absorbing molecules. The absorption
strength is described by the wavelength-dependent absorp-
tion cross-section g ,5(4). In organic molecules it is useful to
describe the chemical bonds by linear combinations of the so-
called s- and p-states (atomic orbitals) giving molecular
orbitals with different symmetry: binding ¢ and 7 orbitals,

Table 2
Wavelength of maximum absorptivity and absorption cross-sections
for relevant chromophores [206]

Chromophore  Transition Amax (nm) Taps (10~ 20 sz)
Cc=0 n—m 280 8

Benzenes T 260 80

C=N n—om 240 50

C=C-C=C I 220 8x10*

c=C T 180 4x10*

c-C -0 <180 400

C-H c—ao <180 400

anti-binding ¢~ and 7, and neutral (non-binding) n orbitals.
Organic molecules typically have closed shells where the
highest occupied molecular orbitals (HOMO) are bonding o,
7 or neutral non-bonding n orbitals (localized at the O-atom
in ketones, aldehydes and alcohols). The lowest unoccupied
molecular orbitals (LUMO) usually are anti-bonding T oro
orbitals. The following typical optically active transitions
occur:

s T— ’Tt*, i.e. in alkenes and aromatics

e n—7, in molecules with carbonyl groups (ketones,
aldehydes), azo- or thiocarbonylgroups (which are the
analogous molecules with O replaced by N or S,
respectively)

e n— G*, i.e. in amines and alcohols

e 6—0,ie. in alkanes (at vacuum UV-wavelengths).

This indicates that according to the photo-active groups
or electronic systems (so-called chromophores) the mole-
cules can be sorted into different classes with typical
properties shown in Table 2. This is analogous to the
classification for functional groups determining the reactiv-
ity and classes of chemical reactions of organic molecules.

3.2.2. Classification of electronic states

The electronic state of a molecule is characterized by its
total spin and degree of excitation. In the ground state for
most molecules, the total spin is S=0. Here, all electrons
(each of them with §=V2) are paired with anti-parallel spin.
When exciting a single electron, the two resulting unpaired
electrons can either be parallel (S=1) or anti-parallel (S=0).
According to the resulting multiplicity of the states (number
of potential realizations with the same total energy) the S=0
and 1 states are called singlet (S) and triplet (T), respectively.
The level of excitation is indicated by subscript numbers. The
ground state is 0, and 1 and 2 are excited states with
increasing energy. Fig. 2 shows the population and the energy
of the ground state and the first excited states of a carbonyl

group.

3.2.3. Transition probabilities
The transition probabilities determining the absorption
cross-section can be determined by perturbation calculations
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Fig. 2. Population of the molecular orbitals in the ground state and the first excited state of a ketone group. Right: Comparison of the relative

energy of the various states.

using the wave functions of the ground and excited states of
the molecule under study. Three factors determine their
magnitude:

e The electronic contribution depends on the spatial overlap
of the electronic wave functions. It is obvious that this
might differ significantly depending on the symmetry of
the contributing orbitals.

e The Franck—Condon contribution describes the spatial
overlap of the wave function of the nuclei between ground
and excited states.

e The spin wave function is zero for singlet-triplet
transitions and unity for singlet—singlet and triplet—triplet
transitions.

The combination of these contributions yields the
selection rules. n and m orbitals in ketones (So—S;
transition), for example have poor spatial overlap. The
resulting transition is weak and sometimes called ‘orbital-
forbidden’. If the wave functions of ground and excited states
have different symmetry, the integral determining the
transition moment is zero; the respective transition is called
‘symmetry forbidden’. This selection rule applies to Sy — S,
transitions in ketones and aromatics. The reason that these
molecules absorb light in contrast to the selection rules is that
the Born—Oppenheimer approximation (which assumes the
independence of the movement of electrons and nuclei: the
typical timescale of the absorption is on the order of 10~ "% s,
that of vibrations 10~ '%s) is partially violated. The intra-
molecular vibrations couple with the electronic system and
therefore distort the electronic wave functions, breaking the
perfect symmetry, which then introduces non-zero contri-
butions to the integral. The resulting transitions are called
‘vibrationally allowed’. With increasing vibrational exci-
tation (i.e. temperature) the transition moments increase.
This effect explains the relatively small transition moments
compared to fully allowed transitions like T— 7" in alkenes
(cf. Table 2). In small and highly symmetric molecules
vibrations are responsible for a clear band structure of the
absorption spectrum, whose relative intensities depend on

the Franck—Condon overlap argument. In organic molecules
at room temperature, the large number of degrees of freedom
causes broad, only weakly structured absorption bands. The
shape of this spectrum, however, is still determined by
Franck—Condon’s principle.

These arguments focus on the interaction of the
electronic dipole moment with the electric field of a light
wave. The respective magnetic interaction is usually
negligible. In some cases, however (i.e. n— " transition
in formaldehyde HCHO), symmetry-forbidden and vibra-
tionally forbidden transitions are observed anyway, because
they coincide with allowed magnetic dipole transitions.

Finally, spin-forbidden transitions should completely
prevent singlet—triplet transitions because of their orthog-
onal wave functions. The validity of this rule, however, is
limited due to coupling of the spin with the orbital’s angular
momentum. In this case the selection rules are determined
by the resulting total angular momentum. In organic
molecules the coupling between the orbital and the
electronic angular momentum is weak, and the selection
rule is strongly obeyed. Coupling, however, increases in
the presence of heavy atoms (with the fourth power of
the atomic mass). Organic molecules with heavy atoms
(i.e. Br, I) show an increased coupling and a limited validity
of the spin selection rule.

3.2.4. Deactivation of excited molecules

So far we discussed the excitation of molecules leading
to the population of highly excited states well above their
thermal equilibrium population. From these states the excess
energy can be lost on different paths via chemical
(dissociation, photo-induced reaction) and physical pro-
cesses. The latter fall into three categories:

e Radiative processes: The excess energy (or a part of it) is
emitted by spontaneous emission, i.e. fluorescence

e Non-radiative processes: The excess energy is therma-
lized by vibrational and rotational energy transfer

e Collisional quenching: Electronic excitation of colliding
molecules, i.e. electronic energy transfer
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Fig. 3. Jablonski diagram showing the photophysical processes during deactivation of excited organic molecules.

The processes of the first two categories are shown in
the Jablonski diagram in Fig. 3. Radiative and non-
radiative processes are indicated by straight and curved
lines, respectively. The excited molecule can loose energy
by emitting light (fluorescence and phosphorescence) or by
exciting vibrations and rotations in colliding molecules
(external vibrational relaxation, VR). Radiationless, intra-
molecular electronic transitions occur ‘horizontally’ with-
out changing the total energy. When the spin multiplicity
changes, the process is called intersystem crossing (1SC),
when the multiplicity is maintained: internal conversion
d1c).

3.2.5. Radiative processes

Spontaneous emission has the same dependence on
transition moments like the absorption cross-sections and
must satisfy the same selection rules. The probability of
spontaneous emission, however, increases with the energy
difference between the coupled states.

3.2.5.1. Fluorescence. The S;—S, transition due to
spontaneous emission of light is fast; it is typically observed
during an interval of 1-100 ns. In ketones the S;—S,
transition is symmetry and orbital forbidden. The radiative
lifetime is therefore on the order of microseconds. The fast
depopulation of the excited state due to intersystem
crossing, however, limits the effective fluorescence lifetime
to the values given above.

3.2.5.2. Phosphorescence. Triplet states are significantly
longer lived due to spin-forbidden radiative relaxation to
the singlet ground state. Intersystem crossing populating
the S, state is inefficient due to the large energy difference.
The spontaneous transition T;— S, is called phosphor-
escence and has a typical lifetime of milliseconds to
seconds.

3.2.6. Non-radiative processes

3.2.6.1. Dependence of the transition probability on the
energy difference (energy gap law). The transition prob-
abilities of non-radiative relaxation processes (intersystem
crossing and internal conversion) decrease with increasing
energy difference between the involved quantum states. The
overlap of the vibrational wave functions decreases with
increasing energy difference. This explains why ISC in
simple ketones (AE~20 kJ/mol (0.22 eV)) is much faster
than in benzene and toluene (AE~ 120 kJ/mol (1.3 eV)).
This difference in triplet—singlet energy difference is also
important for the understanding of quenching processes
(Section 3.4). Due to this importance, we further discuss the
background of the energy gap between the triplet and singlet
states.

3.2.6.2. Singlet—triplet energy difference. When comparing
singlet and triplet systems with otherwise identical quantum
numbers, the triplet is systematically lower in energy. This
reflects Hund’s first rule, stating that in open shell systems
the configuration with maximum spin multiplicity is
preferred.

A simple interpretation of this effect is based on
Coulomb repulsive forces between the electrons. With
maximum spin, the spin wave function is fully symmetric,
and hence, according to Pauli’s law, the spatial wave
function must be anti-symmetric. This means, however, that
the average distance between the electrons increases
(relative to the symmetric case), and the Coulomb forces
decrease. The result is an overall lowered energy of the
triplet compared to the singlet.

The resulting energy difference depends on the elec-
tronic structure of the respective molecule. In single ring
aromatic molecules the 7 and 7 molecular orbitals
(that contain the two unpaired electrons) have a larger
spatial overlap than the n and 7" orbitals in ketones.
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Table 3
ISC-rates for molecules with similar singlet—triplet energy gaps but
different symmetries (8-21 kJ/mol, 0.08-0.2 eV) [207,208]

Molecule Transition Selectionrule  Rate for ISC
()
Anthracene Sy(m, ©)—  ‘Forbidden’ 1.4X 10
T, ©°)
Acetone Si(n, ®)—  ‘Forbidden”  5X10®
T, 7°)
Benzophenone S;(n, ) — ‘Allowed’ 10!
T(r, ©°)

Therefore, the aforementioned effect of Coulomb repulsion
is more pronounced in benzene and toluene compared to
acetone and 3-pentanone, for example. This effect ulti-
mately contributes to different susceptibility towards
oxygen fluorescence quenching that is observed in these
two classes of molecules (cf. Section 3.4.3).

3.2.6.3. Intersystem crossing, ISC. The non-radiative
transition between states of different spin multiplicity is
called intersystem crossing. The total energy is typically
preserved, which means that after a S;— T transition the
molecule gains vibrational excitation. The dependence on the
energy gap between the two states was discussed above
(energy gap law). Additional geometry-dependent selection
rules (‘El-Sayed’s rules’) must be satisfied. ISC is allowed for
S(n, ©*)— T(m, *) and S(mt, 70*) — T(n, v*) and forbidden
for S(n, ©*) — T(n, v*) and S(7t, w*) — T(7T, 7T*) transitions.
The transition probabilities of forbidden transitions are not
exactly zero due to interaction of the electronic wave
function with vibrations. They are, however, significantly
reduced compared to allowed transitions (cf. Table 3).

For ketones and benzene derivatives (toluene) ISC is
symmetry-forbidden. Nevertheless, it is 3 and 1 orders of
magnitude faster than the respective rates of spontaneous
S1— Sy emission. ISC can be significantly increased in the
presence of oxygen. This is discussed in the collisional
quenching Section (3.4).

3.2.6.4. Internal conversion. Internal conversion (IC) is the
non-radiative transition between states of the same spin
multiplicity. This process is symmetry-allowed. Because of
the large energy difference between Sy and S, according to
the energy gap law, IC is of minor relevance for the species
typically used as fluorescence tracers. This argument can be
applied to motivate Vavilov’s law that states that fluor-
escence is emitted from the S; state only. The energy
difference between excited singlet states is small enough to
enable fast IC (i.e. S,—S;) transitions.

3.2.6.5. Vibrational relaxation. Vibrational relaxation (VR)
occurs through collisions with bath molecules with almost
unity probability. Therefore, in the liquid phase, VR is very
fast. In the gas phase, however, VR does not fully relax

the molecules to the vibrational ground state during the
fluorescence lifetime, which makes signals pressure-depen-
dent. While VR takes place, competing processes (ISC and
spontaneous emission) are active on the same timescale. The
entire process, therefore, often requires dynamic modeling
for a full explanation of the observed behavior [102].

3.3. Kinetics of photo-physical processes

3.3.1. Radiative and effective lifetimes

If fluorescence emission of photons hv is the only
pathway of relaxation of the excited molecules M"
according to M"—M-+hw, the temporal variation of the
concentration [M'] of excited molecules is described by a
first order differential equation

d * _ *
— 3 M1 = kaIM] G.h

leading to an exponential decay with the rate kg of the
fluorescence process and the initial concentration [M*],

[M*] = [M"]y exp ", (3.2)

Within the radiative life time, 7,4, the number of the excited
molecules decays to 1/e of the initial value

1
Trad = E (33)
Typical values are shown in Table 4.
In practical systems the decrease of [M'] is increased
because non-radiative processes ISC and IC (with rates k;y.
and k;.) occur simultaneously:

—%[M*] = (kn + kise + ki) IM"] (34

kyo, 18 then the total rate of depopulation of the excited state
including all individual depopulating processes i

kot = Y _ ki (3.5)

yielding the experimentally accessible effective fluor-
escence lifetime:

1

—. (3.6)
kot

Teft =
In 3-pentanone, for example, the radiative lifetime of
approx. 1 ps [60] is reduced to approximately 2 ns mainly
due to fast ISC [45].

Table 4
Radiative lifetimes for systems obeying different selection rules
Dipole Dipole Spin
allowed allowed, forbidden
vibrationally
forbidden
Tabs (107 cm?)  2X10° 5 5%107°
Trad (US) 1x1073 5 5%10°
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3.3.2. Fluorescence quantum yield

Non-radiative processes reduce the fraction of excited
molecules that actually emit fluorescence. This fraction is
called fluorescence quantum yield ¢y which is unity in the
absence of non-radiative relaxation and decreases other-
wise. It is the ratio of fluorescence rate kn[M*] over the
absorption rate EabS[M][hu] with [hv] being the photon
density:

knh[M*]

. . 3.7
ks [M] (1] G-

¢n =
Within a typical ns laser pulse duration a steady-state
population of M”, d[M")/df[M"]=0, is quickly established.
Then with the rate coefficient of non-radiative excited state
depopulation k,, = ki, — kg, the temporal variation of
excited state population

d * 7 i * 7 *
aMI= ks [M][hv] — (kn[M™] + ki [M™]) (3.8)

can be used to express [M'], which is experimentally not
easily accessible, as

Kaps[M1[A¥]

M'] =2 ~
[ ] kﬂ + knr

(3.9)
This leads to the interpretation of the fluorescence quantum
yield as the ratio of the rate coefficients of fluorescence and
total depopulation or the inverse ratio of the respective
lifetimes:

kq _ Teff

(3.10)

Kot Trad

Measurements of the fluorescence quantum yield and the
effective fluorescence lifetime then yield the radiative
lifetime. Rate coefficients are denoted with k. For spon-
taneous processes these are converted to rates by multiply-
ing with a concentration. For most relevant processes in the
following sections the excited molecule concentration M"]
cancels in many equations. We therefore adopt the some-
what sloppy convention that is frequently found in literature.
We drop [M"] and call the remaining k-values rates and omit
the tilde notation. We only use it again when collisional
processes are considered for which the rate depends not only
on the concentration of the excited molecule but also of the
number density of a collider (cf. Section 3.4.1).

The detected fluorescence signal intensity Sy is pro-
portional to the number of fluorescence photons, which is
the product of absorbed photons and the fluorescence
quantum Yyield (times the efficiency of the detection system
7 and the observed solid angle ©/4)

Sﬂ = (E/hV)VnﬂaabsqﬁﬂnQM?t (31 1)

E/hv is the photon flux (in cm ™ 2), ng the number density of
the fluorescence tracer in the observed volume V that have
the absorption cross-section g, (in cm?).

3.4. Collisional quenching

The non-radiative processes leading to depopulation of
the excited state discussed so far were intra-molecular
processes. Depending on the properties of colliding
molecules, strong inter-molecular deactivating processes
can occur. First, we will focus on the kinetics of these
processes, and then we will discuss possible mechanisms.

3.4.1. Stern—Volmer coefficient

If quenching collisions occur, an additional term must be
added to the denominator of the formulation of the
fluorescence quantum yield, ¢q (Eq. (3.10)), given in
Section 3.3.2. The probability of fluorescence quenching is
proportional to the collision rate with the respective species
times a species-specific quenching cross-section. This is
usually expressed by the number density of the colliding
(quenching) species, nq, times a rate coefficient, k
changing the equation for ¢q to

q°

ki

n = kot + lzqnq ’

(3.12)

Note, we distinguish between rates of energy transfer
processes (like k., kq) and the rate coefficient lgq by adding a
tilde on top of the k. It becomes a rate by multiplying with
the respective number density of quenching molecules, n,.

In some practical applications it can be argued that the
denominator is dominated by the quenching term and that ¢g
is inversely proportional to the quencher concentration. This
assumption, however, is limited and must be carefully
checked for particular situations, e.g. the direct measure-
ment of air/fuel ratios in Section 4.3.3. The variation of
signal intensity with increasing concentration of quenching
molecules is given by:

ﬁ:kimzl+kin_ (3.13)
Sn kot kn ky

89 is the fluorescence intensity in the absence of quenching.
If measurements with varying quencher concentrations
under otherwise identical conditions are carried out, this
equation can be used to evaluate the ratio of lzq/kwt, the so-
called Stern—Volmer coefficient kgy:

ksy = kylkiow = kyTesr- (3.14)

ksv indicates the relevance of fluorescence quenching and is
therefore experimentally important. The plot for graphical
analysis of this relation is called the Stern—Volmer plot (cf.
Fig. 4). The Stern—Volmer coefficient can be temperature-
dependent, as will be shown for toluene in Section 4.3.
With the assumption that quenching occurs as a
consequence of short-range interactions (collisions), the
quenching constant can be understood as a product of the
collisional frequency, Z..;, as obtained from kinetic gas
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Slope = kg, = kq /k

Signal Intensity Ratio Sf"/Sf

-
1

Number Density of Quenching Species, n,

Fig. 4. Stern—Volmer plot.
theory, and a probability, {p), of an effective collision

kqng = Zeanp)- (3.15)

3.4.2. Electronic energy transfer

One important process leading to collisional quenching is
electronic energy transfer. The ground-state collider Q is
electronically excited during the collision according to

M*+Q—-M +Q". (3.16)

This process can in principal involve the emission of a photon
by M with subsequent absorption by Q (radiative energy
transfer). The non-radiative process can, however, be much
more efficient. In this case M is called donor and Q acceptor.
Two fundamentally different processes must be considered.

3.4.2.1. Fluorescence resonance energy transfer. Fluor-
escence resonance energy transfer (FRET) was first
described by Forster [103]. Dipole—dipole interaction
distorts the electronic structure of the donor and acceptor
molecules. The dipole oscillation of M" then induces an
oscillation in Q without direct physical contact between the
two. This interaction depends strongly on the distance
between the molecules but allows energy transfer over the
distance of several molecule diameters (up to 10 nm). The
probability, dP,, of the energy transfer within the time
interval, dt, is

dP, = 74 (r—r“)é dr, (.17)
with the fluorescence lifetime, 7.¢. The ‘critical radius’, r,
determines the strength of the interaction and depends on the
spectral overlap between the emission spectrum of the donor
and the absorption spectrum of the acceptor.

Electrons are not exchanged between the molecules.
Therefore, the spin selection rules must be satisfied. Possible
processes are

'M* +'Q—>'M +'Q* or (3.18)

'M* +3Q0—-'M +3Q*. (3.19)

3.4.2.2. Short-range energy transfer. The mechanism first
described by Dexter [104] involves the exchange of
electrons between the two molecules. Direct contact leading
to spatial overlap of the different molecular orbitals is
therefore a requirement. The maximum distance is on the
order of 0.5-1 nm. The probability of this process depends
on the spectral overlap of the two molecules as well.
Selection rules, however, do not apply. For this process the
following reactions are spin-allowed:

'M* +'Q—='M +'Q* and (3.20a)

'M* +'Q— ™M +30Q*. (3.20b)

3.4.3. Fluorescence quenching by molecular oxygen

The ground state of molecular oxygen is a triplet state. It
is therefore very efficient in quenching fluorescence of
organic molecules by facilitating the transition into triplet
states. The energy transfer reactions can be written as [105]:

'M* +30, «3M,0,)* =M + 03 (3.21a)

'M* +30,3M,0,)" = *M + 70, (3.21b)

The colliding molecules form a short lived exciplex
(transition state). Different states with localized excitation
(e.g. 3(]M*,302), 3(3M*,302),...) and charge transfer
(*M'*,20;7) are possible. This coupling between states
with different spin multiplicity enables the otherwise spin-
forbidden intersystem crossing. Decreasing quenching rate
coefficients lgq with increasing ionization potentials indicate
that at least partial charge transfer occurs in the transition
state [106]. However, this process can only happen if the
energy difference between M’s singlet and triplet state is
larger than the energy required for excitation of O, into its
singlet state (91 kJ/mol, 0.98 eV). This is the case for
aromatic molecules, but not for ketones (cf. Section 4.1.2).
Therefore, aromatic molecules are efficiently quenched by
molecular oxygen, while small aliphatic ketones are only
mildly influenced. The effects of collisional quenching in
aromatics is, therefore, well described by the mechanism
shown above [107].

In ketones, however, it was not clear for a long time
whether oxygen has any influence at all. Nau and Scaiano
[108] finally found a weak influence and use the afore-
mentioned mechanism also for this class of molecules to
describe an ‘oxygen-enhanced intersystem crossing’. The
reduced Eq compared to aromatic systems is then explained
with the observation that as in aromatics, k; decreases with a
decreasing singlet—triplet energy difference and when the
formation of the exciplex (M, 0,)" is endothermic [107].
Both arguments apply to aliphatic ketones. Furthermore, the
fluorescence lifetime of ketones is much shorter than that of
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aromatics because of faster ISC. Therefore, the Stern—
Volmer coefficient that describes the quenching effect
relative to the sum of all depopulation effects is much
reduced, making the oxygen quenching influence on ketones
almost negligible.

3.5. Sensitized fluorescence

Energy transfer during collisions between organic
molecules can happen with almost unity probability, as
long as the emission spectra of the excited molecule and the
absorption spectra of the collider molecules overlap (cf.
Section 3.4.2). This has been used for mixing studies where
two flows were seeded with two different tracers (called
donor and acceptor). The donor is selectively excited by
laser radiation and then transfers its excitation to the
acceptor in areas where the two gas flows are mixing. The
fluorescence emitted by the acceptor can then be used as an
indicator for the mixing process. Yip et al. [109] demon-
strated this process with acetone as the donor and biacetyl as
the acceptor.

It should be mentioned that the same process also occurs
as a nuisance in practical diagnostics situations. Tracer
combinations of aliphatic ketones and small aromatics have
been applied because their emission signals can be
spectrally separated. They were used for the simultaneous
observation of the distribution of different volatility classes
of multi-component fuels [29] and to measure oxygen
concentrations [101,110]. It was found that 3-pentanone
quenches toluene fluorescence with almost the same
efficiency as oxygen (collision limited). At the same time
the fluorescence of 3-pentanone strongly increases due to
additional electronic energy transfer from collisions with
toluene (see Sections 4.3.5 and 5.3). While corrections are
possible in special situations where the signals of both
tracers are detected individually, erroneous signal intensity
might occur in simpler diagnostics arrangements. This
energy transfer can also happen if tracers are added to fuels
that contain absorbing molecules (e.g. aromatic compounds)
and in the gas phase of vaporized exciplex—tracer mixtures,
where energy transfer occurs between the two components
of an exciplex system (cf. Section 6).

4. Photophysics of typical fuel tracers

For quantitative measurements of fuel concentrations,
acetone, 3-pentanone, biacetyl and toluene are the most
frequently used tracers (cf. Section 2). Ketones (acetone and
3-pentanone) have been studied quite extensively in order to
describe the dependence of their LIF intensities on
temperature, pressure, and excitation wavelength. They
are therefore an excellent example to demonstrate the
capabilities of tracers when their photophysical behavior is
well understood. Many of these dependencies appear
negative at first glance but can be used to measure additional

quantities, like temperature and fuel/air ratio. In turn, this
additional information has the potential for the quantitative
determination of fuel concentrations in systems with strong
temporal and spatial fluctuations in temperature and gas
phase composition, like modern IC engines.

As a typical and most frequently used class of tracers, we
will discuss aliphatic ketones, like acetone and 3-pentanone
(diethylketone), in Section 4.1 and compare their properties
to those of toluene, a representative for small aromatic
compounds (cf. Section 4.3).

4.1. Aliphatic ketones: influence of pressure, temperature
and excitation wavelength

Under ambient conditions, due to the high density of
states, aliphatic ketones like acetone and 3-pentanone show
broadband absorption spectra from 220 to 330 nm. They can
be conveniently excited in the UV with various laser
systems in practical situations where wavelengths at and
above 248 nm are of interest. This leads to the population of
the S, state through a n— " transition that is symmetry-
forbidden and therefore has relatively small absorption
cross-sections (8><10_20 cm? at 280 nm, cf. Table 2).
Additional transition probability is ‘borrowed’ from higher
lying symmetry-allowed transitions through vibronic coup-
ling [111]. Fast vibrational relaxation towards lower
vibrationally excited S, states is responsible for the red-
shift of the emission spectrum to approx. 300-550 nm
(Fig. 5). The radiative lifetime of this symmetry-forbidden
transition is on the order of microseconds. The effective
lifetime under ambient conditions, however, is reduced to
the nanosecond scale [60] due to intersystem crossing (ISC)
with rates approximately three orders of magnitude faster
than those of spontaneous emission. This results in a small
fluorescence quantum yield (acetone: ¢q=0.002 [112]).

3.0
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Fig. 5. Emission spectra of acetone and 3-pentanone upon excitation
at 266 nm at 295 K with 13 mbar tracer in 1 bar N,. 3-Pentanone has
comparable absorption cross-sections at 266 nm but approximately
twice the fluorescence quantum yield compared to acetone.
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The triplet state that is populated via ISC is long-lived
because of the spin-forbidden transition to the ground state.
It emits phosphorescence on the time scale of milliseconds
to seconds. Experiments with short-pulse excitation report
on photodissociation out of the S; state on a timescale of
femtoseconds [113].

The temperature- and pressure-dependence of acetone
and 3-pentanone LIF was investigated in numerous
experiments [43-46,48,50,114,115]. These effects will be
discussed in the following sections. Thurber et al. [115]
succeeded in setting up a conceptual model combining the
various observations. This model for acetone fluorescence
was recently extended to include 3-pentanone [46] and will
be described in Section 4.1.3. Acetone and 3-pentanone
show a similar behavior. We therefore restrict the detailed
discussion to acetone and report the parameters of
the resulting photophysical models for both compounds
(Section 4.1.3).

4.1.1. Temperature-dependence of ketone fluorescence

In early applications, acetone was chosen as a fuel tracer
because of its reduced temperature-sensitivity. Under
certain experimental conditions negligible temperature-
dependence was found [50]. More recent studies, however,
showed that the acetone and 3-pentanone fluorescence
intensity indeed depends on temperature. Different research-
ers reported results that seemed inconsistent in the
beginning. Tait and Greenhalgh [49] observed an increase
in signal intensity per molecule with increasing temperature
upon excitation at 308 nm. While GroBmann et al. [43]
verified this behavior for 312-nm excitation, they found the
inverse characteristics with 248- and 276-nm excitation,
which they attributed to a red-shift in absorption cross-
sections with increasing temperatures.

The fluorescence signal Sg(4, T) is governed by both the
temperature-dependent absorption cross-section g,ps(4, T)
and the fluorescence quantum yield ¢g(A, T) (cf. Eq. (3.10)).
Some confusion arises from the fact that the LIF signals can
be either measured on a per-molecule (i.e. per unit number
density) or on a per volume basis (i.e. per unit mole
fraction). In the first case the relation

Sn < naabs (A, T (A, T) (4.1)

is used when determining number densities (i.e. Sgxng for
fixed A and T). In turn, the fluorescence intensity, S{, has an
additional 1/T dependence when relating the measured
signal intensity to unit mole fractions S§ o x:

Si o xqp/ T (A, TN (A, T). 4.2)

In an experimental situation both quantities can be relevant
and must be clearly distinguished. The excitation strategy
that gives minimal temperature sensitivity depends on the
desired quantity.

Temperature-dependent absorption cross-sections of
acetone are presented in Fig. 6 for 290-870 K. The
absorption cross-section increases with temperature at all

AT=870K R
®T=670K L A
® T=470K 1

0,45 (10720 cm?)

v T=370K
B T=290K

T T T T T T T T T T T T T T T
250 260 270 280 290 300 310 320
Wavelength (nm)

Fig. 6. Absorption spectra of acetone at different temperatures
(300-870 K) [115]. Reprinted from [115] with permission from
Optical Society of America.

wavelengths because the coupling with higher vibrational
states relaxes the selection rules. An additional red-shift of
the band center of approximately 10 nm per 100 K [43] is
responsible for the fact that the temperature sensitivity of the
absorption cross-section strongly increases with excitation
wavelength up to ~290 nm. The red-shift of absorption
features of organic molecules is also well known for many
other molecules and can be explained by the Sulzer—
Wieland mechanism [116,117].

At the same time, the fluorescence quantum yield (Fig. 7)
decreases with increasing temperature with a smaller
dependence on excitation wavelength. An interpretation of
this behavior is presented in Section 4.1.3. The resulting
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Fig. 7. Acetone fluorescence quantum yield at 300-870 K for
different excitation wavelengths [115]. Reprinted from [115] with
permission from Optical Society of America.
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Fig. 8. Temperature dependence of the acetone fluorescence signal
unit number density, right: per unit mole fraction [115]. Reprinted

overall temperature dependence that is relevant for exper-
imental applications is shown in Fig. 8. For experiments that
aim at temperature insensitive measurements of tracer
number densities, excitation at 276-300 nm reduces the
signal uncertainty to +20% for temperatures from room
temperature up to 800 K. When measuring tracer mole
fractions, however, 320-nm excitation is advisable to reduce
the signal uncertainty to +10% in the same temperature
range.

The strongly temperature-dependent acetone LIF signal,
in turn, can be used for measuring temperatures. In systems
where the acetone concentration is constant (both spatially
and temporally) the LIF signal can be directly used to
quantify local temperatures. Depending on the respective
temperature range, it is advisable to measure the signal ratio
upon excitation with two different wavelengths. This is also
the only possibility in systems with temporal and spatial
variation in tracer concentration. Two-line temperature
measurements have been demonstrated by GrofSmann et al.
[43] and Thurber et al. [94], who presented a thorough
analysis for homogeneous systems, discussing the advan-
tages and disadvantages of single- and dual-wavelength
temperature imaging techniques. An application of a dual
wavelength technique for measuring quantitative tempera-
tures and fuel concentrations inside the cylinder of an
internal combustion engine [93] is presented in Section 5.2.

4.1.2. Pressure-dependence of ketone fluorescence

The fluorescence quantum yield of acetone was shown to
depend on pressure. While Heicklen et al. [112] report on
minor pressure dependence at 280-313 nm excitation,
experiments with shorter excitation wavelengths showed
more significant effects. Yuen et al. [44] report increasing
acetone fluorescence quantum yields upon 266 nm excitation
from ambient pressure up to 8 bar, with a total variation of
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relative to room temperature at 1 bar for 248-320 nm excitation. Left: per
from [115] with permission from Optical Society of America.

approx. 30-60%. At the same excitation wavelength Ossler et
al. [45] made the equivalent observation that fluorescence
lifetimes rise with increasing pressure. Grofmann et al. [43]
and Thurber and Hanson [118] investigated the dependence
of effects of pressure on excitation wavelength in more detail.
They showed that the initial signal rise is more pronounced
with short excitation wavelengths. At pressures relevant for
the compression stroke in IC engines, however, the acetone
fluorescence quantum yield becomes relatively pressure-
independent, which makes the signal a good measure for fuel
number density.

The pressure effect depends on the bath gas composition.
However, as is expected for molecules where the lifetime of
the excited state is limited by fast collision-independent
processes, the sensitivity to the bath gas composition is
much lower than in aromatic compounds that are strongly
quenched by molecular oxygen (cf. Section 4.3.2). For
acetone and 3-pentanone it was observed that, while the
fluorescence quantum yield continuously increases beyond
8 bar in nitrogen, it becomes pressure-independent in air and
slightly decreases with pressure in pure oxygen [43]. The
resulting pressure-independence in tracer/air mixtures
makes this class of tracers very attractive for the direct
measurement of tracer (i.e. fuel) concentrations in practical
diagnostics situations.

As pointed out in Section 3.4 it was not clear for a long
time if acetone fluorescence is at all quenched by oxygen.
Both the short excited state lifetime and the small energy
difference between the singlet and triplet states are not in
favor for collisional quenching by O,. However, the small
effect that is experimentally observed is attributed to a so-
called oxygen-assisted intersystem crossing [108]. This
opens an additional loss-channel out of the excited state that
depends on the local oxygen concentration.



94

4.1.3. Photophysical model for aliphatic ketones

The observed temperature-, pressure- and wavelength-
dependence of acetone-LIF can be explained by
a conceptual model. The lifetime of the excited state is
limited by fast intersystem crossing. The intersystem-cross-
ing rate increases with the level of excitation in the excited
state. This decreases the lifetime (and hence the fluorescence
quantum yield) with increasing vibrational excitation in the
S; state. These levels, however, get preferentially populated
with short excitation wavelengths and with high tempera-
tures. This explains the observation of decreasing fluor-
escence quantum yield with increasing temperature and
decreasing excitation wavelength. At the same time,
collisionally induced vibrational relaxation within the S,
state leads to the population of lower, longer-lived states.
Therefore, increasing pressure increases the fluorescence
quantum yield. The observation of increased pressure-
sensitivity with short excitation wavelengths is a result of
this behavior. In the case of short-wavelength excitation
the initial S; population distribution is above thermal.
Collisions, therefore, effectively dump the highly excited
states to lower ones, which leads to an overall increase of the
fluorescence quantum yield. With long-wavelength
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excitation in turn, the initial excited-state population is
close to thermal, and the influence of collisions is reduced.
Thurber et al. [115,118] developed a multi-step model
that is based on these ideas. Schematically, this model is
described in Fig. 9. It treats an ‘average molecule’ rather
than a statistical ensemble. The molecule in the S state has
a thermal (average) ground state energy AEperma(7). It is
excited with photons of energy hv to the S; state. The laser-
coupled upper state relaxes towards thermal equilibrium by
collisional processes. This relaxation is treated as a multi-
step process. From each level, the excited molecule can
either cross to the triplet state with a rate k,(E) (and
additionally ko, in the presence of oxygen-enhanced ISC,
here also considered as collisional quenching), fluoresce
with a rate kg, or relax to a lower vibrational level with a rate
keon(T, p) until thermal equilibrium in the S state is reached
(from where finally further loss occurs through fluorescence
and ISC only). The average energy transferred per collision

AEcoll(E) = DL(E - AEthf:rma.l) (43)

is a linear function of excess energy above thermal
equilibrium [119]. AE\ermar 18 calculated as a function of
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Fig. 9. Schematic of ketone photophysics: simplified model based on a multi-step vibrational decay in the S; state and an energy-dependent
intersystem crossing rate (see text) [115,118]. Reprinted from [115] with permission from Optical Society of America.
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Table 5
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Model parameters for the multi-level model for acetone and 3-pentanone fluorescence [46,118]

Parameter Value for acetone Value for 3-pentanone

ki s7H 810 1.1X10°

keon (300K, 1 bar) (s~ 1.1x10" 1.1X10"

kar (s7h —3.82X10°+8.82 X 10° exp((E/cm ™~ ')/1650) —3.52X 108 +8.75X 10°
+4.08 X 10 exp((E/cm ™ ')/77,300) exp((Elem™')/2567)

o 0.021 0.032

ko, (5™ 1.65X10 12 1.65 X 10~ 2ng,, (cm?) -

T assuming harmonic oscillators for all 24 normal modes
with energies according to [120].

The overall fluorescence quantum yield ¢yq is then the
sum over the individual fluorescence yields of all different
levels between level ‘1’ (the laser-coupled level) and a level
‘N’ close to thermal equilibrium in the AEyema(7) Sy state
(cf. Eq. (4.4)):

ki

¢ = =
kﬂ + kCOll + knr,l + kqnq

N—1 k
+3 & -
i= kﬂ + kcoll + knr,i + kqnq

i—1
kcoll

kﬂ + kcoll + knw‘ + qu’lq

j=1

kcoll

kﬂ + kcoll + knrJ + £ql’lq
4.4

kg is assumed constant with vibrational energy [121].
The model parameters are o (from Eq. (4.3)) to
scale the efficiency of collisional energy transfer and

N—1
ke

+ .
kn + ko + kqng oy
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Fig. 10. Benchmark fluorescence quantum yield data for
3-pentanone as a function of temperature in 1 bar nitrogen (data
are relative from [46] but calibrated to absolute measurements
[209]). The model adequately combines the effects of temperature
and wavelength by considering the non-radiative decay rate as a
function of the vibrational energy of the excited molecule [39].

a bi-exponential expression for k. The best fit to
experimental data for acetone and 3-pentanone is shown
in Table 5. Model results for the 3-pentanone-LIF
temperature-dependence at atmospheric pressure (Fig. 10)
and pressure-dependence at 296473 K (Fig. 11) are in very
good agreement with the measurements.

4.1.4. 3-Pentanone-LIF under engine conditions
3-Pentanone-LIF (as well as acetone-LIF) has not yet
been systematically studied under conditions with simul-
taneously elevated temperature and pressure. This case,
however, is of high interest if tracers are used to quantify
fuel concentrations in the compression stroke in internal
combustion engines, for example. While the pressure-
dependence at room and slightly elevated temperature and
the temperature-dependence at atmospheric pressure is well
described by the model presented above, recent experiments
in the compression stroke of an optically accessible IC
engine showed that the model cannot yet predict the LIF
intensities per molecule with sufficient accuracy. Open
questions are, for example, if 7 and p are high: does
sufficient collisional relaxation negate the decrease in signal

248 nm

1.0x10724
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Model
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A Data (relative), 383 K, air
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Fig. 11. Fluorescence quantum yield model results and data (from
[43,209]) as a function of pressure for 3-pentanone. The model
accounts for an increasing ¢y (up to a high-pressure limit) via
collisional transfer of excess vibrational energy [39]. A secondary
quenching effect due to oxygen is also present, becoming significant
at elevated pressures. Reprinted from [39] with permission from the
Combustion Institute.
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Fig. 12. Map of fluorescence quantum yield predictions for
3-pentanone through a range of temperatures and pressures. Since
the absorption cross-section is constant for 248-nm excitation, the
change in ¢y is directly proportional to the relative fluorescence per
molecule. The path of the motored engine shows that the pressure
and temperature effects on the fluorescence signal may roughly
cancel [39].

due to temperature? With the data obtained in a motored
engine the model predictions can be evaluated. For 248-nm
excitation, the absorption cross-section is constant with
temperature to within 10% [46]. Hence, the relative
fluorescence quantum yield reflects the change in
fluorescence signal per molecule and can be compared
directly with the fluorescence data (per molecule) from the
motored engine. An extended 7-p contour of the fluor-
escence quantum yield ¢q predictions is shown in Fig. 12.

18 T T T T T T T T
1 ® In-cylinder LIF measurement
1.6 | Simulated LIF intensity from: 7
1 | — Photophysical model 1
1.4 4 | —— T-correction 4
= 1 T- and p-correction
< 4
3 1.2
& |
3 1.04
+U;' 1
< 0.8
P ]
“ 064
0.4
0.2 T T

-100 50 0 50
Crank Angle Position [°CA ATDC]

Fig. 13. Comparison of engine LIF data and fluorescence quantum-
yield model for 3-pentanone. The engine data show that the
fluorescence per molecule continues to decrease at high tempera-
tures, despite the presence of high pressure, a trend not predicted by
the model. In this case, multiplicative corrections for temperature
and pressure from the fundamentally measured data results in the
best agreement [39]. Reprinted from [39] with permission from the
Combustion Institute.

The path that the motored engine takes through the T—p
plane shows that little change in ¢y is expected; the increase
in p essentially balances the increase in T to keep the
predicted ¢y between 6X 107 % and 8 X 10~ *. This predic-
tion is shown (as the flattest line) in Fig. 13 as a function of
the crank angle (normalized to —90 crank angle degrees
after top dead center, CA ATDC, at 0.82 bar and 360 K).
The prediction shows a marked difference from the engine
data. The measured fluorescence per molecule drops as p
and T are increasing, but the model indicates that the p-
dependent collisional relaxation dominates, even to the
point of slightly increasing the fluorescence signal with
crank angle. The modeled fluorescence per molecule is
insensitive to the 420 K uncertainties in temperature
calculation from the pressure trace.

A second simulation can be obtained by extrapolating to
simultaneously elevated pressures and temperatures from
the benchmark data of Koch [46] and Gromann [43]. That
is, the relative change in fluorescence is approximated as the
product of the change due to temperature as measured at
1 bar and the change due to pressure as measured at 473 K.
In this case, the agreement is improved as shown in Fig. 13.
It too, however, seems to overemphasize the increase in
signal due to pressure and thus predicts a slightly higher-
than-measured value for much of the cycle. By looking at
the change in signal due only to temperature, we see that
neglecting the influence of pressure altogether gives results
that are slightly too low. It thus seems that higher
temperatures consistently lead to lower fluorescence signals
for 3-pentanone, regardless of p (at least for 248-nm
excitation). The best predictive method, in this case, is
simply the multiplicative combination of the measured 7-
and p-dependencies. This may not be true in general. To
understand its physical basis, work is underway to improve
some of the model assumptions like introducing an energy
distribution among the excited molecules rather than using
an average vibrational energy. In addition, we might
speculate that oxygen plays a more important role than
first considered at high 7' and p, either due to increased
chemical reactivity or a photochemical/quenching process
that varies with excited state energy. Further fundamental
experiments are necessary to investigate such a hypothesis.

4.2. Temperature- and pressure-dependence of biacetyl LIF

4.2.1. Temperature-dependence of biacetyl LIF

The use of biacetyl opens another wavelength range for
tracer-LIF applications. With absorption from 350 to
460 nm and a peak near 417 nm excitation can be achieved
with frequency-tripled Nd:YAG lasers. Strong absorption
bands in the UV are not suitable since they lead to photo-
dissociation and are thus not useful for fuel imaging.
Fluorescence emissions are observed from 440 to 520 nm,
while phosphorescence extends even further into the visible
spectral range. Phosphorescence is strongly temperature-
dependent and disappears at around 470 K. Although
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biacetyl was used in several imaging studies, which
demonstrated that it has the potential to be a good tracer,
little detailed information is available on the temperature-
dependence of biacetyl LIF signals. Heinze and Baritaud
[122] determined a modest temperature sensitivity of less
than 1.6% signal change per 10 K in the range of 550-700 K
when exciting with a frequency-tripled Nd:YAG laser at
355 nm. The strong temperature sensitivity of the phos-
phorescence is better documented (e.g. Liu et al. [65]).

4.2.2. Pressure-dependence of biacetyl LIF

Little specific information is available on quenching
properties for LIF of biacetyl. The phosphorescence is
quenched very strongly by oxygen. However, differences in
biacetyl LIF signals in nitrogen vs. oxygen are reported to be
less than 10% [122]. Overall, the properties of biacetyl
appear to be attractive enough for it to be reconsidered as a
viable tracer for practical imaging diagnostics.

4.3. Temperature- and pressure-dependence of toluene LIF

4.3.1. Temperature-dependence of toluene LIF

Although toluene is frequently used for fuel mixing
diagnostics in internal combustion engines, the temperature-
dependence of toluene fluorescence is not yet fully
characterized. Most authors implicitly assumed tempera-
ture-independent fluorescence yields and Stern—Volmer
coefficients. However, recent experiments show a strong
temperature effect on absorption cross-sections, fluor-
escence quantum Yyield, and Stern—Volmer coefficients
[38,39,96], which is important when aiming at quantitative
measurements.

Unlike absorption spectra of ketones the absorption
spectrum of toluene is strongly structured at ambient
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conditions. Most investigations were carried out with
spectrometers with somewhat limited resolution. There-
fore, the variation of the absorption coefficient with
temperature (and pressure) that affects narrowband laser
excitation in LIF experiments cannot be extracted from
most available measurements. 266 nm, i.e. the wavelength
of the fourth harmonic of Nd:YAG lasers, is right in the
wing of one of the peaks. Pressure- and temperature-
induced variations of the lineshape can therefore influence
the overall signal significantly. The temperature-depen-
dence of the shape of toluene absorption spectra is shown
in Fig. 14. The fine structure observed at ambient
conditions disappears with increasing temperature. At the
same time the line center of the Sy— S, transitions shifts
to longer wavelengths with increasing temperature. The
maximum fluorescence occurs at 280 nm with a tail
extending towards the red (Fig. 19). Due to the larger
absorption cross-section and a fluorescence quantum yield
¢a~0.3, the toluene LIF signal per unit tracer density is
approximately 300 times stronger than the signal of
ketones in the absence of quenching colliders.

Fig. 15 shows recent measurements of toluene absorp-
tion cross-sections at 248 and 266 nm [96]. The room
temperature measurement by Burton [123] (which is
commonly regarded as a standard) agrees well with
the new room temperature data; the new data, however,
extend to higher temperatures from measurements in a static
cell and in shock-heated gases. At 248 nm only minor
variations in absorption cross-sections are observed below
~1000 K. At higher temperature the red tail of the S,
absorption feature becomes significant. At 266 nm, how-
ever, the absorption cross-section changes by more than a
factor of three within the 300-1000 K temperature interval.
In the same interval the fluorescence quantum yield
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Fig. 14. Absorption spectra of toluene. Left: at 1 bar, 295 K with different spectral resolution: dashed: 0.003-nm resolution [123], solid: 0.25-nm
resolution [96]. Right: absorption spectra in shock-tube experiments for different temperatures (0.25-nm resolution). Dashed lines labeled R
[210], solid lines labeled K [96]. The solid lines were obtained from time-resolved measurements that exclude effects from thermal
decomposition at the highest temperatures. Reproduced by permission of the PCCP Owner Societies.
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decreases by more than two orders of magnitude (Fig. 16).
The overall toluene-LIF signal per molecule therefore
depends strongly on temperature. On a per-volume basis
the signal variation would be even stronger. These data
indicate that in the absence of oxygen (which would disturb
the simple correlation between temperature and LIF
intensity) toluene can be used as a sensitive tracer for single
line thermometry in homogeneously seeded gas systems.
The temperature-dependence of the fluorescence quan-
tum yield decreases with increasing detection wavelength.
Fig. 17 shows the temperature-dependent signal ratio of
the toluene LIF signal detected around the peak (detected at
A=280410 nm) and the signal in the long-wavelength tail
(A>335nm) with excitation at 266 nm. The temperature
sensitivity is similar to that used in 3-pentanone two-line
thermometry (cf. Section 5.2.1). Furthermore, only one
excitation wavelength is required for the two-line tempera-
ture measurement, which reduces experimental cost com-
pared to the 3-pentanone two-excitation-color technique.
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Fig. 16. Toluene fluorescence quantum yield as a function of
temperature. Upper frame: 248-nm excitation, lower frame: 266-nm
excitation, 20 mbar toluene in 1 bar N, [96]; X from [123]. Solid
lines: exponential best-fit (lower diagram) and double-exponential
best-fit (upper diagram). Reproduced by permission of the PCCP
Owner Societies.
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Fig. 17. Toluene-LIF signal ratio for detection at the ‘peak’
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Fig. 18. Toluene-LIF signal intensity vs. air pressure.

Therefore, toluene is suited for temperature measurements
in (again: oxygen-free) systems with inhomogeneous tracer
concentration at reduced experimental cost [97].

4.3.2. Pressure-dependence of toluene LIF

The pressure-dependence of toluene LIF in practical
applications is dominated by collisional quenching with
molecular oxygen. Excited toluene is quenched by collisions
with oxygen molecules with almost unity probability. The
toluene-LIF signal-dependence on air pressure (Fig. 18) is
therefore significantly different than that of aliphatic ketones
(cf. Fig. 10). The difference is attributed to longer effective
lifetimes in the S; state (i.e. a longer time where collisions
can be active) and the larger singlet—triplet energy gap (i.e.
a more effective energy transfer to the collider, cf.
Section 3.4). The effect of quenching on fluorescence
lifetime and quantum yield has been addressed in several
studies. Vibrational relaxation by collisions with non-
quenching colliders has been studied extensively for organic
molecules in the Sy state with high vibrational excess energy
[119,124,125]. These data will become useful as a starting
point to model the relaxation in the S, state that is relevant in
our context. However, further experiments of pressure-
dependence, i.e. in nitrogen, are desirable to validate such
model calculations.

The strong dependence of toluene LIF on the oxygen
concentration makes this tracer attractive for measuring
local oxygen concentrations along with tracer concen-
trations. It should be noted that this is different from
measuring equivalence ratios directly according to the
method by Reboux that is further discussed in Section 4.3.3.
The latter approach is valid only within a limited range of
temperatures and oxygen partial pressures that do not fully
cover the conditions that are expected in the compression
stroke in IC engines. Even within the valid range this
approach does not give information on the absolute number
densities, i.e. the chemical energy stored in a combustible
mixture, but on concentration ratios, i.e. mole fractions.

Oxygen concentrations have been determined from
toluene fluorescence lifetimes [126]. Imaging measurements
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Fig. 19. Upper plot: toluene-LIF spectrum with excitation at 248 nm
at room temperature with 0-300 mbar O,. The intensity in the
absence of oxygen is roughly 300 times higher than that of acetone
with 248 nm excitation. The lower plot shows the ratio of the LIF
signal obtained from the ‘peak’ (A=280%£10 nm) and the ‘tail’
(A>335nm) [38]. Reprinted from [38] with permission from
Springer Verlag.
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Fig. 20. Stern—Volmer Plots for toluene with 248-nm excitation for
different detection wavelengths.
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of oxygen concentrations (along with absolute fuel concen-
trations) have been performed by combining toluene and
3-pentanone tracers, taking advantage of their different
response to oxygen, their spectrally separable emission
signal, and their similar boiling and transport properties
[101,110]. Recent experiments use the different Stern—
Volmer coefficients in toluene at different detection
wavelengths in order to obtain information about oxygen
concentrations [127]. This technique is based on the
observation that collisions with oxygen do not only change
the total toluene LIF intensity but the spectral shape of the
emission spectra as well (Fig. 19). The long-wavelength tail
of the toluene signal is less influenced by oxygen quenching
than the peak around 280 nm.

This behavior is more obvious in the Stern—Volmer plots
for different toluene LIF emission wavelengths (Fig. 20).
The Stern—Volmer coefficients decrease by more than a
factor of five between 280 and 380 nm (Fig. 21).
This variation in fluorescence quenching at different
detection wavelengths can be used for measuring oxygen
concentration in isothermal systems [127] similar to the
thermometry technique mentioned above using a single
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Fig. 22. Variation of the Stern—Volmer coefficient with temperature
(266-nm excitation).
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excitation wavelength and simultaneous detection within
two sections of the emission spectrum.

Temperature and oxygen-quenching effects on toluene
LIF, however, are strongly coupled. Therefore, the evalu-
ation of oxygen concentrations (or fuel/air ratios according
to [37], cf. Section 4.3.3) in non-isothermal systems are
critical. The same applies to temperature measurements in
situations where oxygen is present. The reason for that is the
strong temperature-dependence of the Stern—Volmer coeffi-
cient (Fig. 22). Within the temperature range found for
the mixing and compression stroke in IC engines, the
Stern—Volmer coefficient changes by more than an order of
magnitude.

4.3.3. Direct measurement of equivalence ratio
with toluene LIF?

Reboux et al. [37] suggested to take advantage of the
strong quenching of toluene LIF by O, in order to use
toluene as a fluorescent tracer to directly measure the
fuel/air equivalence ratio ¢. This technique is often referred
to as FARLIF and it has also been applied to measurements
with other tracers that are strongly quenched by oxygen
[69]. Reboux et al. found that the toluene fluorescence in air
at room temperature is proportional to ¢ for p> 3 bar with
248 nm excitation. Since then, toluene has become a popular
tracer to study mixing behavior in the compression stroke of
IC engines. Until recently, however, no data was available
on absorption or fluorescence at elevated temperatures. In
IC-engine applications the decrease of total fluorescence
with increasing crank angle (i.e. increasing p, 7) was
observed for excitation at 248 nm [101,128]. Recent studies
at elevated temperatures in a flow cell revealed a strong
temperature-dependence of the fluorescence quantum yield
¢q and the Stern—Volmer factor. ¢y changes by more than
two orders of magnitude within the temperature-range of the
compression stroke in engines, and the relative strength of
oxygen quenching was dependent on the oxygen number
density itself [38,39,96]. With these new findings, the
technique of measuring fuel-air equivalence ratios in IC
engines using toluene fluorescence must be reconsidered
[129]. The following discussion focuses on excitation with
248 nm; the concept, however, is valid for any other
excitation wavelength.

The fluorescence signal Sy of a molecular tracer state
quenched by oxygen can be described by

kng

Sp~ O (A, T) —————,
il dbb( )ktm ¥ kql’lq

(4.5)

where kg denotes the rate of spontaneous emission, ki the
sum of all intra-molecular de-excitation pathways, iq the
quenching rate coefficient, and ng and n, the number
densities of the tracer and quencher (O,), respectively. In the
case of toluene the absorption cross-section ,,5(A, T) at
248 nm has a negligible 7-dependence (Fig. 15, [96]) and is
therefore not further considered here. When quenching by
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molecular oxygen is the dominant process, i.e. Eqnq > ki
intra-molecular deactivation can be neglected, and the
fluorescence signal is directly proportional to the ratio
nglng, (with ng, =ng), which scales with the fuel/air
equivalence-ratio ¢

St ~lf—ﬂ¢ﬂ~ (4.6)
kq

In the case of the toluene molecule, many different

rovibrational states contribute to the emission. Thus, the

fluorescence signal is the sum of n emitting states, populated

with the fraction a,, following Eq. (4.5):

Iol~§ :

The rates ko, kg, and the rate coefficient lgq are now state-
specific. At higher 7, states with high &, contribute to the
emission, and the assumption of O,-quenching as the
dominant deactivation process becomes questionable [38].
Additionally, the relative strength of O,-quenching Izq/kmt
becomes dependent on the oxygen number density 7ny. This
is due to the fact that the relative signal contribution of
emission from states that are less affected by quenching (i.e.
states with high k) starts to dominate the total emission
with increasing ng. In other words, the signal from easily
quenched states ‘disappears’ at high n,.

kﬂ ntol

4.7
kot + k ng @7

4.3.4. Toluene-LIF under engine conditions

Based on the measured 7- and ng,-dependence of
toluene-LIF [38], Eq. (4.7) allows the prediction of
toluene-LIF signal for the conditions of the compression

stroke in an IC engine. In Fig. 23 we display the expected
signal for a fixed amount of tracer molecules plotted over
the inverse oxygen number density at different temperatures.
The x-axis therefore scales with the fuel/air equivalence
ratio ¢. As a more intuitive scale, the corresponding inverse
partial pressure at 296 K is displayed at the top of the figure.
The signals are normalized to O,-free conditions at 296 K.
The straight dashed line in Fig. 23 illustrates the assumption
from Reboux et al. according to Eq. (4.6) [37]. It can be
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Fig. 24. Predicted dependence of toluene-LIF signal on oxygen
partial pressure and temperature for a fixed value of ¢. The opposing
effects of p and T moderate the signal variations in the compression
stroke of an engine (where po, and T both increase). Quenching is
dominant at each 7 when the signal becomes independent of po, .
The value of the high-pressure limit may depend on T (cf. Eq. (4.7)).
Excitation at 248 nm. Reprinted from [39] with permission from the
Combustion Institute.
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clearly seen that this approximation is invalid over a wide
range of engine-relevant conditions. In the experiments of
Reboux et al., the signal is linear with ¢ for pg, > 0.6 bar
(Upo, <0.66 bar™"). At 362 K, deviation from linearity is
less than 5% for po, > 0.7 bar. At 500 K, however, the
minimum oxygen partial pressure that justifies the use of
Eq. (4.6) is already po, = 5 bar (i.e. ~25 bar air pressure).
Below this pressure the toluene LIF signal is not
proportional to the equivalence ratio because a fraction of
the excited molecules are in states with a competing, fast
intra-molecular de-excitation (i.e. ky, is not negligible).
With increasing 7, intra-molecular decay becomes faster
[96]. Therefore, increasing ny (i.e. ng,) is required for
quenching to be the dominant process.

In Fig. 24 the predicted toluene-LIF intensity is
displayed for a fixed equivalence ratio ¢ for different
total pressures and temperatures that are typical for the
compression stroke in an engine. According to
the assumption of Eq. (4.6) the same LIF intensity
should be measured for all variations shown. This again
clearly shows that the common assumption of Sp~¢
does not hold. Temperature and gas density, however,
have opposite effects and partially compensate each
other. Therefore, the overall signal variation during the
compression stroke in IC engines is small (which might
give the illusion that the Sy~ ¢ hypothesis is correct).
Increasing temperature lowers the signal of a mixture
with fixed oxygen/toluene ratio whereas increasing
pressure leads to stronger signals, especially at the higher
temperatures. It is important to note that the common
‘temperature correction,” (cf. [37]) as a calibration of
signal intensities to crank angle, is in fact a correction
for the combined effect of T and po, and is only valid
under the specific conditions of the experiment. In
general, both effects cannot be treated independently.
The same temperature correction curve applied at
different pressures would give different results.
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Predicted signal intensities for motored in-cylinder
engine conditions are shown in Fig. 25 as a function of
crank angle in the range of 1 bar, 350 K to 8 bar, 600 K [39].
The agreement is good and indicates that influence of total
pressure is small compared to oxygen quenching and that
the model (Eq. (4.7)) describes the signal behavior
sufficiently well. Error bars of +10% are displayed,
estimated from extreme fits to the data measured under
stationary conditions (Figs. 23 and 24). Predicted signal
intensities are scaled to engine data at —90 CA ATDC at
0.82 bar and 360 K. This is close to conditions in the flow-
cell experiment.

4.3.5. Toluene-LIF: a preliminary conclusion

Guidelines can now be given for the interpretation of
signal intensities obtained from toluene. In general, the
signal for a certain fuel/air equivalence ratio ¢ will change
according to Fig. 24 for all deviations in T or nq (i.e. ng,)
relative to the calibration condition. Higher 7 will lower the
signal, whereas increasing ng, will raise the signal of a
constant fuel/air ratio. (For example when increasing the
total pressure while maintaining the relative concentrations
when increasing the load in an IC engine). In the latter case
the relative influence of O,-quenching decreases with
increasing ng, leading to an increasing signal. The relative
0,-quenching effect significantly decreases with increasing
p, and around TDC the uncertainty introduced by tempera-
ture will dominate. For example, changing temperature from
500 to 550 K at 5 bar air pressure for the same ¢ will cause a
decrease in signal of ~15% whereas increasing po, by
0.4 bar at 500 K, 5 bar air will increase the toluene LIF
signal by ~6%. Thus, if local inhomogeneities or cycle-to-
cycle variations in 7 can be neglected, the signal of a
stratified charge will be perfectly proportional to ¢ over a
wide range, since a varying fuel concentration affects ¢ but
does not significantly change ng,. If T or ng, vary strongly
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Fig. 27. Experimental setup for time-averaged measurements of fuel/air mixing in a swirl burner of a stationary gas turbine (in collaboration

with R. Koch, ITS, Karlsruhe) [211].

during the investigation (e.g. strongly varying starting
conditions or measurements over a wide range of crank
angles), various calibration points or corrections according
to Fig. 24 become necessary.

In the presence of varying amounts of residual gas, the
oxygen number densities ng, changes spatially and
temporally. If the fuel is homogeneously mixed and (when
investigating cycle-to-cycle variations) a constant amount is
injected, the relations shown Fig. 23 apply. While the
overall behavior is non-linear, approximate linearity may be
achieved over small ranges of ng, (or pg,), e.g. 2.5X 10**to
5% 10** m ™ (or 0.25-0.125 bar) at 362 K. For quantitative
interpretation, however, two calibration points will be
needed since the linear relation between ¢ and signal will
have a non-zero value as 1/ng, = 0. A complete photo-
physical model that takes these effects into account will be
very valuable but is not yet available (Fig. 25). When used in
combination with other tracers, like ketones, additional
energy trasfer processes can become important (see Fig. 26
and Section 5.3).

5. Applications: quantitative measurements of fuel
concentrations in gas-phase systems

5.1. Isothermal systems

Although realistic combustion devices do not operate in
isothermal mode, studies of mixing processes under
isothermal conditions are valuable in assessing the validity
of models in predicting mixing in specific geometries,
thus adding credibility to predictions under non-isothermal

conditions. Furthermore, in-cylinder conditions in internal
combustion engines can often be approximated as spatially
isothermal at fixed crank angles and therefore simplified
concentration measurements will be possible. In fact, this is

Rel. Fuel Concentration

Average
—

Fig. 28. Measurements of the fuel distribution (air doped with
acetone) in three parallel planes in the mixing chamber. The fuel
nozzle is 1 cm to the left end of the images. The planes a—c have a
distance of 0, 15 and 30 mm to the burner axis, respectively. Upper
row: randomly chosen single-shot images, lower row: averaged fuel
distribution [211].
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the most common application of LIF imaging in engines to
investigate fuel/air mixing. Systems where spatial tempera-
ture inhomogeneities are measured and used to correct fuel
concentration measurements are discussed in a subsequent
section.

In isobaric, isothermal systems the use of tracer-LIF is
straightforward. When seeding acetone to the desired gas
flow, the local LIF intensity gives direct information about
local concentrations. In later sections we will describe how
temperature and pressure effects must be corrected in more
general applications. Fig. 27 shows the setup for a
measurement of fuel distributions in the combustion
chamber of a stationary gas turbine (thermal power of the
investigated segment ~1 MW). The gaseous fuel flow was
simulated by air seeded with acetone, and the fluorescence
was successively measured in three adjacent planes.
Instantaneous and time-averaged images are shown in
Fig. 28. The time-averaged concentration distributions
from the adjacent planes were then used to reconstruct the
average three-dimensional fuel distribution assuming
cylindrical geometry [130]. The strong variation in local
concentrations (upper row in Fig. 28) indicates, however,
that an instantaneous view into the three-dimensional
structure would deviate significantly from the average
distribution.

For quasi-instantaneous 3D imaging measurements of
fuel concentration distributions sweeping long-pulse or
continuous (cw) laser beams (driven by scanning mirrors)
have been suggested by Yip et al. [131]. Recent
approaches using multi-laser excitation of three [132]
and up to eight parallel planes [83] with subsequent
imaging by multiple cameras or a high-speed camera
yielded new results, however, at high experimental costs.
Further measurements are based on simultaneous exci-
tation with two crossed light-sheets [133—137]. One of the
benefits of this method is the increasing resolution
towards the crossing line and a small cylindrical volume
up to approximately 1 mm around it. The resulting three-
dimensional data matrix can be visualized by a 3D-visua-
lization tool that assigns not only color but also
transparency values to the given intensity values [130].

5.2. Non-isothermal systems

5.2.1. Measurement of temperature

The temperature-dependence of LIF signals from tracers
is usually a detrimental effect for quantitative fuel
concentration measurements. Without knowing the tem-
perature the interpretation of LIF images is limited, since
variation in signal intensities can originate from either
concentration or temperature changes. However, the
temperature-dependence can also be exploited beneficially
to measure either temperature or to simultaneously measure
temperature and fuel concentration.

Thurber et al. [94] determined temperature fields in a flow
passing a heated cylinder using single line excitation of

acetone at 248 nm. In this non-reacting flow the mole fraction
of acetone in a nitrogen stream was constant. The quantitative
evaluation of the LIF signals was based on previously
measured absorption cross-sections and fluorescence yields
per unit mole fraction and calibration at a single temperature.
Temperature fields were determined with resolutions of a few
Kelvin in a temperature range of ~350-500 K. Indepen-
dence of the requirement of constant mole fraction is
achieved when two-line excitation schemes are employed.
Then, temperature can be determined from the ratio of two
fluorescence signals, each of which is described by
Eq. (3.11). The number density of the tracer molecules is
thus eliminated from the data reduction process. This
temperature measurement method was first demonstrated
for 3-pentanone by Gromann et al. [43] and then expanded
for applications with acetone by Thurber et al. [94,114].
Thurber investigated temperature and mole fraction fields in
aturbulent jet of a heated acetone/air mixture introduced into
ambient air. Excitation was achieved with two excimer lasers
(248 and 308 nm) with a time delay between the two pulses
sufficient to separate the LIF signals on subsequent frames of
anon-intensified interline camera. The use of non-intensified
cameras is restricted to non-reacting conditions since the
effective exposure time of the CCD array is too long to
suppress chemiluminescence signals that would spectrally
overlap with the LIF signals of the fuel tracers. Thurber also
compares single- and two-line acetone thermometry and
assesses the conditions (for homogeneous distribution of
tracers) where one of the two techniques has advantages in
terms of temperature precision and signal-to-noise ratio [94].

The absorption spectrum of 3-pentanone exhibits a
temperature-induced shift towards longer wavelengths of
about 10nm per increase of 100 K similar to acetone
(depicted in Fig. 6). Upon excitation in this region,
fluorescence is emitted between 330 and 550 nm, with a
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Fig. 29. Temperature-dependence of the ratio of LIF intensities in
3-pentanone with 308 and 248 nm excitation [93]. Reprinted from
[93] with permission from Springer Verlag.
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Fig. 30. Experimental setup for the simultaneous measurements of
fuel concentration, temperature, and fuel/air equivalence ratio in a
two-stroke engine. The lower figure shows the position of the
measurements displayed in Fig. 31. Reprinted from [93] with
permission from Springer Verlag.

spectral distribution almost independent of the absorbed
wavelength. This spectral shift of the absorption, albeit
undesired for concentration measurements with single
wavelength excitation, can be used for measuring tempera-
ture, e.g. when 3-pentanone is seeded to non-fluorescing
model fuels, as the fluorescence intensity is a function of the
absorption coefficient for a given excitation wavelength, and
thus, of temperature. After excitation at two different
wavelengths the ratio of the fluorescence signal intensities
reflects the local temperature. The temperature dependence
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Fig. 31. Measurements of the tracer-LIF intensity (first row),
temperature (second row), fuel number density (third row) and
fuel/air equivalence ratio (fourth row) in a two stroke engine. The
columns show three randomly chosen data sets for instantaneous
measurements [93]. Imaged area: 68 X 52 mm>. Reprinted from [93]
with permission from Springer Verlag.

of the LIF signal ratio obtained with 248 and 308 nm
excitation for these conditions is shown in Fig. 29 (using
data for 308 nm from [138]).

In the imaging measurements the local temperature can
be evaluated for each pixel from the relative signal
intensities. Then, with the local temperatures now deter-
mined, signals from either of the two excitation wavelengths
can be corrected for temperature effects to calculate the
number density N of tracer molecules. A calibration with a
known number density of tracer molecules at a known
temperature scales N to absolute number densities. With the
ideal gas law the local mole fraction can then be calculated.
The fuel/air equivalence ratio ¢ can then be determined
based on the assumption that the cylinder contains fuel and
air only and that the oxygen concentration is homogeneous
within the air. There are limitations for this assumption in
systems with high levels of recirculated exhaust gases.
Techniques to overcome this problem will be discussed in
Section 5.3.

The engine measurements (Fig. 30) were conducted in a
single-cylinder two-stroke engine (bore: 80 mm, stroke:
74 mm, compression ratio: 8.6) fueled with iso-octane (p.a.)
doped with 10% (v/v) 3-pentanone at ¢=0.62 [93]. Two
excimer lasers, operated with KrF (248 nm) and XeCl
(308 nm), respectively, were combined on a dichroic beam
splitter. The dimensions of the two horizontal laser light
sheets were 20 mm width and 0.5 mm thickness. The signals
generated by the two laser pulses were split using a
broadband beam splitter and each part was imaged onto a
ICCD camera. Fig. 31 shows the LIF-intensities upon
308 nm excitation for three single-shot images (18 °CA).
Temperature is obtained from the ratio of signal intensities
with 248- and 308-nm excitation. The LIF signal with
308-nm excitation is then corrected for temperature effects
and calibrated to absolute number densities (third row) using
the measurements under perfectly mixed conditions.
Finally, fuel/air equivalence ratios can be obtained based
on the assumption that no exhaust gases are present that
could cause inhomogeneous distribution of oxygen inside
the cylinder.

5.2.2. Quantitative measurement of fuel concentration
or equivalence ratio

The extraction of concentration information from LIF
signals always requires certain corrections, like normal-
ization to instantaneous laser pulse energy, light sheet
inhomogeneity, and possibly others to account for the
influence of pressure, temperature, and gas composition.
Under favorable conditions and suitable selection of
excitation and detection wavelength one or more of these
factors can be assumed constant, and the interpretation of
LIF signals is simplified. Furthermore, many studies that are
presented in the literature discuss (relative) concentration
distributions, where spatial homogeneity of pressure and
temperature can be assumed. As such, statistical analysis of
concentration variations, etc. is feasible and often done.
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This even works when comparing different operating
conditions as long as the changes in pressure and
temperature are minor.

Wollff et al. [50] used acetone mixed with iso-octane to
investigate fuel/air mixing in an SI engine. They character-
ized the LIF signals for their excitation wavelength
(248 nm) and filter scheme (not specified) to be independent
of temperature and pressure. Then, after calibration to a
single, known value, the LIF signals can directly be
interpreted as number density of fuel. Because in an engine
the pressure varies with crank angle, normalization of the
LIF signals to pressure yields fuel concentrations. Fujikawa
et al. [139] investigated a range of tracers and then used
acetone as the tracer for best performance under their
conditions. They found a temperature and pressure depen-
dence of LIF signals within their setup. More details and
explanations on differences in reported temperature sensi-
tivity for ketone LIF are discussed in Section 4.1. Additional
applications and examples are summarized and listed in a
review by Zhao and Ladommatos [140] from 1998. Since
then, Richter et al. [141] developed a strategy to calibrate
LIF images taken in mixtures of 3-pentanone and iso-octane
with Raman scattering signals to obtain a quantitative
measure of the equivalence ratio. Similarly, the use of an
exciplex strategy in combination with Raman scattering is
demonstrated by Ipp et al. [142] for quantitative fuel/air
ratio measurements. Calibration of LIF signals against
exhaust gas analysis when operating the engine with
homogeneous fuel distribution was used by Neij et al. [55]
for 3-pentanone/iso-octane mixtures. The only study where
local variations in temperature were included for corrections
of 3-pentanone LIF signals is reported by Einecke et al. [93].
These results have already been discussed in Section 5.2.1
on temperature measurements and were shown in Fig. 31.

Prevaporization of the fuel and mixing with the air in
the intake system far upstream of the engine provided
uniform fuel/air distributions for calibration purposes in a
study of cold start strategies discussed by Weaver et al.
[79]. LIF signals in that study originated from 3-pentanone
and aromatic compounds that were contained in the base
fuel. The signal intensity for known homogeneous
equivalence ratio distributions was measured as a function
of crank angle. Engine operation with port fuel injection
was similar in performance and, thus, measured local
variations could be interpreted as variations in fuel
concentration after correction for crank angle- (i.e. pressure
and temperature) dependent LIF signals. A few studies
were performed with biacetyl as the tracer, which has been
shown to exhibit a modest 20% signal change for fixed
concentration over the temperature range from 550 to
700 K [122]. Only relative fuel distribution data are
reported, however. The conversion of LIF signals to
equivalence ratios is always based on the assumption that
there is no spatial variation in the oxygen concentration and
that the residual gas fraction is homogenously distributed
and negligible within the uncertainty of the tracer-LIF

measurement or not present at all. This is often a good
assumption since many optical engine tests are run with
skip-firing to keep the thermal load of the engine small but
also to provide well-characterized composition conditions
for validation purposes of CFD simulations.

In contrast to measurements with tracers like acetone,
3-pentanone, or biacetyl that determine the number density
of the tracer, an approach later termed FARLIF (fuel/air-
ratio laser-induced fluorescence) was proposed by Reboux
et al. [37]. Details and potential restrictions of this
technique, which relies on the strong quenching of
electronically excited toluene by molecular oxygen, have
been discussed in Section 4.3.2. Spatial inhomogeneity of
the equivalence ratio was characterized in a four-stroke
engine operated with different fuels and nominal equival-
ence ratios under port-fuel-injection conditions [143].
Although significant spatial variations of the equivalence
ratio are observed under such conditions, studies of direct-
injection engines reveal much more substantial differences
in the fuel/air mixing. For late injection strategies, where
the fuel is introduced only shortly before the spark ignites
the fuel, highly stratified mixture conditions are found in
comparison to homogeneous mixing conditions [128]. For
full-load operating conditions, direct-injection gasoline
engines are operated with an overall stoichiometric fuel/air
mixture. The fuel is injected much earlier in these cases
and should be completely mixed with the air by the time
the spark is fired. A comprehensive study of the three-
dimensional spray evolution in an optical direct-injection
engine followed by mapping of the equivalence ratio and
combustion progress with toluene-based LIF showed that
changes the in-cylinder flow conditions substantially
affected the fuel/air mixing and combustion [144].
Averaged three-dimensional maps of the equivalence
ratio were obtained by sequentially scanning the laser
sheet to a large number of planes across the cylinder. The
spray atomization and hence the fuel distribution at later
times was significantly affected by increases in swirl
strength of the flow, as seen in Fig. 32. Note that these
images show signals from liquid and vapor phase toluene.
Also, the linear relationship between toluene LIF signal
and equivalence ratio might no longer be valid for the very
fuel-rich conditions shown for the sprays. Even though the
fuel was injected very early in the engine cycle, differences
in the fuel distribution that were observed during the
injection event remained up to the time of ignition. The
average equivalence ratio differed by approximately 0.2 for
different swirl levels of the in-cylinder flows, as shown in
Fig. 33.

Even though the use of toluene as a fluorescence marker
can provide quantitative measures of the local equivalence
ratio [39] under suitable conditions (cf. Section 4.3.3), it will
not be possible to extract the absolute amount of fuel unless
there is no residual gas present. The same restrictions apply
to applications using triethylamine and benzene [145] or
other exciplex systems (see Section 6 for more details)
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Fig. 32. In-cylinder swirl flows have a substantial impact on the spray structure and evaporation. Sprays in high-swirl conditions (shown in the
right column of each sub-image) are more distorted at 2000 rpm as measured via toluene LIF in an optical direct-injection gasoline engine [144].
Crank position ("BTDC) varies as indicated above. The piston position is shown as a white disk. The individual elongated disk-like structures
are LIF images taken at different height in the cylinder to obtain an overall quasi-3D view of the spray structure. Elevations shown are (from
top)=1, 4, 8, 12, 16 mm, etc. The view of the images is at a small angle with respect to the cylinder axis to illustrate the three-dimensional
structure of the spray. Reprinted with permission from SAE Paper 2003-01-0068 © 2003 SAE International.

as the tracer. This is analogous to the determination of the
equivalence ratio from measurements with ketones or
biacetyl. Combinations of 3-pentanone and toluene provide
both quantities and then also allow the determination of
absolute residual gas amounts [101,144]. Details of this
approach, when applied to systems with locally changing
oxygen concentrations are presented in Section 5.3.
Measurements of fuel concentrations in Diesel engines
are sparser and mostly address the atomization of sprays
using exciplex techniques. The problem is twofold for
measurements of fuel concentrations under Diesel engine
conditions. First, suitable tracers for higher boiling point
fuels have not yet been as well characterized as the tracers
discussed here. Second, producing non-fluorescent fuels that
mimic Diesel fuel is very difficult. The first investigations of

Diesel sprays with 5-nonanone added as a fluorescent tracer
to n-decane are reported in [146].

5.3. Systems with local variations in O, concentration

In modern highly energy-efficient combustion systems,
like stratified-charge engines or homogeneous-charge com-
pression-ignition (HCCI) engines, high concentrations of
residual and recirculated exhaust gases strongly dilute the
fuel/air mixture with inert gases. In these situations,
ignitability, flame speed, and auto-ignition susceptibility
are governed by fuel and oxygen concentrations (number
densities) rather than equivalence ratios. Whereas several
techniques for measuring fuel concentrations (see above)
and equivalence ratios are available (measurements, for
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Fig. 33. Average equivalence ratio distributions at —20° ATDC, the
time of ignition, at an engine speed of 2000 rpm for low- (left) and
high- (right) swirl in-cylinder flow conditions. Reprinted with
permission from SAE Paper 2003-01-0068 © 2003 SAE
International.

example, based on the assumption that for tracers which are
strongly quenched by oxygen—within a limited range [8§1]—
the LIF signal is proportional to the equivalence ratio [37]), a
technique to image oxygen distributions is desirable to
characterize the local oxygen concentration. Mixing two jets
at room temperature and atmospheric pressure, one of pure
nitrogen, the other composed of mixtures of nitrogen with
oxygen, is used to demonstrate an oxygen-imaging technique
that is based on the use of 3-pentanone and toluene as tracers.
A subsequent application to engine studies was referred to in
the previous chapter [101]. The fluorescence properties of 3-
pentanone and toluene (namely the effect of collisional
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Fig. 34. Emission spectra of toluene and 3-pentanone with
excitation at 248 nm. The signal of both species can be separated
with appropriate filters. In pure nitrogen (shown here) the toluene
signal is by far dominating (3-pentanone signal enhanced by a factor
of 300) [110]. Reprinted from [110] with permission from Springer
Verlag.
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Fig. 35. Signal ratio of 3-pentanone- and toluene-LIF normalized to
the ratio measured in pure nitrogen [110]. Reprinted from [110]
with permission from Springer Verlag.

quenching by molecular oxygen) are markedly different, as
discussed in detail in Section 4 of this paper. The spectral
signature of their fluorescence spectra allows the separation
of respective signals (Fig. 34).

For weak excitation the LIF signal intensity Sq is given
by Eq. (3.11). In zeroth order, molecular oxygen is regarded
as the only relevant species quenching toluene fluorescence,
while 3-pentanone fluorescence is considered independent
of oxygen concentration. For a mixture of 3-pentanone (3P)
and toluene (tol), the ratio of signal intensities Sﬁ (Eq. (5.1))
is a function of the oxygen concentration only (f(ng,)) since
all the other factors are either constant (like absorption
cross-sections due to constant pressure and temperature) or
cancel (like local laser intensity and detection volume)

Sit = S IS = const ¢y /9 = f(no,) (5.
The fluorescence quantum yield ¢} for species i is
) ki
0= — ﬂ~i (5.2)
kio: + kqnq
with the rate coefficient for spontaneous emission, ki, and
the sum rate of all collision-independent de-excitation
processes, kiy- kf] is the rate coefficient for collisional
quenching n, the quencher (i.e. oxygen) number density.
For atmospheric pressure in 3-pentanone, as in all
aliphatic ketones, quenching by oxygen can be neglected
(because of k;:pnq < kP). With the Stern—Volmer coeffi-

cient for toluene quenched by oxygen (kv™? = IEIf]’OZ/k{g{
Eq. (4.6) can be rewritten [110]:

B+ 70

SR = const%gﬂqq) =1 +kS%ny).  (53)
The signal ratio of 3-pentanone versus toluene LIF therefore
increases linearly with the oxygen number density.
The offset, given by c;, can be obtained from a single-
point calibration. An experimental validation is shown in
Fig. 35. This simple approach assumes that toluene and
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Fig. 36. Results of the O,-imaging measurements in the mixing chamber [110]. For details see text. Reprinted from [110] with permission from

Springer Verlag.

3-pentanone signals are detected independently without any
spectral overlap and that oxygen is the only quenching
species. Further corrections may be added in order to reduce
the systematic errors caused by these assumptions [110].
The two gas jets emerged from metal tubes (exit
diameter 1 mm) that were mounted 5 mm apart with the
gas streams mixing at an angle of approximately 30°.
The gas exit velocities were set to 5—15 m/s. The tubes were
supplied with various mixtures of nitrogen and oxygen
controlled by mass flow controllers. The gas mixtures were
independently bubbled through a blend of the liquid tracers
(3-pentanone and toluene, 50:50 per volume) which were
kept at constant temperature of 293 K. The mixing cell was
purged with an additional nitrogen flow that was quiescent
compared to the velocities of the other two gas streams. For
calibration of the LIF signal ratio, a single gas stream with
identical tracer concentrations but at various well-known
oxygen concentrations was used. A 248 nm laser sheet
illuminated a plane up to 2 mm below the tube exits. The
LIF signals were detected simultaneously with two image-
intensified CCD cameras. For toluene detection a reflection
bandpass filter centered at 295+ 8 nm was used. 3-Penta-
none LIF was detected with a 385 nm long-pass filter.
Results of the two-tracer imaging technique in an
arrangement of interacting nitrogen (N,) and air gas jets
within a quiescent N-atmosphere are shown in Fig. 36. The
first box ‘a’ shows separate LIF images from toluene and
3-pentanone. The ‘3P-LIF image’ shows increased signal
intensities in the nitrogen jet due to some spectral overlap
from the strong toluene signal. This error is corrected by
quantifying the relative contribution of toluene LIF to the
3-pentanone detection channel in additional experiments

where the flow is seeded with toluene only. The second
image shows that the ratio of signal intensities is not directly
a function of oxygen number density (according to
Eq. (5.3)) since the left jet (containing no oxygen) yields
higher signal intensities compared to the mixing region.
After correcting for energy transfer processes [110] (see also
Fig. 26), this artifact disappears (right image in Fig. 36a),
and the resulting signal is calibrated using a measurement in
pure air. Fig. 36b shows the oxygen distribution in similar
flows at slower exit velocities where the two laminar gas
flows stay mostly separated. Fig. 36¢c shows the oxygen
distribution in an air jet injected into a quiescent nitrogen
atmosphere where the dilution of oxygen by entrainment of
nitrogen is clearly visible. The line plot shows the oxygen
concentration along the line in the 2D-image including error
bars to demonstrate the sensitivity of the technique. Since
only the incoming jets were seeded by tracers, the outer
region does not yield any information in these measure-
ments and is shown in black.

6. Applications: measurements in multiphase systems

In many practical combustion systems the atomization
and evaporation of the fuel is the time-critical step, and
combustion can occur when liquid fuel is still present.
Measurement techniques that can work under such con-
ditions and provide information about the phase and the
amount of fuel that is already vaporized are important tools
to study of such systems. The most promising diagnostic
approach to date is based on the use of exciplex-based laser
induced fluorescence [41]. This technique requires the use
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of two tracers that act as an electronic donor and acceptor
pair which form an excited complex or ‘exciplex’ after laser
excitation. This complex is only stable in the liquid phase
and the red-shifted fluorescence from the exciplex allows
spectrally separated measurements of the liquid. The vapor
phase is characterized through fluorescence from the
separate monomer tracers. Particular issues with methods
based on exciplex fluorescence are strong temperature-
dependence of the signals of the monomers, a temperature-
dependence of the formation of the excilex concentration in
the liquid phase, and incomplete spectral separation of
exciplex and monomer fluorescence. A clean detection of
the vapor phase is especially difficult in the presence
of droplets since there is also the possibility of remaining
monomer molecules in the liquid phase. A more detailed
discussion of this topic can be found in a review by Zhao
and Ladommatos [140].

6.1. Measuring fuel concentrations

Quantitative applications to engine studies require that
exciplex methods use tracer combinations that have similar
evaporation characteristics as the fuel (component) that must
be traced. As has been described in Section 4.3, the
fluorescence signal strength for toluene (as well as for
other aromatic compounds) depends strongly on the local
oxygen concentration. Therefore, exciplex-based measure-
ments that aim at the characterization of fuel concentrations
usually have to be carried out in a nitrogen atmosphere.
Ghandhi et al. [70] used fluorobenzene/diethylmethylamine
tracer mixtures in hexane in a motored direct-injection two-
stroke engine with nitrogen replacing the air. Fuel/air mixing
is studied qualitatively with temperature effects on the LIF
signal strength identified as a major obstacle towards
quantification. Froba et al. [69] describe the use of
benzene/triethylamine mixtures to track iso-octane in
oxygen-containing environments. They characterize the
LIF signals for the tracer mixture to be inversely proportional
to the local oxygen concentration. The measurements thus
yield information on the local equivalence ratio, rather
than the fuel concentration (cf. Section 4.3.3 for comments).
This approach was applied to study the mixture formation
process for different injectors in the intake runner of a port-
fueled SI engine [147].

Diesel-type applications require the use of higher boiling
point tracers, e.g. tetra-methyl-p-phenylene-diamine
(TMPD)/naphthalene mixtures as they were first introduced
by Melton [41]. An example of an application is the
investigation of the evolution of a Diesel spray in nitrogen
[148]. The same restrictions caused by the presence of
oxygen as described above exist for such tracer combi-
nations. More details on issues with quantification of this
particular exciplex system are found in Felton et al. [68].
Kim et al. [149] used TMPD/naphthalene for quantitative
investigations of the influence of ambient temperature and

injection pressure on n-dodecane sprays in a high-tempera-
ture, high-pressure constant volume vessel.

6.2. Measuring phase-specific temperatures

Measurements of gas phase temperatures are reported by
Beyrau et al. [150] for an evaporating iso-octane spray from
an automotive fuel injector. Temperatures at a point in
between fuel droplets could be measured with coherent anti-
Stokes Raman scattering (CARS) and show the evaporative
cooling in a spray. Temperature imaging via NO-LIF has
been demonstrated in evaporating sprays and spray flames
[151].

Mostly, temperature measurements in two-phase flows
are reported for the liquid phase. The temperature-
dependence of the fluorescence intensity in exciplex
systems is different for the monomers and the exciplex.
Murray and Melton [152] used measurements of the signal
ratio of monomer and exciplex in two mixtures (0.04%
DCNP/0.12% DEA/m-xylene and 1.0% naphthalene/2.5%
TMPD/hexadecane) to determine temperatures. For non-
evaporating conditions they achieved an accuracy of ~1 K.
Based on the same approach, Megahed [153] used a mixture
of 99% hexadecane and 1% B-311(1,3-bis-(1’-pyrenyl)-
propane) to measure temperature-images of sprays from a
commercial Diesel fuel injector. The accuracy in this case is
estimated to be 10 K. Picosecond laser excitation (35 ps)
and precise timing of detection was implemented to improve
the accuracy to ~0.2 K for stationary conditions [154,155].

Other strategies for liquid-phase temperature measure-
ments employ Raman scattering. Temperature-dependent
linear Raman scattering in water allowed measurements of
temperature profiles in stratified flows in gas and liquid
phases [156]. The change of the Raman shift of methanol
and ethanol with temperature was used to measure
temperatures in droplets from a methanol/ethanol spray
that was produced from an automotive injector [157].

Substantial effort also went into developing and using
temperature measurement strategies for liquid phases that
are based on fluorescence of non-evaporating laser dyes.
Especially Rhodamin B has a high temperature-sensitivity
to make it an attractive tracer molecule for this purpose
[158-162].

7. Adverse effects of tracers

Mismatch in fuel and tracer properties with potential
effects on a number of processes can lead to substantial
systematic measurement errors that can prohibit quantitative
interpretation of the measured LIF signals.

7.1. Droplet formation (Spray breakup)

Spray breakup depends sensitively on surface tension
and viscosity of the liquid components. Different relations



C. Schulz, V. Sick / Progress in Energy and Combustion Science 31 (2005) 75-121 111

are found in the literature to describe the influence of Weber
We (momentum force/surface tension force) and Ohnesorge
Oh (square root of Weber number/Reynolds number)
numbers on droplet breakup. For a droplet of diameter d a
critical relative velocity exists below which the droplet will
not break up [163]. This critical velocity (represented by the
critical Weber number) depends on the square root of the
surface tension. Although the surface tension of a mixture
does not exactly follow a simple linear relationship with
mixture fraction [164], we will consider this to be the case
for an estimate of the potential impact of a fluorescence
tracer on the spray breakup. For iso-octane with a surface
tension of approximately ¢ =18 mN/m at 20 °C in a mixture
with either 10% acetone (¢=23.7 mN/m) or 5% toluene
(6=28.5 mN/m) will experience a change in the critical
breakup velocity of less than 2%. This effect can therefore
be considered unimportant. This could change when
surface-active tracers either accumulate or deplete near the
surface. The effect of different viscosities via the Ohnesorge
number is of similar magnitude and it is not expected to have
a substantial impact on spray breakup.

7.2. Droplet vaporization

The separation of different components of a multi-
component mixture via distillation is a technical process of
enormous importance, e.g. to produce gasoline from crude
oil or drinkable liquor from fermented fruit mixtures. In the
case of a fuel/tracer mixture such a distillation effect is
highly undesirable. If the fuel/tracer mixture can be
evaporated and stirred before being introduced into the
volume where measurements will be performed there is
typically enough time and/or space to guarantee that the
fuel and tracer are perfectly mixed. This method has been
used to study mixing effects in engines where the
fuel/tracer or air/tracer mixture was added upstream to
the engine into preheated ducts (e.g. [11,165]). However, in
recent years, more and more attention was put on systems
where the liquid fuel and air are mixed shortly before
combustion is initiated. Even in port-fuel injected systems
spatial separation of different fuel components have been
observed [29].

Especially for investigations of direct-injection gasoline
engines, tracer LIF has found wide-spread application (see
SAE technical paper series). As the fuel begins to evaporate
inside the cylinder it is possible that sequential evaporation,
or distillation occurs, and thus, the temporal and spatial
distribution of the tracer might no longer accurately reflect
the distribution of the fuel. Le Coz et al. [33] pointed out that
mixtures of 3-pentanone and iso-octane will not evaporate
like an ideal solution but that 3-pentanone concentrations in
the gas phase were about twice that in the liquid phase for
low 3-pentanone doping levels. More recently, Han and
Steeper [30], Davy et al. [166], and Lin and Sick [32,167]
have investigated this process more extensively. Han and
Steeper [30] proposed the use of a ternary mixture of

3-pentanone/3-hexanone/iso-octane to replace 3-pentanone/
iso-octane mixtures and their investigations indicate that
measurements with a direct-injected fuel/tracer mixture that
exhibits sequential evaporation indeed yields statistically
different results compared to measurements performed for
the ternary mixture [30].

Davy et al. [166] extended this work with numerical
assessments of the 3-pentanone/iso-octane system. The
pressure-, temperature-, and composition-dependence of
phase compositions in binary tracer/fuel mixtures, like 3-
pentanone/iso-octane and toluene/iso-octane was investi-
gated numerically by Lin and Sick [32,167]. This work also
addressed the influence of air on the vapor-liquid
equilibrium to address the fact that the bulk of the in-
cylinder mass in an engine is air and not just the tracer/fuel
mixture. Neij et al. [55] found no conclusive difference in
their combustion analysis for cases with added tracers. In a
study of near-flame-front equivalence ratios, Rothamer and
Ghandhi [168] concluded that, due to short time scales in
the evaporation under engine conditions, the effect of
sequential vaporization is not expected to be large. All
studies essentially agree that 3-pentanone/iso-octane mix-
tures do have limitations for quantitative measurements
when evaporation effects are important. This also applies to
the study of evaporating fuel films [31]. However, with
some evidence presented by Han and Steeper [30,169],
there is no quantitative assessment of the potential
implications for fuel distribution measurements available
to date.

Computationally, Torres et al. [170] have developed a
multi-component fuel model for KIVA 3V that describes
sequential evaporation of individual fuel components when
injected into an engine cylinder. Results of computations for
binary mixtures of iso-octane/3-pentanone were performed
as well but have not been published yet.

Separation of tracer and fuel in the gas phase (different
transport properties) may not be important for practical fuels
since the relevant mixing processes are not diffusion-
controlled. For acetaldehyde/methane mixtures Tait and
Greenhalgh [49] demonstrated that the differences in
diffusion rates have no practical influence on imaging
measurements, at least at mixture fractions higher than 0.6.
Furthermore, the spatial resolution needed for measure-
ments closer to flame fronts is not fully achieved in practical
devices, and spatial averaging might alleviate the problem
to some extent [168]. There could, however, be implications
of differences in diffusion rates for measurements in
hydrogen-fueled systems, if high-resolution measurements
in the flame front are concerned and in slow flow
systems where diffusion can compete with convective and
turbulent mixing.

7.3. Ignition/combustion chemistry

Adding tracers of different chemical composition to a
base fuel will change the overall mixture composition of
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the fuel/air mixture if the amount of tracer/fuel mixture is
not adjusted to reflect this change. In a spark-ignited direct-
injection engine fueled with iso-octane Zhang et al. [171]
observed an influence of the amount of added 3-pentanone
on combustion performance; toluene had a much lesser
effect. The amount of tracer/fuel mixture that is injected
needs to be adjusted to bring the overall stoichiometry back
to the undoped fueling case to avoid adverse effects on
combustion.

7.4. Tracer stability

7.4.1. Breakdown in combustion environment

Typical tracers like ketones, aldehydes, aromatics, or
amines have chemical structures that are quite different from
model or surrogate fuels that are often used. Amongst them
are iso-octane, n-heptane, and mixtures thereof. The break-
down of the molecular structure of those tracers during
combustion can be substantially different from that of the
parent fuel. Unimolecular reactions can lead to the
decomposition of acetaldehyde and acetone [172], and if
this reaction proceeds more rapidly than the decomposition
of the parent fuel, the tracer will not track the fuel
distribution faithfully. For acetaldehyde as a tracer in
methane it was shown [49] that it is more reactive at all
temperatures than the fuel. However, the difference in tracer
and fuel mole fraction at mixture fractions between 1 and
0.6 is acceptably small to be ignored. Similar behavior is
expected for 3-pentanone and iso-octane. Especially for
conditions when combustion happens with regular flame
propagation, any premature tracer consumption would
happen close to the flame front and would not substantially
affect measurements since usually the spatial resolution of
imaging experiments on practical devices is not high enough
to resolve the flame front anyway. This especially holds for
application under elevated pressures, like in engines.
However, if the fuel consumption proceeds on a more
distributed scale, as is found in homogeneous-charge
compression-ignition engines (HCCI), premature tracer
consumption could pose a serious problem for quantitative
measurements of fuel distributions. It was found that under
HCCI combustion conditions 3-pentanone in n-heptane/iso-
octane mixtures disappears before substantial heat release is
measured [82] (cf. Section 2.2.3). Studies using iso-octane
instead indicate no premature tracer destruction. The tracer
seems to break down before the onset of the hot combustion
at similar rates as the parent fuel [83]. The major difference
is the presence of cool flames for low octane-number fuels.
Radicals formed during the cool flame period remove the
tracer. Reuss and Sick [11] have used toluene as a tracer in
combination with n-heptane. The reactivity of aromatic
compounds in flames is not that different from aliphatic
compounds [173]; if anything they might be initially
somewhat more stable.

7.4.2. Thermal stability in the gas phase

The thermal stability and breakdown of acetone was
studied in a shocktube for temperatures of 1350-1650 K
[172]. This temperature range is above temperatures that are
usually of interest in fuel imaging studies. 3-Pentanone
decomposition under conditions more typical for fuel
imaging experiments (several hundred K) was studied by
GroBmann [174]. Gas chromatographic analysis showed a
rapidly increasing decay of the 3-pentanone with increasing
temperature. At a temperature of 573 K gas-phase 3-penta-
none concentrations dropped by 50% within 1h after
injection into a heated stainless steel cell in the presence of
1 bar air. At 523 K no removal was noticed. It must be
noted, however, that these experiments were conducted in a
static cell where the 3-pentanone was in contact to heated
stainless steel surfaces for several minutes and longer.

7.4.3. Stability in the liquid phase

Baritaud and Heinze [122] report that the decay rate for
biacetyl LIF signal strength is 11% per hour. Neij et al. [55]
report a decay of LIF signals in 3-pentanone/iso-octane
mixtures over time. The origin of the observed decays is
unclear at this time. Longterm studies of the chemical
stability of 3-pentanone in iso-octane [175] indicate that
3-pentanone does not decompose. While biacetyl is
chemically more reactive than 3-pentanone, it is unlikely
that, in combination with iso-octane, the reactivity is
enhanced compared to pure biacetyl. Not enough detail
about the exact manner of how the tracer/fuel mixtures were
stored is given in the literature, and as such it cannot be
evaluated whether the higher vapor pressure of the tracers
(as compared to the fuel) could be held responsible for the
apparent decrease in LIF signal.

In the injection system fuel mixtures can be in contact
with hot metal surfaces. Furthermore, conventional injection
systems circulate fuel from the injection nozzle back to the
fuel tank. The whole system is usually open to air; hence the
fuel is saturated with oxygen. Under these conditions Schulz
et al. [146] report the decomposition of 5-nonanone doped to
n-decane fuel in experiments in a Diesel simulator. The
fluorescence emission spectra change their shape after some
hours of operation, and the fuel assumes a yellowish color.
Changes in LIF emission spectra were observed at gas-phase
temperature and detection delay after injection. However,
for those conditions no tracer decomposition in the gas
phase was expected according to previous measurements in
shock-heated gases [146].

7.4.4. Photolytic destruction

The photolytic decomposition of fluorescence tracers is
usually ignored in LIF imaging experiments. A simple
experiment in open atmosphere above a small puddle of
liquid where vaporized tracers like acetone, 3-pentanone or
toluene are illuminated with a UV laser beam, e.g. 266 nm,
reveals the presence of photolytic activity. Not only can a
strong photo-acoustic signal be heard, but also the formation
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of visible fumes and a change in the odor indicate that
changes in the composition are happening. Diau et al. [113]
report on details of the photolytic decomposition of ketones
upon illumination with UV light, and Haas presents a review
on photochemical a-cleavage of ketones, esp. acetone [176].
Biacetyl is especially prone to photodissociation when
excited at short wavelengths, e.g. at 266 nm (frequency-
quadrupled Nd:YAG laser) where the photodissociation
quantum yield is 0.39; at longer wavelengths, photodisso-
ciation becomes less of a problem [177].

8. Alternative approaches to tracer techniques
8.1. Absorption

Hydrocarbon molecules (fuel) can be detected with
absorption spectroscopy. A line-integrated signal is
obtained in such a case. If multiple crossed absorption
paths are used, tomographic reconstruction can be used to
obtain multi-dimensional fuel distributions [178]. This has
recently been applied to investigate a fuel spray [179]. More
frequently fuel absorption measurements are used to
determine the fuel concentration at the spark plug, e.g.
Hall and Koenig [180]. Tomographic fuel imaging using
infrared absorption was compared to LIF imaging of
different fuel components by Kridmer et al. [29]. Two
different wavelengths in the absorption measurements were
selected to be sensitive to aliphatic and aromatic hydro-
carbons separately.

8.2. Raman scattering

The big advantage of Raman scattering compared to the
tracer LIF techniques that were described in this paper is the
potential to measure a more representative fuel concen-
tration since all hydrocarbons will produce a Raman signal.
However, no work has been done to analyze the sensitivity
of the Raman signal intensity to the fuel composition. The
book of Zhao and Ladommatos [181] serves as a good
reference for Raman scattering studies in engines.
As mentioned in Section 5.2.2, Raman scattering can be
used to provide an absolute calibration signal for tracer-LIF
measurements [141]. Measurements of fuel/air ratios before
ignition with 1D spatial resolution have been achieved with
KrF excimer lasers at 248 nm excitation [182-184].
Frequency-tripled Nd:YAG lasers (355 nm) were also
used for engine research [145]. Miles discussed details of
the application of frequency-doubled Nd:YAG lasers
(532 nm) as a means to reduce interferences that often can
plague measurements when UV lasers are used [185].
However, a range of factors is important to decide which
strategy works best for a given situation. 2D-Raman in-
cylinder measurement of methane [186] as well as a
technique that uses a spectrometer [187] are reported but
are certainly specialty applications. Slightly different

Raman shifts for methanol in liquid and vaporized
conditions allowed separate detection of the two phases in
experiments with methanol [188].

It must be pointed out, however, that the intensity of the
Raman signals is a complicated function of temperature.
This is often neglected and can potentially lead to
substantial errors, depending on the molecules probed and
the temperature range. Full spectral simulations of the
Raman spectra [189,190] or extensive calibration pro-
cedures [191] can be employed to account for this effect
and are required for fully quantitative measurements.

8.3. Rayleigh scattering

The fuel distribution in a propane fueled engine was
imaged with Rayleigh scattering by Zhao et al. [192]. Espey
and Dec [193] have quantified the fuel concentration in the
plume around a Diesel fuel jet with Rayleigh scattering. The
large difference in scattering cross-sections for air compared
to Diesel fuel makes this an attractive technique and allows
a specific interpretation of the Rayleigh signals as
representative of the fuel concentration. However, this
only works in regions where no droplets are present, since
otherwise Mie scattering would overwhelm the Rayleigh
scattering signal. Andersson et al. [194] have studied mixing
and combustion of dimethyl ether (DME) with Rayleigh
imaging. Schulz et al. [146] and Vogel et al. [195] describe
Rayleigh imaging experiments in a Diesel spray to assist
numerical modeling of the spray and combustion process in
such a spray. In comparison to LIF signals, Rayleigh signals
can become comparably strong. This certainly depends on
many experimental factors especially the wavelength of the
exciting laser beam and the orientation of the polarization
plane of the laser beam with respect to the direction of the
detector [196]. Sick and Wermuth [197] reported simul-
taneous PLIF imaging of OH radicals and acetone for a
range of mixing and combustion conditions. With an
excitation wavelength of 266 nm the intensity of the
Rayleigh scattering was within the same order of magnitude
as the OH or acetone LIF signals.

A suitable fuel selection allowed analysis of the
Rayleigh scattering cross-sections and thus permitted 2D
temperature measurements in a research engine. In combi-
nation with simultaneous imaging of hydroxyl radicals, this
is reported by Orth et al. [198]. Simultaneous measurements
of temperature and nitric oxide distributions are presented
by Schulz et al. [199].

9. Outlook

Much of the success that tracer-based imaging tech-
niques have gained in recent years is based on improve-
ments of the understanding of temperature-, pressure-, and
composition-dependence of tracer LIF-signals. As such, it
is expected that refinements of such studies will continue to
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help in developing and applying quantitative imaging
techniques for practical devices. The real challenges have
to be faced when it comes to imaging diagnostics with
regular fuels. As described in this paper, a quantification of
the LIF signals from real fuels is usually not possible, at
least not beyond a certain level of accuracy. This level of
accuracy may be determined with a set of careful
experiments to provide guidelines for measurements with
real fuels. Adding tracers to real fuels, to at least enhance
the quantitative measurement of some components, while
overall maintaining the combustion properties of the real
fuel, is a potential way towards more realistic fuel imaging.
It has to be pointed out, however, that measurements with
selected single- or (few) multiple-component fuels remain
an interesting research field since the development of
sophisticated CFD simulations with detailed chemistry will
have to rely on validation experiments with well-defined
boundary conditions and a limited set of chemical species.
Improvements are most certainly needed in our capability
of simultaneously measuring liquid and vapor phase
concentration distributions as well as temperature fields.

10. Conclusions

In this paper an overview was presented on the
photophysical background and strategies for applications
of laser induced fluorescence imaging techniques based on
fluorescence tracers to measure fuel, equivalence ratio and
temperature distributions in the gas phase.

The motivation for using tracer LIF was introduced in
Section 1 followed in Section 2 by an overview of tracers that
had been introduced for use in gas phase systems. Section 2
covers tracers ranging from atoms to larger organic
molecules. Subsequent sections of the paper focus on the
characteristics and application of organic molecules. A
section on the fundamental photophysics of organic mol-
ecules in general (Section 3) explained processes that form
the background on which the understanding and description
of laser-induced fluorescence signal generation is based.

Two types of molecules, ketones, and small aromatic
compounds are most frequently used as tracer molecules.
While literature is available on additional molecules, like
amines and aldehydes, the use of ketones and small
aromatics has found highest attention and widespread use
in many applications. Section 4 describes specific details
about the photophysics of acetone and 3-pentanone as
representatives of ketones. Biacetyl, a representative for di-
ketones, and toluene, an example of an aromatic, were
addressed in this section as well.

Experimental investigations of the temperature-, press-
ure-, and composition-dependence of the fluorescence
signal strength for ketones under well-defined conditions
have led to the development of a phenomenological model
for ketone photophysics. Along with descriptions of the
experimental results, the successes and shortcomings of this

model were explained. This illustrated how critical the
fundamental understanding of the photophysics of a fuel
tracer is when using the predictions of such a model for
quantitative diagnostics. Despite the fact that ketones can be
considered as the best-studied tracers for which elaborate
models for signal predictions are available, recent exper-
iments showed that there still is a significant lack of
fundamental studies for the high-pressure, high-temperature
regime that is highly relevant for applications in practical
combustion environments. Current concepts that are based
on the extrapolation of low-temperature or low-pressure
data can lead to erroneous results. Further investigation of
ketone photophysics will therefore continue to be an
important and active field of research.

Only a brief excursion was given to address the use of
biacetyl as a potential fluorescence tracer. Little has been
published on the fluorescence behavior of biacetyl for
application under high-pressure, high-temperature con-
ditions but there is reason to believe that this should be done.

Toluene was chosen as a representative for aromatics
because of its frequent use as a tracer. Because of the
susceptibility of excited aromatic molecules to quenching
by molecular oxygen, toluene LIF measurements have been
suggested for direct assessment of fuel/air ratios. This
technique quickly became popular for diagnostics in internal
combustion engine experiments. Recent experiments, how-
ever, showed that the oxygen-susceptibility of toluene
strongly decreases with increasing temperature. The appli-
cable range of the fuel/air-LIF imaging technique is
therefore limited. A simple model for toluene-LIF was
presented that captured some of the observed signal
behavior but the knowledge about aromatics fluorescence
signal strength is far from satisfactory at this time.

In many tracer LIF applications signals have been
calibrated at conditions close to that of the ‘real’
measurement. These approaches include calibration with
motored engine operation to determine signal strength as a
function of (combined) pressure and temperature. This
approach has worked reasonably well since calibration
conditions and unknown process conditions were very close
to each other. Caution has to be applied when extrapolating
far out beyond known signal conditions.

Section 5 described exemplary tracer-LIF applications.
Without giving a complete overview, this section illustrates
how tracer-LIF can be used to measure fuel concentrations,
equivalence ratios, and temperature in different situations.
Measurements of fuel/air mixing under isothermal con-
ditions are amongst the simplest applications of tracer-LIF
and provide substantial insight into technologically relevant
processes. Two- and three-dimensional imaging measure-
ments were discussed in this section. The temperature-
dependence of ketone fluorescence was exploited as a means
to measure temperature distributions in open atmosphere
experiments as well as in engines. The issue with
quantification of tracer-LIF measurements under variable
pressure and temperature conditions was described for
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a range of engine applications. Simultaneous variation of
temperature and pressure can lead to ambiguous signal
levels, in which case combinations of tracers can be used to
gain additional information. For example, oxygen concen-
trations were measured using a combination of toluene and
3-pentanone as tracers, exploiting the difference in their
susceptibility to quenching by molecular oxygen. Further
concepts use detection or excitation at more than one
wavelength in order to gain additional information.

The lack of discrimination between liquid and gas phase
signals was introduced with these examples and remains one
of the big problems of tracer-LIF for many applications.
Since the scope of the present paper was to review the status
and potential of tracer-LIF techniques for gas phase
systems, Section 6 gave only a brief summary of approaches
for multiphase systems.

Tracer addition can potentially affect many aspects of the
investigated system. Section 7 addressed these issues
ranging from physical processes, like droplet formation
and evaporation, to effects on the chemistry in the case of
combustion processes and tracer decomposition at high
temperatures. Dynamic effects on the evaporation, i.e.
preferential evaporation of either tracer or fuel, are not
fully understood and are usually ignored. This will have to
be quantified to allow high-fidelity measurements in
systems where evaporation plays a dominant role in
controlling the process under study, e.g. many direct-
injection engine systems. Evidence was found that the
addition of large amounts of tracers could alter the
combustion process as well. If, for diagnostic reasons, e.g.
signal strength, the amount of tracer cannot be reduced, the
data analysis and especially comparison to models must
include the presence of tracer in the fuel.

Section 8 addressed absorption and Raman and Rayleigh
scattering as potentially alternative techniques to tracer-LIF
along with a few examples. An outlook in Section 9 on some
of the future issues with tracer-LIF techniques gives the
authors’ perspective on this subject.

This paper presented the state of the art of tracer-LIF
application to a variety of combustion-related diagnostics
situations. Tracer-LIF experiments falsely give the
researcher the impression to be straight-forward. They
often yield strong signals and do not require sophisti-
cated, i.e. tunable, laser sources. Therefore, tracer-LIF
applications quickly became popular in research and
development. The photophysical background of the
tracer-LIF signal, however, was often investigated a
posteriori when applications indicated significant devi-
ations from the expected results. Even recent measure-
ments clearly indicated that there is still an important
lack of fundamental understanding of the underlying
photophysics. This still prevents the extrapolation of
signal strengths from a calibration condition to high-
pressure, high-temperature conditions in the compression
stroke of internal combustion engines even for the best-
studied tracers. What is characterized as ‘quantitative

measurement’ in earlier papers must often be reconsid-
ered as ‘evaluated based on the best knowledge available
at that time’. This especially applies if measurements are
compared over a wide range of pressure, temperature,
and gas composition conditions.

Tracer-LIF techniques will remain an important tool for
a large variety of practical situations. They will become
even more relevant in the future because many modern
combustion systems require detailed knowledge of fuel
distribution. This will raise the standards for quantitative
data interpretation and multi-parameter measurements even
more. The investigation of the photophysics of the
underlying fluorescing tracer will therefore continue to be
an important field of research.
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