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Abstract

Tracer based planar laser-induced fluorescence (PLIF) has emerged as a powerful in-situ measurement technique with a
considerable spatial and temporal resolution for Internal combustion (IC) engines. In PLIF, the emitted fluorescence sig-
nals from a tracer molecule are processed to determine distribution of temperature, fuel, residual gases, etc. However, it is
imperative to have a thorough understanding of the tracer physical properties and its fluorescence intensity dependencies
on excitation wavelength, pressure, temperature and bath gas composition existing inside the combustor for accurate quan-
titative interpretation. This work consists of a series of two articles providing a detailed review of the existing literature of
fluorescence characteristics of various molecules used as tracers in IC engine applications. Due to the overwhelming usage of
organic compounds in IC engine environment, the work is restricted to them. Part A of this work is focussed on non-aromatic
compounds whereas part B will focus on aromatics (toluene, anisole, naphthalene, 1-methylnaphthalene and fluoranthene).
Due to a large energy gap between the excited singlet and triplet states of aromatics, they are highly sensitive to oxygen
quenching effects than ketones. Absorption cross-section might increase or decrease with temperature but is insensitive to
pressure changes. Fluorescence quantum yield of aromatics show a very strong reduction with increase in temperature but
might either increase or decrease with increasing pressure. The pressure sensitivity is found to increase with the number
of atoms in a bath gas molecule. Fluorescence spectra are found to undergo redshift with temperature which can be used to
measure temperature using 2 colour thermometry. The large fluorescence quenching by oxygen can also be used to directly
measure fuel—-air ratio using FARLIF methodology. Towards the end several IC engine studies are reviewed to discuss vari-
ous aspects of mixture formation and temperature distribution.

1 Introduction
1.1 Motivation

Planar laser-induced fluorescence (PLIF) is a non-intrusive
technique that uses fluorescent compounds called trac-
ers to measure various parameters in complex flow situa-
tions, such as those inside an internal combustion engine
cylinder. This method allows for accurate measurements of
fuel distribution, exhaust residuals, and temperature with-
out interfering with the flow field. This information is cru-
cial for optimizing combustion to meet emission and fuel
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efficiency requirements. The effectiveness of PLIF depends
on the behaviour of tracer molecules used. However, the
fluorescence signals from the tracers are influenced by vari-
ous factors in the combustion system. Fluorescence signals
emitted from a particular region of space is dependent on
the tracer concentration, pressure, temperature and composi-
tion of the surrounding gases, most of which are unknown
in a typical combustion system. It is extremely challenging
to measure all of them simultaneously as there is a lack of
a-priori calibration data in all these dimensions. Therefore,
the key question for all tracer LIF measurements is how to
reduce the complexity of the system in a manner that is suit-
able for obtaining the desired information.

Understanding the physical properties of tracers and their
fluorescence signal dependencies is essential. While a previ-
ous review has briefly discussed the fluorescence dependency
of a handful of molecules at limited pressure and temperature
regimes (either only high pressure or only high temperature)
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[1], this work provides a comprehensive review of various
molecules, including discussions on simultaneous high-pres-
sure and high-temperature conditions, which are particularly
relevant for internal combustion engines and other combustor
applications. Due to its extensive nature, the review work is
divided into two parts. In the previous Part A, fluorescence
behaviour of non-aromatic tracers (acetone, 3-pentanone, and
biacetyl) were covered in detail. In the current article, i.e., Part
B aromatic tracers (toluene, anisole, naphthalene, 1-methyl
naphthalene, and fluoranthene) are discussed.

1.2 Background

With the advent of optical engines [2-5], optical access was
now available inside the combustion chamber through trans-
parent cylinder liner and piston window made of quartz. With
optical access, many laser diagnostic techniques quickly
became popular for in-cylinder measurements. The ability of
PLIF to be species specific and to provide information with
a high spatial resolution at a fair signal strength, resulted in
it being an extremely popular method for fuel and tempera-
ture distribution measurement in IC engine diagnosis and
other applications like gas turbine combustors [6] and vari-
ous fundamental studies [7-10]. Measurements in IC engines
are normally carried out in a linear regime where the emitted
fluorescence signals are linearly proportional to the incident
laser excitation energy. Assuming weak excitation, fluores-
cence signal (in photons per unit volume) can be calculated
from the following equation that was explained by Koch and
Hanson (2003) [11]:

E
Sf = Hopt e Mabs (P, No(A4, Dp(A, P,T) 1)
n

where 7, is collection optics efficiency, % is the energy of a
photon (in J) that is absorbed, E is the laser fluence (J/cmz),

c is the speed of light, A is the wavelength of the laser light
used, n,, is the tracer number density (in molecules/cm?)
which is a function of pressure and temperature, G is the
absorption cross section (cm?*/molecule) which is a function
of temperature and wavelength of light used, and ¢ (number
of fluorescence photons per absorbed photon) is called the
fluorescence quantum yield (FQY) which is a function of
pressure, temperature, wavelength and composition of the
surrounding gases.

Among these parameters, the absorption cross-section
and fluorescence quantum yield are particularly significant
in LIF (Laser-induced fluorescence) studies. The fluores-
cence quantum yield (¢) serves as a measure of the likeli-
hood of a molecule in its excited state returning to its ground
state by emitting a photon (in other words, undergoing fluo-
rescence). In its excited state, a molecule will tend to revert
back to the ground states either upon emission of a photon
or by giving up energy in some non-radiative processes. The
emitted signals from a sample when produced as a spectrum
result in the fluorescence spectrum. When in the excited
state, there are several pathways available to the molecule
to give up the excess energy. Such pathways are shown in
the Jablonski’s diagram in Fig. 1. In the diagram, electronic
states are demarcated by a numerical as a subscript depict-
ing the degree of excitation along with an uppercase letter
‘S’ or ‘T’ referring to either singlet or the triplet state. The
thick horizontal line represents the ground vibrational level
of an electronic manifold whereas the thin horizontal lines
are the higher vibrational levels. The various photophysical
processes can be divided into unimolecular (intrinsic to the
molecule) or bimolecular (depends on the concerned tracer
molecule along with a collider molecule). Furthermore, the
processes can also be classified as radiative or non-radiative.
When a photon is emitted upon transition between energy
states of similar multiplicity then it is called fluorescence,

Fig. 1 Jablonski’s diagram
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when the multiplicity changes, it is called phosphorescence.
In the diagram fluorescence (F) is shown between S; and
S, states and phosphorescence occurs between T, and S,
states. Absorption (A) is shown by a vertical arrow between
Sy and S,. When the transition occurs without the emission
of a photon between states of similar multiplicity then it is
called internal conversion (IC) and when multiplicities are
different then it is called inter-system crossing (ISC). In the
diagram, IC is shown between S, and S; whereas ISC is
shown between S, and T,.

All the processes mentioned till now were intrinsic to
the excited molecule and required no participation from any
bath gas molecule. Apart from these unimolecular processes,
there exists bimolecular pathways by which an excited mol-
ecule can give up energy and avoid fluorescence. This is
called fluorescence quenching (not shown in the diagram).
When an excited molecule and a bath gas molecule approach
each other, they interact in a way so that the excited mol-
ecule loses energy and ends up in the ground singlet state
thus effectively reducing the fluorescence yield. In addition,
some collisions might only lead to relaxation of the excited
molecules down the manifold. The vibrational energy lost
due to several collisions with the surrounding bath gas mol-
ecules might manifest itself as a rise in kinetic energy of the
collider species. This interaction is called vibrational relaxa-
tion (VR). VR in the diagram is shown by a transition to the
lower vibrationally excited states in the S, state. It does not
eliminate fluorescence as the molecule still remains in the
excited singlet state unlike fluorescence quenching where the
molecule ends up in the ground singlet reducing the fluores-
cence yield. These photophysical processes occurring in an
excited state molecule are only briefly discussed in this arti-
cle since these are discussed quite extensively in part-A of
this work. For detailed discussion of these processes, one
can refer [12-14]. To understand the importance of tracer
molecules and their required characteristics, one can refer
to part A of this work.

FQY is expressed as [15]:

krad
= k, + Xkiq; @

Here, k,,, represents fluorescence rate, k(k, = k,;, + k,,) is
the summation of rates of all intramolecular deactivation
processes occurring in the excited state molecule (&, repre-
sents non-radiative rate) and the summation term represents
rate of collisional quenching (k;) with different quencher
molecules with concentration (g;). Note that k, and k; have
different units. In the absence of quenching, ¢, = kl’(“d . Since
the intensity is proportional to FQY, therefore, d;% = é
Assuming, oxygen quenching is dominant among all other
quenching mechanisms, the lifetime of an excited molecule

can be approximated by a first order time constant expressed
as:

1
Tpg= ——
T ki + ko,do, ©)

Therefore, ¢ = off X k.qq (from Eq. (2)). In the absence of

quenching, the lifetime reduces to 7, = ki Expressing the

signal ratios in terms of fluorescence lifetime value, we
obtain [13]:

Iy

7= 1 +kgyqo, )
where kg, is referred to as the Stern—Volmer coefficient.
Mathematically,

kO
ky, = —— Q)
ke + k,,

The plots of [L — 1 are referred to as Stern—Volmer plots
0

and are important to study quenching as will be observed
later. Incidentally, kg, represents the relative strength of
quenching with respect to other intramolecular deactivation
processes. This will particularly be helpful to study the
applicability of FARLIF (Fuel-air ratio LIF) [16] technique
at certain conditions of temperatures and pressures. Math-
ematically FARLIF methodology is explained using Eq. (6)
from the study of Koban et al. [17].

kq (T) n
Sﬂ (T’ noxy ) ~ Niracer Oabs (T) ﬂ~oxy ~ g(T) ——
ktol (T) + kq (T)noxy noxy
(6)

If the oxygen quenching rate (%;’Xy (T)N,yy) far outweighs
the sum of the fluorescence rate and the intramolecular deac-
tivation rates (k,, (7)) in Eq. (6), then the fluorescence signal
is directly proportional to the ratio of the tracer number den-
sity to the oxygen number density giving information about
fuel—air ratio. The temperature term g(7') arises from the var-
ious remaining temperature dependent terms like absorption
cross-section, fluorescence rate and oxygen quenching rate
constant. Required calibrations can be performed to evalu-
ate g(T) for various temperatures at a known fuel—air ratio
which can then be used to correct the signals in the presence
of appreciable spatial in-cylinder temperature variation.

1.3 Roadmap through the paper

This paper is organised as follows. After a brief discussion
on PLIF and the relevant photophysical processes, the article
immediately begins to discuss the fluorescence characteris-
tics of the mentioned aromatic molecules. The molecules
are classified into mono-, di- and poly-aromatic compounds.
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Depending on their usage and the amount of literature avail-
able, a few molecules from each group were selected to be
reviewed in this work. From mono-aromatics, toluene and
anisole were chosen to represent the group and are sepa-
rately discussed in Sects. 2 and 3 respectively. Section 4
covers di-aromatic molecules from which naphthalene and
its methyl derivative 1-methylnaphthalene were selected for
review. Section 5 aims to discuss fluorescence character-
istics of a poly-aromatic molecule. Fluoranthene was cho-
sen for this purpose; to the best of our knowledge, it is the
only poly-aromatic compound which has found usage as a
fluorescent tracer in IC engine along with an availability of
literature on parametric study of fluorescence characteristics.
However, this selection should not be treated as complete as
there are various other molecules like triethylamine (TEA),
difluoro benzene (DFB), 1,2,4-trimethyl benzene (TMB),
N,N-dimethylaniline (DMA), etc., that could not be included
in this work due to either lack of usage in IC engine studies
or due to lack of studies in fluorescence characteristics. It
is to be noted that a detailed discussion of the fluorescence
models, their various parameters and optimisation is not a
focus of this work. Interested readers can refer the original
works cited here. Nonetheless, the model results and the
physics behind them are explained here.

After bringing out the relevant photophysical processes
that occur in the excited state of all the molecules, Sect. 6
discusses the various concepts involving PLIF of both
aromatic and non-aromatic molecules for usage in in-situ
measurement of temperature and fuel distribution inside IC
engines. In it, techniques like in-situ calibration and FAR-
LIF for fuel distribution imaging, whereas two tracer, two
line and two-colour techniques for temperature imaging, are
explained. At the end, a brief discussion about high-speed
measurements is also provided. Various relevant PLIF stud-
ies are discussed to highlight the utility of these techniques
in understanding various processes behind mixture forma-
tion in IC engines. The article is then concluded with the
discussion of several key insights obtained in this work. A
summary of physical properties of discussed tracers is pro-
vided in Table 1. It is to be noted that all the figures reported
in this work for fluorescence signals and FQY values are

obtained from studies which were performed at a constant
tracer number density.

2 Toluene

Toluene is perhaps the most widely used aromatic tracer.
Since aromatic compounds are present in a significant
amount in the naturally occurring fuels, with a strong fluo-
rescence signal and high susceptibility to oxygen quenching,
a proper characteristic of their fluorescence signals offers
some unique advantages which can be exploited to unveil
detection schemes like the FARLIF technique. In unleaded
gasoline toluene is present in a significant amount of 35%
by vol [38] and in a small amount of 0.25-0.5% by vol in
diesel [39]. Reboux et al. [16] suggested that if the oxygen
quenching rate is very large as compared to the rates of all
other deexcitation mechanisms, then the fluorescence sig-
nals become directly proportional to the fuel-air ratio. This
method becomes particularly useful when the amount of
oxygen present is small or the concentration of oxygen has
high variation in the region of interest. The applicability of
FARLIF for fuel—air ratio imaging has been demonstrated by
various researchers [15, 40]. Reboux et al. [40] used FAR-
LIF to investigate spatial inhomogeneity and cycle-to-cycle
variation (CCV) of fuel-air ratio distribution in a PFI (port
fuel injection) engine. They reported increased spatial inho-
mogeneities when injecting against an open intake valve or
with cooled intake manifolds due to thick fuel film formation
hindering vaporization. CCVs were also higher under these
conditions. Sacadura et al. [41] utilized FARLIF to investi-
gate mixture formation in both PFI and DI (direct injection)
modes. In DI mode, two injection timings were tested: early
injection during the intake stroke and late injection during
the compression stroke to create a stratified mixture. In PFI
mode, the mixture appeared spatially uniform, especially
during the compression stroke, with fluorescence intensity
increasing with equivalence ratio. A progressive flame front
indicative of premixed combustion was observed, with flame
speed increasing with overall equivalence ratio. In DI mode
with early injection, a uniform fuel-air mixture was found

Table 1 Physical and thermodynamical properties of toluene, anisole, naphthalene, 1-methylnaphtahlene and fluoranthene

Physical properties Toluene Anisole Naphthalene 1-methylnaphthalene Fluoranthene

Molecular weight (g/mol) 92.1[1] 108.13 [18] 128.17 [19] 142.2 [20] 202.25[19]

Density (g/cc) 0.87at25 °C 0.9956 at 18 °C [21] 1.162 at 20°C [22] 1.02 at 20°C [23] 1.252 at 0 °C [23]
(1]

Boiling point (°C) 110.6 [1] 155.5 [21] 218 [24] 245 [25] 384 [26]

Heat of vapourization at 25 °C (kJ/mol) 38 [27] 46.84 [28] 54.6 [29] 65.1 [30] 86.8 [31]

Heat of combustion (MJ/mol) 3.95[1] 3.78 [28] 5.15[32] 5.78 [33] 7.91 [34]

Vapour pressure @ (amb. temp.) 29 [35] 3.6 [35] 0.024 [35] 0.09 [36] 1.23 [37]

(mbar)
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due to longer mixing times, resulting in gradual flame front
evolution resembling premixed combustion. However, late
injection in DI mode led to highly stratified mixture distri-
bution with significant CCV, characterized by unevaporated
fuel droplets and rich mixture regions. Equivalence ratio in
the vapor phase ranged from 0.3 to 2, indicating varying
degrees of mixing. Flame images in DI mode lacked a dis-
tinct flame front, suggesting a diffusion flame, with regions
exhibiting premixed flame or flamelets surrounding drop-
lets. These flamelets gradually consumed the droplets as they
evaporated, leading to diffusion flames and soot formation
due to incomplete mixing. Frieden et al. [42] used toluene
along with 3-pentanone for measurement of oxygen distribu-
tion in the cylinder of a gasoline direct injection engine. This
method simultaneously determined the fuel number density
and equivalence ratio distribution. Manipulating both the
images provided oxygen distribution which is especially
important when there is a high degree of recirculation of
exhaust gas residuals. With the help of a number density
balance, the exhaust gas amount inside the cylinder could
be deduced.

Apart from measurement of fuel-air ratio, fluorescence
signals from toluene can also be used to measure in-cylinder
temperature. A very useful single laser two colour fluores-
cence thermometry was demonstrated by Luong et al. [43]
using toluene as a tracer in a direct injection spark ignition
engine. Willman et al. [44] studied the temperature distri-
bution in an optical engine using two-colour thermometry
and compared the cycle-to-cycle variation of temperature
distribution for PFI and GDI modes using different blending
ratios of toluene with iso-octane. Proper orthogonal decom-
position (POD) was applied to quantify CCV and they found
that GDI mode showed higher variability than the PFI mode
in their particular engine configuration. Gessenhardt et al.
[45] also performed temperature imaging using two-colour
thermometry. They found that the temperature distribution
is relatively uniform in the compression stroke, whereas in
the intake stroke, the distribution was more non-uniform due
to the presence of exhaust gas residuals and their mixing
with the incoming fresh cooler charge. Similarly, Peterson
et al. [46] performed two-colour thermometry using tolu-
ene to study the temperature evolution in the compression
and expansions strokes. In the late compression stroke near
TDC, the temperature distribution was mostly found to be
homogeneous, whereas in the expansion stroke, some inho-
mogeneities were observed due to the appearance of cooler
regions especially near the cylinder head and cylinder walls
in the particular engine configuration. The cooler regions
then were found to grow as the expansion stroke proceeds.
Toluene also finds a wide usage in PLIF studies in diesel
engines [47-52]. Many of these studies were carried out
using a mixture of iso-octane and n-heptane as the surrogate
fuel. For the success of these techniques, it is very important

to have a thorough understanding of toluene fluorescence
and its behaviour with changing pressure, temperature and
bath gas composition under engine relevant conditions.
This forms the subject matter of discussion in the following
sections.

2.1 Absorption cross-section

Toluene is a single methyl substitution of a benzene ring
and its molecular structure can be seen in Fig. 2. Toluene
is the first of the aromatic compounds we are about to dis-
cuss. One of the fundamental differences in the absorp-
tion spectrum of ketones and aromatic compounds is the
nature of the electronic transition. Whereas the transition in
ketonic compounds is the n — 7t*, the transition in aromatic
compounds is t — 1*. An electron from the delocalized
bonding orbital of a carbon—carbon group is excited to the
anti-bonding orbital. This results in a significantly higher
absorption cross-sections [53] of aromatic molecules than
their ketonic counterparts. Toluene has an absorption cross-
section which ranges from about 240-290 nm for the S to S,
transition, (Fig. 2) [54]. At temperatures less than 600 K, the
absorption spectrum of toluene shows several features that
vanish at higher temperatures. Koban et al. [54] performed
experiments for absorption cross-section measurements in
both a shock tube and in a constant volume chamber. For the
shock tube, the measurements were in a temperature range of
600-1200 K and a pressure range of 0.9-2.4 bar. Whereas,
in the flow cell, temperature range was between room tem-
perature and 950 K at atmospheric pressure.

Toluene absorption spectrum is found to increase in
strength and broaden with increasing temperature. The
results of [54] is compared with Burton and Noyes (1968)
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Fig.2 Schematic diagram of toluene molecule is shown in the left
image. The right image shows the absorption cross-section from the
works of Koban et al. (2004) [54]. Circle represents data at 800 K
and square is at 1200 K Hippler et al. [55]. Dotted lines represent
room temperature absorption spectrum from the works of Burton and
Noyes [56]. Adapted from [54] with permission from the Royal Soci-
ety of Chemistry
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[56] which is represented as dotted lines in Fig. 2 and are
explained here. Two of the most common laser wavelengths
used for toluene are 248 and 266 nm. These wavelengths
are indicated by vertical dotted lines. The spectrum is quite
insensitive to pressure changes. The temperature broaden-
ing effect also results in the loss of features in absorption
spectrum at higher temperatures. The maxima is found to
shift towards longer wavelengths and is found at 268 nm at
1125 K. The Full width at half maximum (FWHM) increases
from 20 nm at 600 K to 40 nm at 1100 K due to the broad-
ening effect. Another important phenomenon that can be
observed is the stronger symmetry allowed S, to S, transi-
tion which is found to grow and broaden with temperature
so much so that it merges with S, to S, transition at signifi-
cantly higher temperatures in the shorter wavelength region.
The longer wavelengths thus show a significant increase
with temperature whereas the shorter wavelengths are highly
temperature insensitive until the merging of S to S, transi-
tion after which, they are expected to show a considerable
increase in magnitude.

Figure 3 [54] shows the temperature variation of absorp-
tion cross-section for the 248 and 266 nm wavelengths.
Previous work of Richardson et al. [57] closely match for
248 nm and are systematically lower for 266 nm whereas
Burton and Noyes values are consistent. Cross-section for
248 nm show a temperature independence till 950 K. Thus,
the cross-section value for 248 nm is constant with a value of
3.1+0.2%x 107 cm?. After 1000 K, there is a steep increase
in the cross-section value due to a gradual merging with the
Sy to S, transition. Cross-section for 266 nm shows a linear
increase with temperature in a range of 300-550 K by a
factor of 2.5. After 550 K, the increase becomes slow. The

O T e e e e e
~

x +
E 50+ .
o

) (

45 d
£ .

= 4
S 404 -
N
©

c 354 4
S . i

8 . ".ll .

w 304 " e T 1
» O g

2 o

gzs- 4
< 20+1+—+1r—1rTr—T"—T T T T

300 400 500 600 700 800 900 1000 1100 1200 1300

Temperature T/ K

Fig.3 (from ref [54]) Plots showing the dependence of absorption
cross-section with temperature for toluene at 248 nm (left image) and
266 nm (right image). Filled squares represent flow cell data, hollow
squares represent shock tube data, ‘plus’ signs are from Richard-
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room temperature cross-section value for 266 nm lies in a
minima region near the peak of 266.8 nm (Fig. 2). With ris-
ing temperature, the profile broadens leading to an initial lin-
ear increase. However, after 550 K, the features in spectrum
vanish and the further slower rise is mainly due to the overall
growth and broadening of the spectrum. Similar results were
also obtained by Wermuth and Sick [58] who used a small
bore motored optical engine to study the absorption cross-
section of toluene in the temperature range of 300-650 K.
They reported a temperature independence of absorption
cross-section for 248 nm in the studied temperature range
and a steady increase for 266 nm which after 600 K shows
temperature insensitivity within experimental scatter. The
redshift with temperature can be explained as molecules in
the ground state occupying higher vibrational energy levels
at higher temperature reducing the energy needed for transi-
tion into the excited electronic state. The overall growth of
the spectrum can be explained as improved Franck—Condon
factors arising due to deviation from perfect symmetry con-
ditions at higher temperatures. These are similar behaviour
to the ketonic counterparts.

2.2 Fluorescence signal variation

Figure 4 shows the fluorescence spectrum of toluene in a
nitrogen bath gas at a total pressure of 1 bar following an
excitation of 248 nm. At room temperature, the spectrum
extends from 260 to 400 nm with a maximum at 280 nm.
Figure 4 also shows the temperature dependence of spec-
trum. Since the signal strength decreases with temperature,
respective spectra are normalised to their maximum values
to compare the relative shapes. With increasing temperature,
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Fig.4 Left image [54] shows the temperature dependence of fluores-
cence spectrum. Adapted from [54] with permission from the Royal
Society of Chemistry. Right image [59] shows the oxygen partial

a redshift is observed for about 2 nm per 100 K with an
apparent red-shifting of the fluorescence peak. The tail
end of the spectra becomes stronger with temperature with
respect to the peak. The fluorescence spectra is more broad-
band than the absorption spectra. The observed features at
higher temperature is due to noise as the signal levels are
very low at these temperatures. The fluorescence spectra
at room temperature was found to have identical shape for
both 266 and 248 nm excitation [54]. However, the redshift
is more pronounced for 248 nm excitation.

Figure 4 also shows the normalised fluorescence spec-
trum dependence on oxygen partial pressure at room tem-
perature, 1 bar total pressure using nitrogen/oxygen bath
gas and 248 nm excitation. It is observed that at 248 nm
excitation, the spectrum undergoes a redshift with increas-
ing oxygen partial pressure showing that some of the longer
wavelength transitions experience lower relative quenching
signifying lower Stern—Volmer coefficients. However, the
redshift saturates at high enough oxygen partial pressure
beyond which no apparent redshift is observed. For room
temperature, the saturation oxygen partial pressure was
found to be 200 mbar. Similar behaviour was observed at
higher temperatures with the maximum red-shift occurring
at room temperature. At varying temperatures and oxygen
partial pressures, the redshift from individual effects overlap.
In nitrogen bath gas, both 248 and 266 nm have same spec-
tral shapes. However, with increasing oxygen partial pres-
sure, the spectrum remains unchanged for 266 nm excitation
within the investigated range of conditions. According to
Rebeaux et al. [16], if quenching rate constant far exceeds
the non-radiative rate constant, then the fluorescence signals
will be independent of pressure beyond a threshold value and

pressure dependence. Both the spectra were obtained at 248 nm exci-
tation at 1 bar total pressure

the signal strength will be directly proportional to equiva-
lence ratio (the underlying assumption behind FARLIF).
They showed that this was the case for 248 nm excitation
at room temperature beyond a pressure of 3 bar. However,
the Stern—Volmer coefficients at different wavelengths vary
and also reduce with increasing temperatures and such an
assumption may not hold true at higher temperatures espe-
cially in the compression stroke of an IC engine where
simultaneous high pressures and temperatures are produced.

Figure 5 shows the Stern—Volmer plots for toluene in the
presence of nitrogen/oxygen bath gas at a total pressure of
1 bar and varying oxygen partial pressures from the work
of Koban et al. [59]. The excitation laser used was 266 nm
and the temperature was also varied to study the effects. The
Stern—Volmer plots are inverse signal ratio plots which are
used to show the quenching effect of a collider species. The
slopes of the plots is the Stern—Volmer factor which itself is
a ratio of the quenching rate and non-radiative rate. There-
fore, the relative importance of quenching and non-radiative
rates can be compared from Stern—Volmer plots. Each curve
in Fig. 5 is an isotherm. It can be seen that with increasing
temperature, the slope reduces signifying a reduction in the
Stern—Volmer coefficient. At higher oxygen partial pressures
at higher temperatures like 625 K in Fig. 5, the curve also
deviates from linearity. The non-linearity signifies a change
in Stern—Volmer coefficient at the same temperature. Similar
studies were also conducted for 248 nm excitation by [59] in
the same environment as that for 266 nm excitation. It was
found that Stern—Volmer coefficient decrease with increas-
ing temperatures. Unlike 266 nm, where deviation from lin-
earity is observed only at 625 K, for 248 nm, the deviation
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is observed at all temperatures. The plots for 248 nm are not
shown for conciseness.

Figure 6 shows the dependence of FQY on temperature in
the range from 300 to 950 K normalised at room temperature
from the works of Koban et al. [54]. The measurements
were carried out in a flow cell with nitrogen bath gas at 1 bar
total pressure for 2 different excitation wavelengths of 248
and 266 nm. Toluene was maintained at 5 mbar pressure. It
was found that the FQY reduces with increasing tempera-
ture for both the wavelengths. The decrease for 266 nm was
found to be exponential up to 3 orders of magnitude within
600 K whereas for 248 nm, the decrease was found to be
steeper than 266 nm within 600 K and the decrease was
slower at higher temperature. Burton and Noyes [56] found
that the absolute FQY for toluene at 266.8 nm is 0.3 and 0.09
for 248 nm at room temperature and a total low pressure of
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toluene at 23 mbar. FQY at 266 nm was given by a single
exponential best fit relation valid in the temperature range
of 300-950 K at 1 bar total pressure whereas for 248 nm, a
biexponential curve fit was developed. Though the decrease
in FQY with temperature was expected as the molecule
occupies higher vibrational levels with increasing tempera-
ture, this was not sufficient to explain the rapid decrease in
FQY with temperature.

Cheung in his PhD thesis [60] studied the pressure
dependence of toluene FQY at 248 and 266 nm excitation.
In this study, in a flow cell, a mixture of nitrogen and tolu-
ene was prepared with a fixed toluene partial pressure and
varying nitrogen pressure, to vary the total pressure. Two
different partial pressures of toluene (11 and 22 mbar) were
used. A total pressure of up to 5 bar was achieved. It was
found that at 248 nm, the FQY increased with total pressure
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Fig.6 (from ref [54]): plots depicting the normalised FQY dependence with temperature. Left image shows for 266 nm excitation and the right
image shows for 248 nm excitation. Reprinted from [54] with permission from the Royal Society of Chemistry
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like their ketonic counterparts. Similar increment in rela-
tive FQY for toluene with increasing pressures at 248 nm
in a nitrogen environment at 296 K was reported by Yoo
et al. [61]. On the contrary, at 266 nm, the FQY decreased
with increasing pressure [60]. Normalised fluorescence
quantum yield is plotted for 248 nm and 266 nm (Fig. 7)
from the works of Koban et al. [59] with varying amounts
of oxygen partial pressures along with nitrogen such that
the total pressure sums up to 1 bar. Each curve is an iso-
therm. The FQY values are normalised at a 296 K for pure
nitrogen bath gas. Thus, these curves can depict the nature
of absolute FQY curves. It is observed that 248 nm results
in a lesser FQY than 266 nm. With increasing temperature
at a particular oxygen partial pressure, the FQY values are
found to decrease. With increasing oxygen content, the effect
of quenching can be clearly discerned as the FQY values
monotonically decrease. Finally, at very high oxygen partial
pressures, the quenching effect was found to get saturated.

Devillers et al. [62] measured the redshift of fluorescence
spectra in terms of shift in the centre of gravity of fluo-
rescence spectrum while operation in an optical IC engine
at 248 nm laser excitation. They observed that the shift in
centre of gravity wavelength towards longer wavelength was
more for bath gases containing oxygen. The shift in centre
of gravity wavelength increased linearly for increasing pres-
sure and temperature in the optical engine. After 400 °C and
15 bar, a large shift in wavelength was observed correspond-
ing to a significant deviation form the linear behaviour. In
terms of fluorescence signal intensity, the authors concluded
that toluene fluorescence in nitrogen is 25 times stronger
than air at room temperature but the fluorescence signal is
only three times stronger than nitrogen at a combined high
temperature and pressure region around 350 °C. This sug-
gests the importance of high pressure and high temperature
fluorescence behaviour of toluene.

Till now, toluene fluorescence studies were discussed
pertaining to either high temperature atmospheric pres-
sure or ambient temperature high pressures. Faust et al.
[63] performed fluorescence studies in the combined high

temperature high pressure regime at 266 nm laser excitation.
The authors covered a pressure range of 1 to 10 bar and a
temperature range of 296-700 K for nitrogen bath gas and
from 296 to 900 K for air bath gas. The results they obtained
are plotted in Fig. 8 where variation in effective lifetime of
fluorescence emission is shown. For nitrogen bath gas, they
observed that the lifetimes decrease with increasing tem-
perature and the decrease is found to be stronger at higher
pressures. At 296 K, the effective lifetime curve is found to
be more or less pressure insensitive. However, at elevated
temperatures, the lifetimes are found to decrease with
increasing pressure. Data from Rossow [64] is also shown
for comparison. When the bath gas was replaced by carbon-
dioxide, the quenching effect was found to be enhanced by
about 5% as compared to nitrogen bath gas. For air bath
gas, it was found that due to high oxygen partial pressures,
the lifetime values were shorter than nitrogen bath gas. At
a constant temperature, the lifetime values were found to
reduce with increasing pressure, with the effect becoming
more visible at lower temperature. The effect of quenching
due to oxygen was found to saturate around 10 bar total pres-
sure or an oxygen partial pressure of 2 bar. With increasing
temperature, the lifetime values remain relatively insensitive
at lower temperature but then start decreasing after a certain
threshold temperature. At higher pressures, this threshold
temperature value also was found to increase. For compari-
son purposed, the model proposed by Koban et al. [59] was
plotted. Agreement was better at low pressure of 1 bar. At
higher pressures, large deviations were observed since the
model was developed for pressures above 1 bar.
Discussion

In order to understand the fluorescence characteristics
of aromatic compounds and to use the fluorescence data in
PLIF experiments, it was necessary to develop models for
predicting the fluorescence signals. For this purpose, the
non-radiative and radiative rate’s dependence on vibrational
energy level of the excited singlet manifold needs to be
understood. Apart from these, the aromatic compounds are
also more sensitive to oxygen quenching unlike their ketonic

Fig. 7 (from ref [59]) Plots 0.05
showing the dependence of “
fluorescence signal intensity
with increasing oxygen partial
pressures. The left image is for
266 nm and the right image

is for 248 nm. Each isotherm
is normalised to the intensity
value at 296 K in a pure nitro-
gen bath gas
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Fig.8 (from ref [63]) Plots showing the dependence of effective fluo-
rescence lifetime values with varying temperature and pressure. Left
image shows the variation in a nitrogen bath gas whereas the right
image shows variation in air bath gas. Solid lines in nitrogen plot

counterparts. This is due to the larger energy gap between
the excited singlet and triplet states of the molecule which
upon collision with a ground triplet state oxygen molecule
makes a larger amount of energy available for exciting the
oxygen molecule into an excited singlet from the ground
triplet state [1]. Upon excitation of a toluene molecule due to
laser absorption, there is a competition between several intra
and intermolecular radiative and non-radiative processes.
The Stern—Volmer (SV) factor (kgy) and FQY are very use-
ful to compare the relative strength of different processes.
kgy is the slope of the Stern—Volmer plots which for oxygen
collider were presented in Fig. 5. It compares the oxygen
quenching and total non-radiative decay rates. The quench-
ing rate is proportional to the collision frequency which
itself has a weak temperature dependence [59].

Any bimolecular collision dependent quenching can be
represented by a Stern—Volmer plot that is typically lin-
ear in nature if the fluorescence takes place from a single
vibrational level. With increasing temperature, the ground
state distribution is modified as a larger fraction of mol-
ecules occupy the higher vibrational levels of the ground
electronic state. For a constant excitation wavelength, a
fixed amount of energy is added to such molecules resulting
them in ending up into still higher vibrational levels of the
excited singlet after laser absorption. Thus, decreasing exci-
tation wavelength or increasing temperature results into the
ground state molecules being excited into higher vibronic
levels. Depending on the spacing of the electronic levels, for
certain aromatic molecules, sufficiently lower wavelengths
can result in the excitation to the second excited electronic
level. Thus, apart from the quenching rate, the temperature
and wavelength dependency of SV factors will be decided
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shows data predicted by Faust model [63] and lines in air bath gas
shows data predicted by Koban model [59]. Data from Rossow [64]
is also plotted

by the dependency of non-radiative decay rates on excess
vibrational energy in the excited singlet state. Frerichs et al.
[65] studied the dependency of non-radiative rates and fluo-
rescence rate on excitation energy. They found that the total
non-radiative rate increases with excitation energy. Further-
more, the fluorescence rate was observed to increase slightly
and then become constant with excitation energy. Farmanara
et al. [66] determined the rate of internal conversion from
second excited singlet state to the ground singlet state. 70%
of such excited toluene molecules were found to undergo this
transition and 30% of the remaining molecules underwent
internal conversion to the first excited singlet and then tran-
sitioned to the ground singlet.

Figure 9 shows the Jablonski’s diagram for absorption
after 248 and 266 nm excitation. The ground state singlet
and excited state singlet are represented as S, and S, respec-
tively. The excited triplet state T, is also shown. Upon exci-
tation with 266 nm, the excitation is very close to the zero
vibrational level of the excited singlet since the 266.8 nm
excitation value corresponds to the 0-0 transition [56]. The
248 nm wavelength results in excitation to higher vibrational
levels of S;. Burton and Noyes [56] concluded that when the
excitation is to a lower vibrational energy very close to the
zero level of excited singlet state, inter-system crossing and
fluorescence are the dominant photophysical processes with
their respective yields adding up to unity. Inter-system cross-
ing is shown at lower levels in Fig. 9. Furthermore, with
the increase of vibrational levels with decreasing excitation
wavelengths, another process begins to dominate which is
so fast that it even overshadows the effects of vibrational
relaxation. The distinctive features of Stern—Volmer plots
can be explained now.
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Fig.9 Jablonski’s diagram showing the above discussed photophysics relevant for toluene molecule

The slope of the SV plots referred to as the Stern—Volmer
factor is found to reduce with increasing temperatures. At
higher temperatures, the molecule gets excited to a higher
vibrational level of S, state. Since the quenching is weakly
dependent on temperature [59] and the non-radiative rate
increases with vibrational energy level (relative strengths
shown by the arrow sizes in green and red), the SV fac-
tor which is basically a ratio of these two rates essentially
shows a decline for 266 nm excitation. For 248 nm excita-
tion, similar trends are observed. The rapid decrease of FQY
in Fig. 6 in nitrogen bath gas could not be explained by an
increasingly efficient inter-system crossing rate with vibra-
tional energy levels. In the literature, a third decay mode or
channel was used to explain this observation. Jacon et al.
[67] found bi-exponential decay rate of fluorescence for
wavelengths shorter than 250 nm. The shorter time scale was
due to a fast third decay channel and the longer-lived com-
ponent was similar to those measured by Koban et al. [59]
and was attributed to be dominated by inter-system crossing.
The third decay channel appears beyond a certain threshold
of energy which is specific to a particular molecule [67].
Koban et al. [59] tried to explain the non-linearity in SV
plots above 300 K at 248 nm and above 500 K for 266 nm
by hypothesizing that the fluorescence decay was occurring
from two different levels- one dominated by relatively slower
ISC resulting in long lived components and the other domi-
nated by the very fast third decay channel resulting in short
lived components. The authors suggested that the third decay
channel can be internal conversion from S, to S, state since
it was observed at high excitation energies for other aromatic

compounds like naphthalene [68] and benzene [69]. Faran-
mara et al. [66] noted that at 202 nm there is significant IC
and the effective lifetime was around 4 picoseconds. For
ISC dominated states the effective lifetime is of the order
of nanoseconds.

Even after selective excitation, more than one vibrational
energy level can be populated. Jacon et al. [67] and Koban
et al. (2005) [59] suggested that even for monochromatic
excitation, both optically active and inactive vibrational
modes might get populated due to anharmonic coupling.
Furthermore, more than one states can also be populated by
laser excitation which is never strictly monochromatic. There
can also be intramolecular vibrational randomization (IVR)
which can result in many optically dark vibrational levels
being populated by energy redistribution from an optically
active level as it is shown in Fig. 9, keeping the total molecu-
lar energy to be constant. IVR occurs rapidly if the density
of states is high and there is a high degree of energy localisa-
tion. IC becomes dominant at higher energy levels and Smal-
ley (1983) [70] indicated that the onset of IC coincide with
onset of IVR. Thus, excitation with shorter wavelengths, or
at higher temperatures, result in the redistribution of energy
among levels part of which are dominated by IC and the
other dominated by ISC. States dominated by IC has shorter
fluorescence lifetime making those levels less sensitive to
oxygen quenching and the resulting decrease in slope of the
SV plots. It is important to emphasize the difference between
IVR and VR. Loss of excess vibrational energy from the
excited molecule can take place through a unimolecular fast
process (10!~ 10" s7!) known as IVR and through a slower
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process (10°~ 10" s7!) based on energy transfer to bath gas
molecules due to collisions known as vibrational energy
transfer (VET) [64]. Strictly speaking both VET and IVR
contribute to vibrational relaxation where the molecule loses
excess vibrational energy until it reaches the thermalised
level. However, in literature the term VR is used to address
only intermolecular collision process (or VET) and there-
fore, for consistency in this text the term VR will be used
to represent only the intermolecular collision and the term
IVR will be used to address only the intramolecular process
similar to the work of Rossow [64]. Both IVR and VR are
shown combined in Fig. 9.

Based on this Koban et al. (2005) [59] proposed a model
where they predicted FQY values by estimating the fraction
of molecules in vibrational levels dominated by IC and ISC.
They then summed up the individual fluorescence yields of
both the energy levels to determine the total fluorescence
yield. However, since oxygen quenching is dominant, they
assumed that the other major gas has a negligible effect.
From Figs. 4 and 7, it is seen that oxygen effect saturates
at higher oxygen partial pressures. Thus, the model was
restricted to bath gas pressures of 1 bar with varying oxygen
content until saturation of oxygen quenching is observed.
Since this model was restricted to 1 bar total pressure, it is
insufficient to explain the pressure effects of the bath gases
on toluene fluorescence as observed by [60] and in Fig. 8.
Faust et al. (2013) [63] tried to modify the Koban model by
introducing a pressure correction term in absence of oxygen
to predict FQY at pressures greater than 1 bar. However,
even this modification was found to be insufficient since
it could not give proper results for air bath gas at simul-
taneously elevated temperature and pressure regimes. The
authors suggested that phenomenological model as prepared
by Thurber [71] and Koch [72] for ketonic compounds could
be used to better predict the FQY of toluene. Rossow (2011)
[64] tried to modify the step-ladder model for acetone and
3-pentanone (refer part A) to explain the pressure effects
observed for toluene. According to the model, FQY (¢) for
toluene is evaluated by Eq. (7) which calculates the sum over
all N vibrational levels in the excited singlet state occupied
by an average molecule as it decays. The decay of the mol-
ecules from higher vibrational levels is considered to be a
multi-step process. Level 1 represents the highest vibrational
level in the excited state manifold, level N is a vibrational
level that is very close to the thermalised level at which the
summation is stopped, and vibrational energy levels inter-
mediate between level N and level 1 are referred to as ith
energy level. For a certain vibrational level E, contribution
to the total FQY is calculated by the effective FQY from that
level, which shows the probability of fluorescence in contrast
to other decay pathways, multiplied by the likelihood of the
molecule decaying to level E before fluorescing or undergo-
ing intersystem crossing.
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In Eq. (7), the first term represents contribution from the
vibrational level N, the last term accounts for the contribu-
tion from the thermalized level, and the summation term
consists of contribution from the various intermediate levels.
From a vibrational energy level, various energy transfer-
ring processes are assumed to take place, the rates of which
are denoted in the Eq. (7). kg represents the fluorescence
rate constant and is assumed to be constant with vibra-
tional energy level. k ; represents the non-radiative decay
rate at the ith energy level. The non-radiative decay rates
can be measured from the experimental effective lifetime
data at very low pressures (ex: 10 mbar in carbon-dioxide
from [73]) as at such low pressures there will be very less
collisions resulting in insignificant vibrational relaxations.
Thus, assuming a constant fluorescence rate constant in a
non-quenching environment, the non-radiative rate constants
were estimated as a function of vibrational energy. k, rep-
resents the quenching rate constant due to oxygen and is
proportional to the oxygen number density and the probabil-
ity of quenching also increases with increasing vibrational
energy level. k;, represents the rate constant for vibrational
relaxation. It is to be noted that the model does not include
IVR and only accounts for VR. As will be seen, newer step-
ladder models (like the one proposed for anisole by Wang
etal. [74]) contains separate terms for VR and IVR.
Rossow relaxed the assumption of unidirectional energy
transfer from the excited molecule to the bath gas molecule
and adopted a bi-directional energy transfer. At a particular
temperature, an average thermalized energy level was then
associated with a molecule. The difference in the thermal
energy levels in both the singlet states was calculated for
different temperatures. If the energy corresponding to the
laser excitation is smaller than this above-mentioned value
then the molecule will end up in a state that is lower than
the thermalised level. This is called photo-induced cooling.
Under such circumstances, the molecule gets heated up from
collisions with the surrounding bath gas. This causes the
molecule to climb higher up in the electronic manifold. As
higher vibronic levels have a lower FQY value, this will lead
to a decrease in FQY with increasing pressure. This pressure
related reduction in FQY occurs for wavelengths equal to the
0-0 transition or longer. If the laser excitation is sufficiently
large, then the molecule ends up in a vibrational energy level
higher than the thermalised level. This will result in the loss
of vibrational energy of the toluene molecules upon colli-
sions with bath gas molecules. This type of collisions that
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increase FQY values was reported by Hippler et al. [75].
The molecule will drop down inside the electronic manifold
to lower vibrational levels leading to a progressive increase
of FQY. This sort of pressure related stabilisation was seen
in the ketonic compounds as well [76-78]. This explains
the decrease of FQY for toluene for 266 nm excitation with
increasing nitrogen bath gas pressure whereas for 248 nm,
an increase is observed. The difference in the thermalised
energy for both the singlet states increases with temperature.
Such calculations were performed for naphthalene by Ros-
sow. It is expected that a similar phenomenon holds for tolu-
ene as well. With increasing energy gap, the laser excitation
wavelength required reduces for excitation to the thermalised
level. Therefore, with a constant laser excitation, the photo-
induced cooling effect should be increasing with increasing
temperature. Therefore, at higher temperatures, the pressure
induced destabilisation or decrease of FQY values (also fluo-
rescence lifetime) should show an increase. This behaviour
is observed for toluene at 266 nm in Fig. 8 in a nitrogen bath
gas. In the figure, the fluorescence lifetime value was found
to be insensitive to pressure increment at lower temperature
but showed large drop at higher temperatures.

3 Anisole

The second mono-aromatic compound we will be discuss-
ing in this section is anisole (or methoxybenzene). Anisole
molecule consists of a methoxy group that is substituted on
a benzene ring (molecular structure is shown in Fig. 10).
One of the earliest studies of anisole fluorescence signals
for diagnostics purposes was performed by Hirasawa et al.
[79]. The authors had compared various tracer molecules
including anisole in nitrogen bath gas at 290 K and atmos-
pheric pressure and found that the fluorescence intensity
of aromatic molecules was about two orders of magnitude

OCHs

Fig. 10 Schematic diagram of anisole (methoxybenzene) molecule

higher than the ketonic counterparts. Anisole exhibited
the highest amount of fluorescence signal intensity. Fur-
thermore, Faust et al. [80] observed that in comparison
to toluene, anisole has a stronger Stokes shift than toluene
(10-15 nm more redshift of the fluorescence spectrum peak
in comparison to toluene). Along with this, a 63% larger
FQY and 50 times stronger absorption cross-section than
toluene, a large improvement in signal to noise ratio can
be expected for anisole under identical imaging conditions
[80]. A stronger absorption cross-section will also enable a
lower doping vol% which will further restrict the influence
of tracer addition on measured engine performance. Along
with the mentioned advantages, the cheap, non-toxic and
non-carcinogenic nature of anisole, it becomes quite attrac-
tive as a tracer for LIF imaging.

Based on this, anisole was used in PLIF studies to meas-
ure fuel-air distribution in the works of Laichter and Kaiser
[81] and Kranz et al. [82]. Kranz et al. [82] performed PLIF
imaging in a PFI engine for IVC (Intake valve closed) injec-
tion where initially a rich fuel mixture enters the cylinder
in the early intake stroke followed by a very lean charge
[83]. Turbulent structures were observed in the initial mix-
ing phase of the rich charge with the in-cylinder residual
gases. Later on, the rich mixture cloud was found to convect
with the existing strong clockwise tumble vortex. Laichter
and Kaiser [81] performed both PIV and PLIF to study the
causes of CCV of flame propagation. They found that in
PFI mode, the flow field near the spark plug had a strong
impact on subsequent combustion speed, whereas for GDI
mode, the flow field and flame propagation were found to be
uncorrelated and the equivalence ratio distribution became
more important. A similar strong dependency of combustion
variability on CCV of flow fields in PFI engines was also
observed in the works of Hokimoto et al. [84]. Anisole as a
tracer for PLIF studies has received attention quite lately and
therefore there are very limited number of works involving
it for measuring fuel distribution. It is however expected
that its use will grow owing to its promising characteristics.

Nonetheless, it has also found usage in temperature
measurement owing to its strong fluorescence signal
intensity. One of the earliest temperature distribution
studies using anisole PLIF was performed by Tran et al.
[85] in a rapid compression machine (RCM) where the
measurement was able to characterise the non-homogene-
ous temperature distribution. Kranz et al. [82] performed
two colour thermometry using anisole as a fluorescence
tracer in a PFI engine operated with methane. The authors
found that as the injection timing was during closed valve,
initially, the incoming charge was found to be quite rich
with a low temperature as compared to the in-cylinder
gases at 60 CAD ATDC of intake stroke. The high tem-
perature region was therefore located near the piston due
to a displacement of the hot gases from the cylinder head
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region by incoming charge. Later on, at 220 CAD, unex-
pectedly, the rich mixture region showed high tempera-
ture. This was because in IVC injection for PFI engines,
entry of a rich mixture happens in the early intake stroke
followed by nearly pure air. The initial rich mixture mixes
well with the surrounding hot gases and gets heated while
the following fresh charge is mostly cold at a lower tem-
perature. Towards the end of compression stroke, mostly
a homogeneous mixture was observed. Recently, Shah-
baz et al. [86] performed two-colour thermometry in a
metal engine with endoscope access using anisole. They
studied temperature distribution starting from the com-
pression stroke to the gas exchange process. The authors
observed that during compression stroke, the temperature
distribution is mostly uniform other than a localised high
temperature region around the hot spark plug. In the gas
exchange process, at — 20 CAD ATDC of intake, residual
gases at 450 K were located near the intake valve. The
residuals were found to be displaced at intake TDC by an
incoming cooler fresh charge. Interestingly at 20 CAD,
the residuals show a higher temperature than that at intake
TDC due to their mixing with hot exhaust gases that have
re-entered into the cylinder from exhaust manifold due to
backflow. At 40 CAD, an overall cooling of both the fresh
charge and residuals was observed due to mixing with
new cooler fresh charge and gas expansion due to piston
downward motion.

3.1 Absorption cross-section

Anisole has a large absorption cross-section of
3.35x 1078 cm? at 296 K for 266 nm laser excitation [87]

Shock tube
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——565K
T —675K
——T775K
——885K
925 K

— 965 K

»

[ -
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Flow cell
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Fig. 11 Left image (from ref [87]) shows the plots of absorption
spectrum at various temperatures for anisole. Adapted from [87] with
permission from Elsevier. Right image (from ref [18]) shows the vari-
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owing to the strong m— m* transition. The 0-0 energy
gap for anisole for S, to S, transition is about 36,394 cm™!
[88]. Anisole has an absorption spectrum ranging from
240-310 nm centred at around 270 nm [87]. Figure 11 shows
the absorption spectrum of anisole at various increasing tem-
perature. The plot to the left in Fig. 11 was obtained by
Zabeti et al. [87] and shows two distinct measurements of
absorption spectrum: one in a shock tube with 7 nm spec-
tral resolution (solid lines) and another in a flow cell with
a high spectral resolution of 0.2 nm (dotted lines). At low
temperatures, the spectrum of anisole shows some features
at low resolution which can in turn be seen as having several
sharp peaks at high resolution. Tran et al. [18] also observed
such features in anisole absorption spectrum and reported
three different peaks at 266, 272 and 278 nm. There are a
few temperature impacts that can be directly discerned from
the plot. With an increase in temperature, the fine struc-
tures are lost gradually as can be seen in the high resolution
573 K that matches closely with the low-resolution curve at
565 K. Tran et al. [18] found that from 773 K onwards, the
absorption spectrum loses its structure and becomes a con-
tinuous broadband spectrum. This type of loss in structure
of absorption spectrum was also observed for toluene from
600 K [54]. Interestingly, there is also redshift and broaden-
ing as was observed in toluene and other ketonic compounds
(refer part A of this work). At increased temperature, more
molecules occupy the thermally excited higher vibrational
levels in the ground state that makes absorption possible at
larger wavelengths resulting in the broadening of the spec-
trum towards the red side of 0-0 transition. The resulting
broadening then results in the loss of structure.
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A peculiar temperature effect that is contrary to other
commonly used tracer molecules is the reduction in the
value of absorption cross-section for anisole at 266 nm with
an increase in temperature. This can clearly be seen from the
spectrum plots in Fig. 11. Tran et al. [18] also studied the
temperature effect and found a similar reduction in cross-
section values at different bath gases for 10 bar pressure
which are shown in the right side plot of Fig. 11. The reason
for this behaviour is not clear as of now. At very low wave-
lengths (smaller than 248 nm) one can observe from absorp-
tion spectrum plots in the left image of Fig. 11, an increase
in the absorption cross-section just as in the case of toluene.
This might be due to the gradual broadening of S, to S,
spectrum that eventually merges with the S, to S; spectrum.
From the spectrum, it is clear that at 248 nm, the absorp-
tion cross-section values should increase with temperature.
However, unlike 266 nm, dedicated cross-section plots as a
function of temperature is not available for 248 nm.

3.2 Fluorescence signal variation

Faust et al. [80] obtained the fluorescence spectrum of ani-
sole at varying temperatures ranging from 296 to 977 K at
1 bar pressure with nitrogen as the bath gas and their results
are shown in the left image of Fig. 12. Their experiments
were performed at 266 nm laser excitation. Anisole has a
fluorescence spectrum ranging from 270 to 360 nm with a
peak at around 290 nm at 296 K. As previously mentioned,
anisole has got a larger Stokes shift than toluene. This can
be observed from the fluorescence spectrum plots in Fig. 12
where the room temperature fluorescence spectra are pro-
vided for both toluene and anisole. The spectrum at room
temperature lacks structure and has a general broadband
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Fig. 12 (from ref [80]) Left image shows the plots of fluorescence
spectra at various temperatures for anisole. Right image shows the
redshift of fluorescence spectra at 266 nm with increasing tempera-

shape. The FWHM is measured to be 32 nm at 296 K close
to the value of 30 nm as measured by Hirasawa et al. [79].
The fluorescence intensity is also found to reduce with
increasing temperature. Zabeti et al. [87] found a reduc-
tion in the fluorescence intensity by about three orders of
magnitude in a temperature range of 296-980 K. At 12 bar
pressure in a carbon-dioxide bath gas, Tran et al. [18] found
that the signal reduces by a factor of fifty in the temperature
range of 473-823 K. The reduction in fluorescence inten-
sity with temperature is a common phenomenon among the
tracer molecules and is mainly due to the increase in non-
radiative de-excitation processes at elevated temperatures.
Such a reduction in signal intensity is not apparent from
the fluorescence spectra shown in Fig. 12 as the spectra are
normalised to their respective maximum intensity at a given
temperature. This is done in a way to better depict the red-
shift that is occurring with increasing temperature. However,
the fluorescence spectra provided in the works of Tran [18]
and Zabeti [87] are normalised to a fixed reference value (the
maximum value of the fluorescence intensity recorded at the
lowest temperature of their respective works), a reduction in
the fluorescence signal intensity can be clearly seen in the
relevant plots in those works. In Fig. 12, at higher tempera-
tures of 875 and 977 K, the fluorescence spectra plots are
found to show a different shape along with some fine struc-
tures in contrast to the broadband shape at lower tempera-
ture curves. Faust et al. explained that at high temperature,
the fine structures are due to noise that now become more
obvious at the reduced fluorescence intensity. Furthermore,
the change in spectra shape at 875 and 977 K was due to
pyrolysis of anisole molecule. The pyrolysis products also
fluoresce because of which the respective spectra overlap
giving a different overall shape to the fluorescence spectra.
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ture and oxygen partial pressures. The fluorescence signals are col-
lected at a constant anisole number density of 5x10?> m™ in the
measurement volume
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The pyrolysis effect of anisole is further corroborated from
the fluorescence spectra provided by Zabeti et al. [87] where
such change in fluorescence spectra shapes is not observed
even at 980 K by preventing pyrolysis of anisole with shorter
residence times in a shock tube.

With an increase in temperature, the fluorescence spectra
are found to broaden and exhibit redshift. This is clear from
the fluorescence spectra curves in Fig. 12. The redshift is due
to the excitation of additional vibrational levels from higher
available energy at larger temperatures [18]. The redshift
was found to be about 3 nm [80], 2.5 nm [18], 2.8 nm [87]
per 100 K. Additionally, a redshift in the fluorescence spec-
tra is also witnessed by Faust et al. [80]. They determined
the fluorescence spectra at various oxygen partial pressures
(till 210 mbar) along with nitrogen keeping the total bath gas
pressure constant at 1 bar. The measured redshifts are plotted
in the right image of Fig. 12. The plots show the redshifts
both due to increasing temperature and oxygen partial pres-
sures in bath gas. The oxygen partial pressure is increased
in steps such that the bath gas changes from pure nitrogen to
air. A redshift of 5 nm was found at 296 K across the range
of oxygen partial pressures used. The excitation wavelength
used was 266 nm. However, as discussed in the previous sec-
tion, in contrast to anisole, toluene did not show any oxygen
induced redshift at 266 nm rather the redshift was observed
at 248 nm. Additionally, Tran et al. [18] also did not observe
oxygen induced redshift of fluorescence spectra of anisole.
The reason for this apparent inconsistency is not clear at
the moment. From Fig. 12, it can be seen that the redshift
saturates at about 100 mbar of oxygen and also the amount
of redshift due to oxygen addition reduces at elevated tem-
peratures. From, fluorescence spectra obtained at 296 K with
1 bar total pressure in nitrogen bath gas (figure not included
here), Faust et al. [80] observed that addition of oxygen does
not result in broadening of spectra.

In addition to the redshift, another effect of temperature,
observed, was the decrease in fluorescence signal strength
for anisole. Since fluorescence signal is dependent on the
product of absorption cross-section and FQY, it is impor-
tant to understand the individual effect of temperature on
both the quantities. Absorption cross-section at 266 nm for
anisole was found to decrease with increasing temperature
as was discussed earlier. Therefore, this definitely has a role
to play in the reduction of fluorescence signal. Figure 13a
shows the plots of both fluorescence signal and absorption
cross-section at 266 nm with temperature. The study was
performed by Zabeti et al. [87] in a nitrogen bath gas at
1 bar. From the plots, it is observed that over the tempera-
ture range considered, the reduction in fluorescence signal
is about three orders of magnitude whereas the absorption
cross-section reduces only by a factor of two. Therefore,
the strong reduction in fluorescence signal must be due to
a strong reduction in FQY. Relative FQY plots are shown
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Fig. 13 (from ref [87]) a Plots show the absorption cross-section and
relative fluorescence signal obtained by normalising the LIF signal
with the corresponding value at the lowest temperature in 1 bar nitro-
gen bath gas for 266 nm excitation. b Plots show the relative FQY in
nitrogen at 1 bar pressure (Faust et al. [80] and Zabeti et al. [87]),
nitrogen in 4 bar pressure (Tran et al. [18]). Adapted from [87] with
permission from Elsevier

in Fig. 13b in non-quenching bath gases like in nitrogen at
1 bar pressure [80, 87], nitrogen at 4 bar pressure [18]. It is
found that the relative FQY reduces roughly exponentially
by a factor of about 450 in a temperature range of 296 to
980 K.

Another way to characterise the fluorescence behaviour
is to use effective lifetime values. Since ¢ = 7,5 X k4, and
normally k,,, doesn’t vary much with respect to the vibra-
tional levels, the lifetime values are proportional to absolute
FQY values. Therefore, the variation in effective lifetime
values should be similar to the variation in absolute FQY
values. The absolute FQY value of anisole is 0.36 [89]. This
can be observed in Fig. 14 where the lifetime values in ns are
plotted as a function of temperature at different pressures in
a nitrogen bath gas. The study was performed by Faust et al.
[80] and they found that the lifetime values decreased from
13.3 ns at 296 K to about 0.05 ns at 875 K at 1 bar pressure.
The slope of reduction was found to be higher at the elevated
temperature regime as can be clearly seen from the plot.
Furthermore, pressure was found to have a minimal impact
at lower temperatures while it increased slightly after 600 K.
Overall, the authors concluded that the effect of pressure in
nitrogen bath gas is lower than toluene for 266 nm excita-
tion. Further description of impact of pressure on anisole
lifetimes will be provided shortly.

The right image in Fig. 14 shows the plots of effective
lifetimes with increasing oxygen partial pressure at various
temperatures. The total pressure maintained was 1 bar with
nitrogen and oxygen mixture. In the x-axis, oxygen partial
pressure increases from zero (indicating pure nitrogen) to
210 mbar (indicating air). For zero partial pressure, the
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Fig. 14 (from ref [80]) Left image shows the effective anisole lifetime
in pure nitrogen bath gas at 1, 4 and 10 bar with increasing temper-
atures. Right image shows the effective lifetime of anisole in nitro-
gen and oxygen mixtures with different oxygen partial pressures for

effective lifetime can be seen to show a monotonic decrease
with increasing temperature as highlighted by the red box.
This is consistent with the monotonic decrease obtained as
in the left image of Fig. 14. In general, oxygen containing
bath gases introduce quenching effect that reduces lifetime.
The effective lifetime of anisole at room temperature reduces
from 13.3 ns in nitrogen to 0.4 ns in air. In contrast to pure
nitrogen bath gas, in air the fluorescence lifetime values
show a different behaviour with increasing temperature. This
can be seen for 210 mbar (highlighted by blue box). There
is a non-monotonic behaviour in which the lifetimes first
increase followed by a decrease with increasing temperature.
This can be better seen in the exploded figure in top right
corner as demarcated by blue arrows in the figure. The iso-
therms show a decrease in effective lifetime with increasing
oxygen partial pressure suggestive of an enhanced quenching
rate with increasing oxygen concentrations. Similar quench-
ing effects were also seen in the study of Tran et al. [18]
where they observed a fluorescence signal decrease of 12.5
times from pure nitrogen to nitrogen and oxygen mixture
(20% oxygen mole fraction). When oxygen quenching is
the dominant de-excitation mechanism, it has the potential
to be used in fuel-air mixture distribution imaging using
FARLIF technique. The amount of oxygen quenching can be
quantified using Stern—Volmer plots as was already shown
for toluene. Such plots were obtained by both Faust [80]
and Tran [18]. Figure 15 shows the Stern—Volmer plots for
anisole as obtained by Faust et al. [80] for a 1 bar total
pressure. The plots are observed to be straight lines with no
apparent deviation from linearity. The slopes of the plots
is the Stern—Volmer factor (kgy) is a ratio of the quenching
rate and non-radiative de-excitation rate. The slope is found
to reduce with increasing temperatures. At higher tempera-
tures, the molecule gets excited to a higher vibrational level
of S, state. Since the quenching is weakly dependent on

O, partial pressure / mbar

increasing temperature. The total pressure is kept constant at 1 bar.
FQY results obtained from the model developed by [80] are plotted in
the left-hand axis of both the figures
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Fig. 15 (from ref [80]) Stern—Volmer plots for anisole at 1 bar total
pressure with oxygen as the collider molecule

temperature [59] and the non-radiative rate increases with
vibrational energy level, the SV factor which essentially
shows a decline for 266 nm excitation.

In addition to temperature and bath gas, pressure also
has an influence on the FQY values and thus needs to be
studied. Figure 16 shows the variation with respect to pres-
sure changes. The left image of Fig. 16 shows the variation
of effective lifetime values as obtained from the study of
Benzler et al. (2015) [73] at different temperatures with an
increasing pressure till 1 bar in a nitrogen bath gas. The
lifetime values show an increase at lower temperatures of
298 and 355 K and a decrease at higher temperatures of 405
and 475 K. The pressure sensitivity shows a decrease from
298 to 355 K and then an increase from 405 to 475 K. Also,
with increase in pressure, the lifetime values seem to reach
a saturation level for 298 and 355 K whereas no such thing
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Fig. 16 Left image (from ref [73]) shows the effective anisole lifetime
in pure carbon-dioxide bath gas till 1 bar pressure with increasing
temperatures. Right image (from ref [18]) shows the relative fluo-

was observed for 405 and 475 K as the lifetime values are
found to be in a steady decrement regime. For engine rel-
evant conditions, fluorescence characteristics of anisole in
combined high pressure and high temperature regimes need
to be studied. Tran et al. (2014) [18] plotted the fluorescence
signal variation for a temperature range of 473-823 K across
a large pressure range from 2 to 40 bar at 266 nm laser exci-
tation in carbon-dioxide bath gas. Each isotherm in the right
image of Fig. 16 are obtained at a constant molecular density
of 2.58 % 10'® molecule cm™ m and are then normalised to
their respective fluorescence signals at 2 bar. Unlike in the
lower temperature cases, here a monotonic decrease in the
fluorescence signals is observed with increase in pressure
for all the temperatures concerned. Since the absorption-
cross section values are insensitive to pressure changes, the
change in fluorescence signals must be due to the change
in FQY values. This suggests that in the temperature range
of 473-823 K, the FQY shows a monotonic decrease with
increasing pressures. Also, since each isotherm is normal-
ised to a distinct value, the curves basically show a sensi-
tivity to pressure changes. The sharper the fall, the more
sensitive is the curve. Note that the relative FQY information
obtained from these curves is different from the effective
lifetime plots which are basically a measure of the absolute
FQY values. From the plot, it can be observed that with
increasing temperature, the isotherms become more sensi-
tive to pressure changes. The sharpness of the fall becomes
maximum at around 673 K and then starts to fall thereafter.
The curve at 823 K is only more sensitive than the isotherm
at 473 K. Furthermore, Tran et al. [18] also plotted the vari-
ation in relative FQY in different non-quenching bath gases
(figure not shown here) like nitrogen, argon and carbon-
dioxide at 4, 10 and 30 bar bath gas pressures. The authors
found that there was no apparent influence of different bath
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rescence signals of anisole in carbon-dioxide bath gas with different
pressures for increasing temperature

gases on the evolution of anisole FQY in the temperature
range of 473-823 K.
Discussion

Fluorescence models were developed for anisole molecule
using the database created by the above discussed works.
Such models can be used to perform quantitative studies
using fluorescence imaging. Normally, there are three types
of fluorescence models. An empirical or phenomenological
model is developed using curve-fits to the experimentally
obtained data and are valid in the same experimental pres-
sure and temperature ranges. Such curve-fits involve low
computational effort and help in analysing the experimental
data. Faust et al. (2013) [80] developed such a model for
anisole to compute relative FQY (FQY at 296 K and 1 bar
pressure in nitrogen bath gas at 266 nm excitation will be
unity). The model consisted of a product of three terms, the
first of which accounted for FQY dependence with respect
to temperature in 1 bar nitrogen bath gas, the second term
accounted for pressure effects (other than 1 bar) in a nitrogen
bath gas and the third term accounted for oxygen quenching
using Stern—Volmer factors. The model results are shown
in Fig. 14, where the model predicted FQY values are plot-
ted with the experimental values. The model shows good
agreement with experimental values at 1 bar nitrogen bath
gas till 850 K and till 750 K for higher pressures. This shows
that the model doesn’t perform well for combined high pres-
sure and high temperature regime. Furthermore, for oxy-
gen containing bath gases, the model was tested for oxygen
and nitrogen mixtures with total pressure of 1 bar and with
oxygen partial pressures till 210 mbar. The right image of
Fig. 14 compares the experimental data and the model pre-
dicted FQY values. It is found that the agreement is good
for curves till 525 K. For higher temperatures, significant
deviations are observed. This is explained by the fact that
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at temperature beyond 600 K, the Stern—Volmer curves are
no longer represented as straight lines [80] and thus there
is no single Stern—Volmer factors (as the slope changes) at
such temperatures. The inherent weakness of this model is
the constant SV factor assumed at a particular temperature.
The deviation from non-linearity of SV plots has also been
observed with toluene at temperatures higher than 600 K for
266 nm excitation and at all temperatures for 248 nm excita-
tion. The reason for the non-linearity is expected to be the
same as that for toluene. At such high temperatures, there
will be onset of internal conversions which will be further
facilitated by internal vibrational randomisation. As a result,
there will be occupation of various energy levels part of
which will be dominated by IC (lower quenching probability
due to shorter lifetimes) and others that will be dominated by
ISC (larger probability of oxygen quenching). This results in
a deviation from linearity of SV plots. Therefore, at higher
vibrational energy levels (populated at higher temperatures),
the rates of non-radiative de-excitation increases with tem-
peratures and especially above 600 K where appreciable IC
occurs. This greatly increases the non-radiative de-excitation
rates especially after 600 K. This is very well observed in
the effective lifetime plots of Fig. 14 which show a sudden
drop after 600 K.

To understand the pressure dependency, vibrational relax-
ations (VR) need to be considered that arise from the colli-
sion of bath gas molecules with the excited state molecule.
It is important to note that the absorption cross-section val-
ues remain unaffected by pressure changes. Therefore, any
observed variation in fluorescence signal with pressure is
solely attributable to the pressure dependence of FQY. This
is true for the right image of Fig. 16. Elevated pressures lead
to heightened rates of intermolecular vibrational relaxation
due to more frequent collisions. During these collisions,
molecules in their excited states lose energy and transition
to lower vibronic levels within the S, state occurs. At these
lower vibronic levels, the rates of ISC decrease, conse-
quently increasing the FQY value. As higher pressures result
in more collisions and enhanced vibrational relaxation, this
accounts for the observed increase in FQY values with ris-
ing pressures. This is especially true for ketones (refer part
A) where the energy gap between the 0-0 vibrational levels
for S, to S, transition is lesser than aromatics (this has pre-
viously been explained to be the reason behind heightened
oxygen quenching observed in aromatics). For anisole, the
gap is about 36,394 cm™! [88] and it is about 30,440 cm™!
for acetone [90]. The energy corresponding to 266 nm exci-
tation is 37,594 cm™! [73]. So, for anisole at room tempera-
ture, the energy provided by the molecule is more than the
0-0 band gap. Therefore, an increase in the effective lifetime
curve can be seen with increasing pressures in the left image
of Fig. 16 at the room temperature of 298 K.

In order to understand the influence of temperature on the
pressure dependency of FQY, it is important to understand
the behaviour of energy gap between the thermalised levels
of S; to S, states. At a particular temperature, an average
thermalized energy level can be associated with a molecule
as shown in Fig. 9. If, the energy gap between the two ther-
malised levels of S, to S, states is less than the energy pro-
vided by laser excitation, then the molecule upon vibrational
relaxation will drop down to the thermalised energy level
in S, state showing an increase in FQY. But, Benzler et al.
(2015) [73] found that the energy gap between the thermal-
ised levels increases with increasing temperature mainly due
to a larger shifting of thermalised energy level of S, state to
higher energies due to a higher density of vibrational energy
states in S;. Therefore, the excess energy provided by laser
excitation to anisole should begin to decrease with increas-
ing temperatures. This would then result in a lowering of
pressure dependency as can be observed in the effective
lifetimes curve at 355 K of Fig. 16. With further increase
in temperature, at a certain point the energy gap between
the two thermalised levels of S; to S; states will become
more than the energy provided by laser excitation. Then the
molecule upon vibrational relaxation will be excited to a
vibrational level lower than the thermalized level of S, state
commonly referred to as photo-induced cooling. This was
also observed earlier for toluene molecule. Under such situ-
ation, upon collision with the surrounding bath gases, the
molecule gains energy and moves higher up to the thermal-
ised level. This results in a decrease of FQY with increasing
pressures at such temperatures. This can also be seen for
temperatures of 405 and 475 K in the effective lifetime plots
of Fig. 16. Therefore, when the molecules are excited farther
away from the thermalized level, a large pressure sensitivity
is observed. Once the molecule has reached the thermalized
level upon collision, no further change in FQY values are
observed with further increase in pressure.

From above 400 K, there will be pressure induced reduc-
tion of FQY values which will directly result in reduction
of fluorescence signal values. This is observed in the right
image of Fig. 16 where all the curves are found to show
a decline with increasing pressure. Here, each plot is nor-
malised to its respective value at 0.2 bar pressure in nitro-
gen bath gas. Therefore, the curves can be used to compare
the relative sharpness or alternatively the pressure sensi-
tivity. The sharper the fall, the more pressure sensitivity is
observed at that temperature. Thus, from the curves it is seen
that the pressure sensitivity (sharpness of the fall) increases
from 473 K, becomes maximum at a certain temperature and
then again reduces at 823 K. This type of a non-monotonic
behaviour in pressure sensitivity is also observed for acetone
in the works of Hartwig et al. [91, 92] (refer part A) under
combined high temperature and high pressure regimes. This
can be explained by the decreasing collision rates at higher
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temperatures [80]. It can also be witnessed by the non-mono-
tonic behaviour of anisole fluorescence lifetime values in air
with increasing temperature (see Fig. 14) which first increase
followed by a decrease with increasing temperature. This can
be better seen in the exploded figure in top right corner as
demarcated by blue arrows in the right image of Fig. 14. The
initial rise in fluorescence lifetime is due to a drop in oxygen
quenching from reduced collisions at elevated temperatures
after which a drop in fluorescence lifetime is observed due to
a faster non-radiative rate at such high temperatures.

As an improvement to the empirical model by Faust
et al. [80], Wang et al. (2017) [74] put forth a semi-empir-
ical model similar to the step-ladder model put forward by
Thurber [90] and Koch [72] for ketones. According to the
model, FQY (¢) for anisole is evaluated by Eq. (8) which
calculates the sum over all N vibrational levels in the excited
singlet state occupied by an average molecule as it decays
similar to the model for toluene as discussed in Eq. (7).

— kﬁ
kgtkyip+ko, Tk 1 Fhivr 1

+ ZN—I kg i-1 ke
=2 | kg +hyin ko, +hneitkivr i J=1\ Ky +kyin+ko, Fhor jHkivr
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®)
kg represents the fluorescence rate constant and is assumed
to be constant with vibrational energy level. k. ; represents
the non-radiative decay rates at the ith energy level. k,
represents the quenching rate constant due to oxygen. k,;;,
represents the rate constant for vibrational relaxation and
kyg; represents the intramolecular vibrational randomiza-
tion at ith energy level. For detailed calculation of every rate
constant, one can refer to the original reference [74]. Wang
et al. [74] used the semi-empirical model and calculated the
normalised fluorescence signal values for combined high
pressure and high temperature for anisole over a temperature
range from 473 to 823 K and a pressure range from 0.2 to
4 MPa (figure not included). They found that the model was
able to predict the decrease in signal values with increasing
pressures but the amount of decrease was found to be over-
predicted at higher temperatures of around 773 K possibly
due to an over-estimation of k,, at the mentioned tempera-
tures. The model predicted a reduction in the FQY values
by around two orders of magnitude in the same temperature
range. The authors suggested that this might be due to effi-
cient k. or due to k;yg. Therefore, further refining of the pro-
posed anisole model is needed backed by a more extensive
set of experimental studies. One possible modification to the
step ladder model of Wang et al. for anisole was proposed
by Baranowski et al. [93] where they suggested a modifica-
tion in the effect of the laser excitation. Wang’s model had
assumed a complete transfer of the population of S to S,
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states. However, Baranowski et al. suggested that due to a
narrow bandwidth laser excitation, only a limited number of
possible absorption cross-section transition overlap with the
laser bandwidth because of which only a part of the S, popu-
lation is transferred to S;. Incorporating this change led to a
more accurate determination of the thermalised vibrational
energy level of S,.

4 Naphthalene and 1-methylnaphthalene

Till now, mono-aromatic compounds were discussed. In
this section, a di-aromatic compound naphthalene and its
methylated derivative will be discussed. Naphthalene is a di-
aromatic compound and is present in A1 kerosene (1.9% by
mass) that is commonly used in aviation [94]. In diesel, the
naphthalene content varies from 6.6 to 1600 mg L=! [95].
In unleaded gasoline, naphthalene is present in 1% by vol
[38]. Naphthalene vapour was used by Ni and Melton [96]
in turbulent nitrogen flows for two dimensional temperature
imaging. Kaiser et al. [97] used FARLIF method to deter-
mine the qualitative instantaneous single shot and averaged
equivalence ratio distribution images for a mesoscale burner
using 1-methylnaphthalene as the tracer and dodecane as
the surrogate fuel representing JP8 fuels. Naphthalene was
used to perform laser induced exciples fluorescence (LIEF)
in a swirl flow based lean combustion gasoline engine for
imaging mixture formation [98]. Shimizu et al. [98] stud-
ied fuel distribution in a Toyota lean burn engine using a
swirl control valve. Closing the valve generated high swirl
in the cylinder. They injected fuel at 40 CAD ATDC with
an equivalence ratio of 0.8 to simulate lean operation and
observed the effect of swirl on droplet behaviour. High swirl
led to rapid droplet breakup and vaporization, resulting in no
droplets by the end of the compression stroke and a mostly
homogeneous mixture at 300 CAD. Without swirl, droplets
remained localized and less vaporized, leading to inhomo-
geneous vapor distribution and droplets visible at the end of
compression. Fuel droplets also impinged on the cylinder
walls in both cases. Controlled high swirl improved mixing,
evaporation, and reduced in-cylinder inhomogeneities.

The properties of 1-methylnaphthalene match diesel fuel
very well and therefore was used in diesel engine applica-
tions. For the purpose of application to PLIF in diesel sur-
rogate fuels, Trost et al. [99] reported that 1-methylnaphtha-
lene is a promising tracer. They used 1-methylnaphthalene as
a tracer for a mixture of primary reference fuels for diesel.
The authors suggested that at the high pressure and tem-
perature conditions in diesel sprays, there will be limited
preferential evaporation as the diesel surrogates and 1-meth-
ylnaphthalene are all non-polar molecules. The boiling range
and enthalpy of vapourization of 1-methylnaphthalene and
diesel fuels match well [20]; 1-methylnaphthalene is also
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Fig. 17 Schematic diagram of naphthalene molecule is shown in the
left image. Right image shows the same for 1-methylnaphthalene

quite stable against pyrolysis at high temperatures [100].
1-methylnaphthalene is easy to blend owing to its liquid
state at room temperature [101] in contrast to naphthalene
that is solid. Also, naphthalene is more hazardous than
1-methylnaphthalene. The authors also stated that 1-methyl-
naphthalene has a higher absorption cross-section than their
mono-cyclic counterparts like toluene, a high fluorescence
signal intensity, almost linear temperature dependence, a
negligible pressure dependence and a high thermal stability
which becomes very important as very high temperatures
are obtained at the end of the compression stroke of a diesel
engine. Naphthalene and 1-methylnaphthalene were used in
LIEF for diesel sprays by Melton and Verdiect [102] and
Payri et al. [103]. Trost et al. [99] used naphthalene for fuel
distribution imaging in an optical diesel engine and were
able to study the mixture formation process subsequent to
pilot injection. Lind et al. [104] used 1-methylnaphthalene
as a tracer to simultaneously determine the temperature and
fuel partial density in a diesel spray using an optical injection
chamber under relevant conditions found in diesel engines
but by using heated nitrogen as bath gas. Lower temperatures
and a higher fuel partial density was found at the spray core
whereas at the spray periphery, the temperature approached
close to the ambient temperature along with a lower fuel
partial density owing to higher mixing. Due to the presence
of a second ring, the fluorescence spectrum of naphthalene
is normally red-shifted from mono-aromatics [64]. Owing
to the utility of di-aromatic fluorescence to study both IC
engines and gas turbine combustors, it becomes imperative
to review the several works that were undertaken to char-
acterize the fluorescence emanating from naphthalene and
its derivative 1-methylnaphthalene in this section. Figure 17
shows the schematic diagram of both the molecules.

4.1 Absorption cross-section

Orain et al. [105] measured the absorption cross-section
of naphthalene for 266 nm laser excitation and also deter-
mined the temperature dependence in a range of 350-900 K.
For 266 nm excitation, the photon energy corresponds to
about 37,594 cm™'. For naphthalene the energy gap between

Sy and S, state is 35,806 cm~! [106]. Hence, 266 nm laser
excitation will lead to an excitation into the second singlet
state. Orain et al. [105] measured an absorption cross-
section between 1.25x 10717 and 1.35x 1077 cm? in the
mentioned temperature range. Suto et al. [107] measured
the cross-section to be about 1.4 x 1077 cm? at 300 K for
266 nm excitation. Grosch et al. [108] studied the variation
of naphthalene absorption spectrum with temperature. They
studied the spectrum in the wavelength range of 200-320 nm
in a range of temperatures from 297 to 773 K. Two different
absorption features was observed in two separate wavelength
regimes. Only the longer wavelength regime is presented in
this review as most of the excitation wavelengths used in
PLIF studies are covered by the longer wavelength region.
However, it should be noted that the shorter wavelength part
of the spectrum is stronger by an order of magnitude as com-
pared to the long wavelength part. Figure 18 plots the vari-
ation of absorption spectrum with increasing temperature.
It is observed that at low temperature of 297 K, there are
several features in the spectrum. With increasing tempera-
ture, the peaks gradually disappear so much so that at 773 K,
a smooth featureless curve can be seen. The spectrum also
experiences a redshift along with a broadening with tem-
perature which results in a higher absorption cross-section
towards the red end of the spectrum. The authors further
found that the maximum absorption cross-section wave-
length shifts from 210.7 nm at 297 K to 212.6 nm at 773 K
with the maximum cross-section value showing a decrease
from 4.95x 107!¢ to 3.47 x 1071 cm*/molecule.

Quite recently, Retzer et al. [109] have measured the var-
iation of absorption spectrum of 1-methylnaphthalene with
temperature. Dry air was used as a carrier gas in the temper-
ature range of 350-500 K and pure nitrogen for 500-850 K.
The temperature was varied in steps of 50 K with the pres-
sure being maintained at 0.4 MPa. No surrounding gases
effect on absorption cross-sections was observed. The wave-
length range considered was from 230 to 330 nm. Figure 18
shows the absorption spectrum of 1-methylnaphthalene.
Similar to naphthalene, the spectrum at low temperatures
show several features. At 350 K, three peaks at 264, 274 and
285 nm were observed. With increasing temperature, the
structures begin to disappear and there is a broadening of the
spectrum with a slight redshift a behaviour also witnessed
like that for naphthalene. The redshift causes a shift in the
maximum value from 274 nm at 350 K to 275 nm at 850 K.
The authors suggested that the redshift with temperature
is due to the higher vibrational energy at higher tempera-
tures in the ground electronic state. This results in a lesser
energy requirement for the excitation to the first excited
state. This is manifested as the redshift. The smoothening
of the curves with temperature was explained as more mol-
ecules were available in the higher vibrational levels and the
corresponding reduction in energy gaps between the higher

@ Springer



169 Page 22 of 48

S. Nayek, M. Mittal

2.5x10™"

2.0x10"

1.5x10"

1.0x10"

5.0x10™

cross-section (cm*/molecule)

0.0

T T

T T T T
240 250 260 270 280 290 300

Wavelength (nm)

—350 K
400 K
450 K|
500 K
550 Ki
600 K
650 K
700 K(|
750 K

—800 KH
850 K

240 260 280 300 320
wavelength / nm

Fig. 18 The left image shows the absorption spectrum of naphthalene from the works of Grosch et al. [108]. Adapted from [108] with permis-
sion from Elsevier. The right image shows the same for 1-methylnaphthalene from the works of Retzer et al. [109]

vibrational energy levels. After 800 K, there is a signifi-
cant overlap of the spectrum from S, to S, level. This would
result in an increase in absorption spectrum in the studied
wavelength range at very high temperatures especially after
800 K range. To study the absorption cross-section evolu-
tion for 266 nm with temperature, the variation is shown in
Fig. 19 for both the compounds from the works of Orain
et al. [105] for naphthalene and Retzer et al. [109] for
1-methyl naphthalene.

From the figures, it is clear that the absorption cross-
section of 1-methylnaphthalene is greater than that of
naphthalene at 266 nm excitation. However, their behav-
iour looks similar with rising temperatures. For naphtha-
lene, it is observed that the cross-section value doesn’t
change much and varies non-monotonically. Orain et al.
explained this behaviour as a result of the shifting of
absorption peaks with temperature owing to the highly
featured spectrum. However, Zhang et al. [19] found a
linear increase in cross-section value for 266 nm in the
temperature range of 673—-1373 K whereas the results
of Orain et al. show an increase only after 800 K. This

1.50

300 400 500 600 700 800 900
Temperature (K)

further suggests that naphthalene cross-section values
show an increasing trend at very high temperatures. For
1-methylnaphthalene, the cross-section at 266 nm doesn’t
change much in the temperature range of 350-500 K. In
this range, the maximum cross-section value is observed at
450 K with a value of 2.45x 10~'7 ¢cm?. After this, a reduc-
tion of about 20% is found in the range of 500-800 K.
After 800 K, a rise in cross-section can be seen. This is
very similar to the naphthalene behaviour.

4.2 Fluorescence signal variation

For naphthalene, despite the excitation to the second singlet
state, the emitted fluorescence signal is mostly emitted from
the first singlet state due to rapid internal conversions from
S, to S, state [110]. Figure 20 shows the evolution of fluo-
rescence spectrum with temperature for 266 nm excitation
from 350 to 900 K in a nitrogen bath gas at atmospheric
pressure with increasing temperature normalised to the indi-
vidual peak value.
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Fig. 19 The left image show the absorption cross-section at 266 nm temperature for naphthalene from the works of [105] and the right image is

for 1-methylnaphthalene from the work of [109]
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Figure 20 shows the red shifting of spectrum with tem-
perature along with a smoothening of the spectrum at higher
temperature. At low temperatures, there is a definite feature
that can be observed at 320 and 335 nm. With increasing
temperature, the intensity reduces monotonically along with
a loss of structure with the spectrum becoming essentially
broadband at higher temperatures. The peak intensity is
found to shift by 20 nm whereas the redshift is about 5 nm
per 100 K. A similar redshift and temperature broadening
was also observed in the works of Ossler et al. [111]. They
observed that FWHM of naphthalene emission spectrum
increases 30 to 50 nm and the peak position shifts from 328
to 348 nm in a temperature range of 4301210 K. Orain et al.
[112] and Koban et al. [54] measured the redshift in the
fluorescence spectrum of 124-trimethylbenzene and toluene
respectively and found that it is about 2 nm per 100 K. Thus,
the di-aromatics are found to be more temperature sensi-
tive to redshift in emission spectrum than mono-aromatics.
Uy and Lim [113] observed redshift in naphthalene spec-
trum with increasing excitation energy even covering to the
second or third excited singlet states. Once in the S, and
S; states, there is a rapid Internal conversion after which
the molecule ends up in very high vibrational levels of S,
state as the energy is not lost during transition. The inher-
ent shapes and anharmonicity of the Morse potential curves
cause the radiative transition from S, to S state to be red-
shifted and smoother when the fluorescence is from higher
vibronic levels. This reasoning was extended by Rossow
[64] to explain the redshift with increasing temperature as
higher temperatures cause the molecules to occupy higher
vibrational levels of S, state.

Figure 20 also plots the integrated fluorescence intensity
in the wavelength range of 290-400 nm as a function of
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Fig.20 [105] Left image shows the redshift of naphthalene fluores-
cence spectra normalised to the respective maximum values with
temperature and the right image shows the evolution of fluorescence

increasing temperature. Since the absorption cross-section at
266 nm was found to be temperature insensitive, any change
in fluorescence signal with temperature can be attributed
to a change in FQY. A monotonic drop in signal values is
observed with temperature. This can be explained due to
increasing non-radiative decay rates with increasing vibra-
tional energy level of first excited singlet. Uy and Lim [113]
suggested that with increasing excitation energy, higher
vibrational levels are occupied below which there will be a
greater number of triplet manifolds opening up many chan-
nels of ISC. This would increase the vibronic interactions
and with a greater Franck—Condon overlap factors at higher
levels, the ISC rate would increase. Enhanced Franck—Con-
don overlap factors at higher vibrational levels would also
lead to enhanced IC. The increasing IC and ISC rates with
vibrational level was also indicated by [111]. Orain et al.
[105] found that the drop in signal intensity was lesser as
compared to mono-aromatics like toluene. Hence, naphtha-
lene fluorescence signal intensity is less temperature sensi-
tive than the mono-aromatics.

Orain et al. [105] reported the variation of fluorescence
spectrum with increasing oxygen content in the bath gas at
450 K such that the total pressure was maintained at 0.1 MPa
(Fig. 21). Each spectrum is normalised to its maximum
value. It is found from Fig. 21 that the fluorescence signal
reduces with increasing oxygen partial pressures accompa-
nied with a corresponding redshift. The redshift was found
to be about 10 nm when the oxygen mole fraction varies
from O to 21% and saturates at an oxygen partial pressure
of 10-12%. [111] found the redshift to be about 4 nm and
[114] found it to be about 7 nm above 500 K. In comparison,
for mono-aromatics the redshift observed for 1,2,4-trimeth-
ylbenzene is 1 nm [112] for same range of oxygen partial
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signal intensity with temperature. Nitrogen was used as a bath gas
and the temperature range covered was from 350 to 900 K at 0.1 MPa
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pressure and 266 nm laser excitation. The authors also
observed that the drop in naphthalene fluorescence inten-
sity is about one order of magnitude larger than the mono-
aromatics like 1,2,4-trimethylbenzene. This shows that the
effect of oxygen quenching is greater on naphthalene. The
authors suggested that since the lifetime in the first excited
state is larger for naphthalene than the mono-aromatics, it
therefore was more susceptible to oxygen quenching. The
structures observed in pure nitrogen bath gas are found to
disappear with increasing oxygen partial pressures as they
result from fluorescent transitions with a strong coupling
between energy levels and hence a correspondingly longer
lifetime. This makes it highly susceptible to oxygen quench-
ing. The high oxygen quenching experienced by naphtha-
lene is good news for its applicability in FARLIF technique.
Based on this, Orain et al. also obtained Stern—Volmer plots
which are not shown here for brevity. The plots were lin-
ear and no deviations were observed from linearity unlike
toluene Koban et al. [59]. With increasing temperature, the
slopes reduced indicating the increase of the relative strength
of non-radiative decay rates compared to oxygen quenching.
Similar observation was found by Kaiser and Long [114].
The SV factor was found to be 396 bar™! at 450 K. This
suggests that di-aromatics are certainly preferable to mono-
aromatics from the point of view of FARLIF.

Similar studies about the fluorescence spectrum was car-
ried out for 1-methylnaphthalene. Retzer et al. [20] studied
the temperature dependence of fluorescence spectrum for
1-methylnaphthalene in a nitrogen bath gas and with air

Normalised fluorescence

! I )
340 360 380
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300 320

with an equivalence ratio of 2 (Fig. 22). The temperature
range covered is from 398 to 798 K at a pressure of 1 MPa.
Each spectrum is further normalised to its maximum value
to better depict the redshift. It is observed that the spec-
trum ranges from 300 to 400 nm at a temperature of 398 K.
With increasing temperature, a redshift and broadening is
observed for both nitrogen and air and nitrogen mixture.
A similar redshift was also observed in the works of Lind
et al. [104] where they found that the fluorescence spectrum
shows two peaks at lower temperatures and then each peak
broadens and merges with ecah other at higher temperatures.
The authors reported a redshift of about 4 nm per 100 K. The
temperature induced redshift can be explained by a simi-
lar reasoning used in the naphthalene context. The redshift
is larger in the presence of oxygen. The authors suggested
that there is oxygen quenching of 1-methylnaphthalene fluo-
rescence, the rate of which also increases with vibrational
energy level. At higher temperature, thus the signals emanat-
ing from the higher vibrational levels are easily quenched
by oxygen as a result of which, the difference in the spectral
shift of the nitrogen and nitrogen and air mixture gradually
reduces.

Lind et al. [104] found that the observed redshift in
spectrum increases with increasing oxygen content or with
decreasing equivalence ratio. Similar results were obtained
by Kaiser and Long [114] where they found a redshift due to
oxygen presence. The redshift was larger than that observed
for naphthalene showing an additional 4 nm per 100 K
spectral shift as compared to naphthalene fluorescence
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Fig.21 [105] Left image shows the changes in naphthalene fluorescence spectra each normalised to its own maximum and the right image
shows the evolution of fluorescence signal intensity with increasing oxygen content at 450 K
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Fig.22 [20] Left image shows the normalised fluorescence spectrum of 1-methylnaphthalene variation with temperature. Right image shows the
variation in lifetime values with temperature in the presence of different bath gases

spectrum. The authors found that the total fluorescence
signal for 1-methylnaphthalene with a unity equivalence
ratio remains more or less unchanged till 600 K and then
decreases monotonically with a futher temperature increase.
Figure 22 further plots the effective lifetime data with tem-
perature at varying oxygen concentrations. As seen earlier,
effective lifetime data closely corresponds to the variation
in absolute FQY. It is observed that in pure nitrogen atmos-
phere, the decay times reduce with tempertaure increase.
The authors suggested that this is due to the increased rates
of ISC at higher vibrational levels as it was also seen in the
case of naphthalene. The absolute FQY of naphthalene and
1-methylnaphthalene at 293 K is 0.42 and 0.4 respectively
[89].

With introduction of oxygen in the bath gas, there is a
drastic reduction in effective fluorescence lifetimes sug-
gestive of very high quenching. With decreasing equiva-
lence ratio, a slight reduction in fluorescence lifetimes is
also observed. Nonetheless, the decay times do not change
much with temperature for all the three equivalence ratios
presented due to a strong quenching. The authors also found
a strong SV factor further corroborating the high oxygen
quenching effect on 1-methylnaphthalene. The SV factor as
found by Kaiser and Long [114] was 1410 MPa™! at 500 K.
This makes 1-methylnaphthalene a suitable compound for
FARLIF technique. However, since FARLIF depends on
the strength of oxygen quenching, care must be taken for
applicability at high temperatures. As it was seen for tolu-
ene, the non-radiative decay rates grow with temperature so
much so that they become comparable to oxygen quenching
rates. In this context, SV factor for 1-methylnaphthalene was

observed to reduce at higher temperatures with the SV factor
being 369 MPa™! at 800 K [114].

Retzer et al. [20] studied the applicability of FARLIF
methodology for equivalence ratio determination using
1-methylnaphthalene fluorescence. They studied the effect
of temperature and pressure on fluorescence signals from
I-methylnaphthalene from the point of view of its appli-
cability in FARLIF measurements. The results are shown
in Fig. 23. The equivalence ratio in the study was varied
by changing the amount of oxygen in the chamber and by
adding nitrogen to maintain the required total pressure of
the bath gas. The curves in the left image of Fig. 23 plots
the fluorescence signal intensity variation in the tempera-
ture range of 498-798 K and at various equivalence ratios
ranging from 0.66 to 3.33. The pressure was maintained
constant at 1 MPa. Every signal is normalised to 1 MPa
and 498 K at ¢ =1. This will enable to compare the signal
strengths at various conditions. It was found that the linear
relationship of signal with equivalence ratio was obtained
for ¢ =0.6-1.66. At higher equivalence ratios, the curves
show a diminishing slope and deviation from linearity. Thus,
deviation from FARLIF is observed at higher equivalence
ratios. This is due to the lesser oxygen content at higher ¢
values indicative of lower oxygen quenching and the grow-
ing importance of other non-radiative deactivation rates.

At a particular equivalence ratio, the evolution of the
signal with temperature shows a non-monotonous varia-
tion. This is observed from the changing slope and offset
of the calibration curves. In a temperature range of 498 to
648 K, the slope and offset of each curve increases and at
temperatures above 648 K, the slope and offset again start
to decrease. The authors suggested that the initial rise is
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Fig. 23 [20] Normalised fluorescence signal intensities for 1-Meth-
ylnaphthalene. Left image shows the intensity variation at 1 MPa
with temperature from 498 to 798 K for different equivalence ratio

due to signals becoming stronger due to a slightly increased
absorption cross-section and increased broadening of the
fluorescence spectrum with temperature. The fall at higher
temperatures is due to a fall in signal strength due to a
slightly reduced absorption cross-section and a reduction
in FQY which more than compensates for the spectral wid-
ening. Another possible explanation provided is that with
initial increase in temperature, the oxygen number density
decreases causing a reduced quenching effect. The signal
increase due to quenching reduction outweighs the decreas-
ing effect of increased ISC with temperature, Hence, a signal
rise is seen in the beginning. However, at very high tem-
peratures, the large values of ISC (and possibly also IC at
temperatures above 750 K) outweighs the decreased oxygen
quenching effect and leads to a sharp drop in FQY value
which results in a decrease of signal strength. This non-
monotonous behaviour is seen for ¢ =2 curve of Fig. 22.
This non-monotonic behaviour has also been observed by
Faust et al. [63] for naphthalene. Furthermore, Trost et al.
[99] plotted the normalised fluorescence signals for 1-meth-
ylnaphthalene over a temperature of 473—-873 K at pressures
of 1,2 and 3 MPa. The authors found that the decrease in
fluorescence signal with temperature is almost linear with a
reduction by factor 10 in the specified temperature regime.
On the contrary, the dependence of pressure is very less (less
than 15% signal increment) in the given pressure regime.
The right image of Fig. 23 shows a similar study per-
formed at a constant temperature of 498 K and in a pressure
range of 0.8-1.4 MPa with a fuel partial density of 6.7 g/
m’. The equivalence ratio was varied from 0.25 to 2. Each
data point is normalised to the signal value at ¢ =1 and at
a pressure of 0.8 MPa. It is found that at the lower equiva-
lence ratios, no significant changes in signal intensity was
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at a fuel partial density of 12.6 g/m>. Right image shows the intensity
variation at 498 K with varying equivalence ratio in a pressure range
of 0.8-1.4 MPa at a fuel partial density of 6.7 g/m’

observed in the range of ¢ =0.25-0.67. At higher equiv-
alence ratios (from ¢ =1), the signal values are found to
increase with pressure. For ¢ =2, a 25% increase in signal
value was observed. The authors suggested that this increase
in signal at higher ¢ values was due to lower oxygen con-
tent. This will result in a reduced oxygen quenching accom-
panied with a higher vibrational relaxation with increasing
pressure. The higher relaxations due to intermolecular col-
lisions increase the FQY value resulting in a stronger signal
strength.

Figure 24 shows the evolution of naphthalene fluores-
cence spectrum with pressure at 450 K. The pressure range
covered is from 0.1 to 3 MPa. The spectra are normalised
to the maximum intensity value at 0.1 MPa. It is found that
with increasing pressure, the fluorescence signal intensity
monotonically increase for 266 nm excitation. No distor-
tion of the spectrum shape is observed with the features
effectively being preserved across the entire pressure range.
The fluorescence signal intensity shows a steep increase till
0.7 MPa and more or less stabilises at a constant value after
2 MPa showing a change in signals by 1% in between 2
and 3 MPa. Since the absorption cross-section is both pres-
sure insensitive and dependence on temperature is low, the
change in signals is mainly due to variation in FQY. It is
thus observed that the signal value increases and then sta-
bilises for high pressure regimes. This means that the FQY
undergoes pressure stabilisation unlike toluene which show
a pressure destabilisation at 266 nm excitation.

Figure 25 plots the lifetime components of naphthalene
and 1-methylnaphthalene from the works of Benzler et al.
[73]. They used a 266 nm of picosecond laser excitation to
obtain time resolved measurements of fluorescence intensity
under a low-pressure regime of 1 mbar to 1 bar under various
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Fig.24 [105]: Image shows the changes in naphthalene fluorescence
spectra normalised to the maximum value of 3 MPa spectrum. Nitro-
gen was used as a bath gas and the pressure range covered was from
0.1 to 3 MPa at 450 K

temperatures. The authors attempted to determine the intrin-
sic photophysical rate constants pertaining to the non-radia-
tive fluorescence decay processes in an environment of low
pressures which would result in very less collisions for neg-
ligible vibrational relaxation rates. Upon a combination of a
fixed laser wavelength and different temperatures, excitation
to different vibrational levels of the excited electronic state
could be achieved. Since fluorescence lifetime is directly

proportional to FQY, the plots in Fig. 25 is also representa-
tive of the variation of absolute FQY. It was observed that
the fluorescence from both the naphthalene compounds,
shows a mixture of a short- and long-lived lifetime compo-
nents. The long lifetime component was from the S, state
whereas the short-lived component was expected from the S,
state. Due to small energy gaps between S, and S, states, the
second excited state was accessible with 266 nm excitation.
Both were plotted as a function of pressure. However, in
this article, only fluorescence from the S, state is discussed.
Discussion

In Fig. 25, each line is an isotherm as is indicated in the
graph. It is observed that the with increasing pressure, the
lifetime values increase suggesting an increase of FQY with
pressure until it reaches a saturation for both naphthalene
and 1-methylnaphthalene. The amount of increase also
reduces with increasing temperature. The stabilization of
FQY is due to excessive energy present in the laser excita-
tion which is much more than the 0-0 transition energy.
This leaves the molecule at a much higher energy level than
the thermalised energy level of S;. This results in increased
vibrational relaxation with increasing pressure to the ther-
malised level from the initially laser populated level. With
increasing temperature, the thermalised level of S, increases
faster than that of S, increasing the 00 transition energy
[73]. This reduces the excess energy available for vibrational
relaxation as was explained in the toluene and anisole sec-
tions. This is manifested as the reduced FQY rise at larger
temperatures and an early arrival of the saturation.
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Fig.25 [73] Fluorescence lifetime is plotted at a low pressure range
from 10 mbar till 1 bar in a carbon-dioxide bath gas at 266 nm laser
excitation for various temperatures. The left image is for naphthalene
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In order to model naphthalene relative FQY, Faust et al.
[63] tried to modify the model proposed by Koban et al.
[59] for toluene. Since the Koban model was limited to 1 bar
total pressure, for higher pressures a multiplicative term was
included that would consider the effect for higher pressures
but would become unity at 1 bar total pressure. To accom-
modate the high fluorescence quenching by oxygen mol-
ecule, another factor was incorporated to account for the
effect of variation of oxygen partial pressure and variation
of SV factor with temperature. However, the curve fitting
was limited to the experimental condition in that particular
work and showed poor fitting with the experimental data at
pressures above 1 bar. Benzler et al. [73] tried to explain
their experimental results for a number of aromatic mol-
ecules using a step ladder model like that for the ketones. A
photophysical cascade model for naphthalene similar to the
one for toluene was developed by Rossow [64]. The func-
tional dependence of both radiative and non-radiative decay
rates were derived from low pressure fluorescence yield and
lifetime measurements at room temperature at varying exci-
tation wavelengths from the works of Hseih et al. [115].
For high pressure limit, data from Hall et al. [116] was used
and for methane bath gas, data from Beddard et al. [117]
was used. The model evaluates absolute FQY values at a
temperature of 296 K and for 248 nm excitation with vary-
ing pressure. It predicts a low pressure and a high-pressure
limit of FQY for different bath gas compositions. Bath gases
of pure naphthalene and varying amounts of naphthalene
concentration in nitrogen and methane gases were compared.
It is found that with increasing complexity of the collider in
terms of mass or the number of atoms present, the deviation
from low pressure is observed earlier. This is due to the

colliders become increasingly efficient. This behaviour was
also observed for ketones (refer part A of this work).

Left image of Fig. 26 [64] plots the model predicted
variation of absolute FQY as a function of excitation
wavelength and pressure in nitrogen bath gas at 450 K.
Both the high pressure and low-pressure limits can be
identified. The high-pressure limit is wavelength inde-
pendent in contrast to the low pressure. This result is
very similar to those found for the ketonic compounds
(refer part A of this work). A decrease in FQY with pres-
sure for 308 nm is observed due to the phenomenon of
photo-induced cooling. Therefore, the pressure effects
can be studied either by varying temperature at a fixed
laser excitation or at a fixed temperature at varying laser
excitation. Benzler et al. [73] used the first methodology
in their pressure effects study whereas Rossow used the
second approach to develop plots for naphthalene. Both
however successfully explained the pressure effects. In
Fig. 26, two different pressure limits- high pressure and
low pressure can be identified for FQY. At very low pres-
sures, the collisions become rare and the fluorescence
emanates from a vibrational level which is determined
by the combination of temperature and excitation wave-
length. This low value of FQY is the low-pressure limit.
On increase of pressure, the collisions become signifi-
cant and the FQY value deviates from the low-pressure
limit. It then rises with pressure and at very high-pressure
levels, reaches a high- pressure limit. This is due to the
molecule being relaxed to the thermalized level of the
excited electronic state. Both these limits are independ-
ent of the bath gas composition. The absolute FQY value
of naphthalene in the low pressure limit was 0.35 and for
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Fig.26 [64] Model predicted pressure dependence of absolute FQY
for naphthalene. Left image plots the dependence of FQY on excita-
tion wavelength in nitrogen and varying oxygen content at 266 nm
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high pressure limit was 0.79 at 248 nm excitation in the
work of Hall et al. [116].

For 266 nm, a bath gas composition dependence is shown
in the left image of Fig. 26. The dotted red lines are for dif-
ferent partial pressures of oxygen. With a mixture of oxygen
and nitrogen, the FQY values are found to increase, reach
a peak and finally decrease. The different behaviour is due
to the quenching by oxygen. Since for 266 nm, there is a
considerable vibrational excess energy associated, there is
a competition between vibrational relaxation and oxygen
quenching. At low total pressures and low oxygen concen-
tration, there is a very less interaction with oxygen mol-
ecules resulting in a very small quenching. This leads to a
complete dominance of vibrational relaxation causing the
FQY to increase at low pressures. However, with increasing
pressure, when the number of collisions with oxygen mol-
ecules become appreciable, then the quenching effect starts
to appear, as a result of which a peak is observed followed by
a monotonic decline in the FQY value. As the oxygen con-
centration increases, the quenching effect starts to overpower
vibrational relaxation. As a result, the threshold pressure
value after which quenching begins to dominate, gets shifted
to lower pressures with increasing oxygen content. So much
so that with air as a bath gas, there is no rise in FQY value.
The curve begins to decrease right from the point where it
starts to deviate from the low-pressure limit.

The right image of Fig. 26 shows the absolute FQY vari-
ation with pressure at 266 nm excitation and at 4 different
temperatures of 300, 450, 700 and 850 K. The composi-
tion of bath gas is also varied from nitrogen to air with
various proportions of oxygen in between. The temperature
dependence of high- and low-pressure limits are observed
where both decrease with increasing temperature. Pure
nitrogen shows an increase of FQY value whereas pure air
shows a monotonic decrease with pressure. The intermedi-
ate composition curves depart from the nitrogen curves at
various pressure. The higher the oxygen content, earlier the
deviation. The low-pressure limit is wavelength dependent
whereas the high-pressure limit is wavelength independent.
The low-pressure limit is determined by the vibronic level
in which the electron is excited from the ground state. The
excited state vibronic level is determined by temperature
and energy content of the photon. Therefore, low pressure
limit changes for different combinations of temperature and
excitation wavelength. But high-pressure limit is found to
vary only with temperature. This limit for FQY is achieved
when fluorescence arises from the vibrationally relaxed level
of excited singlet state. The vibrationally relaxed level in
turn is determined by the surrounding temperature. Higher
the temperature, higher is the energy of the vibrationally
relaxed level because of the modified Boltzmann distribu-
tion in the excited electronic state. Therefore, high pressure
limit changes with temperature. Since non-radiative decay

rates are faster from the vibronic levels which are higher in
energy; with increasing temperature, the high-pressure limit
decreases as can be seen. At high temperatures, the FQY
high pressure limits are lower and at a particular pressure,
the FQY value reduces monotonically with increasing tem-
perature. Hence, the isotherms for fluorescence signals are
shifted progressively downward with temperature.

Finally, for comparing naphthalene and 1-methylnaph-
thalene, it is important to understand the effects of methyla-
tion as 1-methylnaphthalene is the methylated derivative of
naphthalene. Orain et al. [105] studied the changes in fluo-
rescence behaviour due to methyl substitution by comparing
naphthalene, 1-methylnaphthalene and 1,3-dimethylnaphtha-
lene. They found that as the number of methyl substitutions
increase, the fluorescence spectrum gets redshifted. This
happens due to reducing symmetry of the initially symmetric
molecule upon methyl group additions which further hinders
the forbidden transition [118]. Additionally, the increased
number of methyl groups also increase the fluorescence sig-
nal due to a higher fluorescence rate constant [118]. The
decrease of fluorescence signals with temperature increase
is progressively more pronounced for 1,3-dimethylnaphtha-
lene. Therefore, the temperature sensitivity gets enhanced.
Oxygen was found to have a similar effect on all the three
compounds with a high amount of quenching. The oxygen
induced fluorescence spectrum redshift of 1-methylnaph-
thalene is 4 nm larger than naphthalene [114]. However,
the SV factor of 1-methylnaphthalene at 450 K for 266 nm
excitation was found to be 370 bar™!, a value slightly less
than naphthalene.

5 Fluoranthene

Till now, in the aromatic compounds the discussion was
limited to the mono and di-aromatic ring compounds. The
final section dealing with individual organic tracer is about
fluoranthene. It is a poly-aromatic hydrocarbon with a five
membered ring sandwiched between a single membered and
double membered benzene ring. Figure 27 shows the sche-
matic diagram of a fluoranthene molecule.

Fluoranthene has certain inherent advantages from a
fluorescent tracer point of view. It has got a high thermal
stability and a decent amount of fluorescent signals over
a wide range of temperature and pressure observed in the
works of Kuhni et al. [119]. Ni and Melton [120] used
fluoranthene as the fluorescent tracer to obtain 2D images
of fuel partial pressure and air partial pressure in a gase-
ous methane jet. Equivalence ratio maps were calculated
from these images. The authors however suggested that the
applicability of their method should be for an isothermal
system due to the lack of data regarding the temperature
influence of fluoranthene fluorescence lifetimes. Meyer et al.
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Fig. 27 Schematic diagram of fluoranthene molecule

[26] used fluoranthene as a tracer for performing PLIF to
study fuel-air distribution in a PFI engine. They selected
fluoranthene due to its high signal strength and low static,
temperature and concentration quenching [26]. However, its
fluorescence is significantly affected by oxygen quenching.
After suitable correction of the signals, they could obtain
images for air fuel ratio at different engine speeds, equiva-
lence ratios and injection timings [26]. They investigated the
effect of engine speed on mixture formation by quantifying
the inhomogeneities in fuel—air ratio distribution in terms of
standard deviation. They observed that the standard devia-
tion showed a monotonic decrease with increased speeds due
to enhanced turbulence intensity at higher speeds. They also
found that in the studied equivalence ratio range, the spatial
inhomogeneities increase as the overall equivalence ratio is
made leaner. Finally, CCV in fuel distribution was found to
increase when fuel is injected during open intake valve due
to shorter available mixing times. As fluoranthene displays
features for a potential tracer and its fluorescence can pro-
vide information about PAH formation and soot precursors
[119], the current section discusses about its fluorescence

behaviour. However, there is a very limited information
available about the parametric study of fluoranthene fluo-
rescence to the author’s knowledge at the time of preparing
this article. Hence, a major focus of this section will be to
provide a detailed review of those works.

5.1 Absorption cross-section

Figure 28 shows the absorption spectrum of fluoranthene
as determined by Kuhni et al. [119]. The spectrum has got
several features which correspond to excitation till different
singlet states. The absorption peak near 270-280 nm was
denoted as transition from S, to S, state by Ruth and Wick
[121]. The peak near 320 to 350 nm was attributed to both
Sy to S5 and S, to S, transitions by Kolc et al. [122]. The
spectrum longer than 400 nm can be associated with S, to
S, transition [123]. Kuhni et al. [119] determined the spec-
trum at 3 different temperatures of 473, 573 and 673 K in a
nitrogen atmosphere at 0.2 MPa. The authors observed an
increase in absorption cross-section with temperature. Fig-
ure 28 also shows the dependence of the absorption cross-
section on temperature at 266 and 355 nm. The plots show
that the cross-section increases by 1.5% per unit temperature
at 266 nm and by 3.5% per unit temperature at 355 nm. The
temperature was extended in this plot till 873 K and each
plot is normalised to its respective value at 473 K.

5.2 Fluorescence signal variation

Fluoranthene shows the phenomenon of dual fluorescence
where fluorescence occurs from both the first and second
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Fig. 28 (from ref [119]) Left image shows the variation of fluoranthene absorption spectrum with temperature and the right image shows the

evolution of absorption cross-section with temperature
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excited singlets to the ground electronic level. Philen and
Hedges [124] have described the properties of the initial two
excited singlet states of fluoranthene. The fluorescence from
the S, state takes place between 405 nm and about 540 nm
and has a duration of 58 ns, whereas the fluorescence from
the S, state happens in the range of 370-395 nm and lasts
for approximately 143 ns. Bark and Force [125] found that
fluoranthene vapour in the absence of collisions shows fluo-
rescence from both the first and second excited singlet states.
This behaviour is in contrast to other complex molecules
where the internal conversion from higher singlet states to
S, state is very rapid resulting in fluorescence only from
the S, state. The authors suggested that the rate of internal
conversion between first and second singlet states is very
slow so that fluorescence from S, is able to compete with it.
The unusually slow internal conversion was explained due
to a large change in bond lengths of molecules between the
first and second singlet states affecting adversely affecting
the Franck—Condon overlap factor. However, most of the
fluorescence is contributed by deexcitation from the first
excited singlet state and the distinct fluorescence emission
from the second excited singlet state is visible only at very
low pressures where there is a very little collision process
[123]. Therefore, the discussions provided in this section
will mainly deal with fluorescence from the first excited
singlet state. Bark and Force (1993) [126] also stated that
the fluorescence spectra shape for polynuclear aromatic
hydrocarbons in solutions does not change with excitation
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wavelength and the decay lifetimes is normally independent
of the emission wavelengths.

Figure 29 [119] shows the fluoranthene fluorescence
spectrum. It ranges from 380 to 600 nm with a maximum
at 450 nm corresponding to the de-excitation from S, to S,
states. Furthermore, the excitation wavelength has no effect
on the fluorescence spectrum domain and the wavelength at
which the peak is observed. The temperature dependence of
fluorescence intensity can be identified from the figure. It
is found that with increasing temperature, the fluorescence
intensity diminishes. Each spectrum is normalised to the
maximum value at 473 K. The authors also plotted the vari-
ation of fluorescence intensities after suitable normalisation
with the absorption cross-section which is also temperature
dependent. The obtained values are then again normalised
to their respective reference values at 473 K and then plotted
with temperature for different pressures at 266 nm excitation
wavelength in Fig. 29. Therefore, the curves essentially show
the FQY variations. The plots show a decreasing behaviour
with increasing temperature and the decrease is found to be
larger at lower pressures. This same trend was also observed
for 355 nm wavelength. The decrease was found to be about
two orders of magnitude in the studied temperature range.
The authors suggested the decrease could be attributed to
the increased ISC rates at higher vibrational levels at higher
temperatures. However, just like toluene, the transition in
fluoranthene also involves w— 7 * transition. Therefore, the
authors indicated that the drastic decrease in FQY values

10 ——— A A S — ——— | ——— | I ——
b b + ‘
I T S S S
7777777 e
,,,,,,,, i sen s pesemasafesnwmss lessssss
: . 1
““““““ [ e * H e H
L e e e o ex oo <
R
I ,,,,, * ,,,,, g
r r
} }
- WS SO - .
° 1.2MPa |
2| © 40MPa !
10 1 | 1 |
400 500 600 700 800 900
Temperature (K)

Fig.29 (from ref [119]) Left image plots the fluorescence spectrum at different temperatures. The right image plots the normalised intensity val-
ues at three different pressures for 266 nm excitation in a nitrogen bath gas normalised at 473 K
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is not just solely the result of ISC like it was suggested for
toluene by Koban et al.

Figure 30 shows the pressure dependence of fluorescence
signals. Fluorescence signal intensity was normalised with
respect to the corresponding values at 0.1 MPa value for
266 nm excitation. Since the reference values used for nor-
malisation are different, only the relative sharpness of the
curves can be compared with each other and not the absolute
magnitudes of the intensity. It is observed that with increas-
ing pressure, the signal intensity increases. Since the absorp-
tion cross-section is insensitive to pressure, the behaviour
of each isotherm is dictated by the behaviour of the FQY
values at that temperature. The FQY increases with pres-
sure due to the vibrational relaxation effect which results
in an increase in number of excited fluoranthene molecules
to fluoresce from the lower vibrational levels which have a
correspondingly higher value of FQY. The signals increase
with pressure, become saturated at a certain threshold pres-
sure which again depends on the temperature. The signal
intensity increases with pressure from about 0.1 to 1.5 MPa
after which it either becomes constant or increases margin-
ally depending on the temperature. This shows the approach
of a limit of vibrational relaxation or the high-pressure limit
values of FQY just like the ketones.

At higher temperature, some non-monotonous behaviour
can be seen in the figure due to large standard deviations
of the data points at high temperatures. Furthermore, the
isotherms at higher temperatures and lower wavelengths
seem to be more pressure sensitive. This is expected as the
excitation energy increase results in a higher vibrational
level which correspondingly provides more room for vibra-
tional relaxation enhancing the pressure sensitivity. Similar
results were also obtained for 355 nm excitation. However,

the phenomenon of the pressure sensitivity increase with
temperature, reaching of a maximum limit and then decrease
of sensitivity with further temperature increase is not seen in
the case of fluoranthene unlike that observed for acetone by
Hartwig et al. [91] (refer part A). Therefore, further studies
on high temperature high pressure regimes of fluoranthene
fluorescence needs to be carried out.

Till now, the bath gas was fixed at nitrogen which is inert
with respect to fluorescence quenching. Kuhni et al. also
studied the influence of bath gas on fluorescence signal
intensity. Bath gases like nitrogen, argon, carbon-dioxide,
and ambient air were used for fluorescence study. Carbon-
dioxide was chosen due to its presence in the exhaust gas
residuals in IC engine cylinders. The fluorescence signal
intensity was studied in these bath gases for a pressure range
of 0.1-4 MPa and at a temperature of 473-873 K. Studies
were also carried out in air for the same pressure range at a
temperature of 473 K. Fluorescence quenching was observed
only in air bath gas. The remaining three bath gases show an
increase in fluorescence signals with pressure as expected.
Figure 30 shows the variation of fluorescence signal with
pressure for nitrogen, carbon-dioxide and argon at 266 nm
excitation. Each curve is normalised to the respective value
at 0.1 MPa and the temperature was fixed at 673 K. The
curves show a similar pressure trend. The signals seem to
increase with pressure quite significantly till 1.5 MPa after
which it increases sparsely till 4 MPa. The relative sharpness
of the curves shows the pressure sensitivity. Thus, nitro-
gen shows the maximum sensitivity and argon the least.
The curve for carbon-dioxide is intermediate to both the
curves. On comparison with the ketonic tracers [76], the
pressure sensitivity should be increasing as the collider spe-
cies consists of an increased number of atoms becoming
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Fig.30 (from ref [119]) Left image plots the normalised fluorescence
signal variation with pressure at different temperatures in nitrogen
bath gas. The right image plots fluorescence signals at 673 K for dif-
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more complex. With this understanding, the sensitivity in
carbon-dioxide bath gas should have been highest among all
the studied bath gases. The reason for this discrepancy is not
clear as of now and more studies are needed in this domain.

Presence of oxygen in bath gas is expected to reduce the
fluorescence signal intensity due to quenching. The reduc-
tion in signals is due to the oxygen assisted inter-system
crossings providing an additional pathway for the de-exci-
tation of the excited fluoranthene molecules. Kuhni et al.
found that the fluorescence signals reduce by about 80%
in between 0.1 and 1.2 MPa of air bath gas at 473 K. Fig-
ure 31 shows the normalised fluorescence signal plotted
with respect to 0.1 MPa signal level at both 266 and 355 nm
excitation.

However, the study of fluoranthene fluorescence requires
further data as the data provided by Kuhni et al. is the only
work where a detailed parametric study was performed
according to the author’s knowledge. A step ladder model
similar to the ketones was attempted by Zhang et al. [19] for
fluoranthene. The model predicted FQY values matched well
in the temperature range of 673—-1373 K at one atmosphere
pressure. However, the prediction of FQY values were lim-
ited to this condition only. Therefore, more data is needed to
prepare a FQY model as it was done for the previous tracers
and also to validate the above discussed work.

6 Application in IC engines

Till now, the individual fluorescence characteristics of
tracer molecules were discussed in both the articles (part
A and part B) of this work. The current section provides
a brief overview of the applications of PLIF in IC engine
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Fig.31 (from ref [119]) Variation of fluorescence signal with pres-
sure at different temperatures in air bath gas at 473 K

studies. As discussed, PLIF is effectively used to study
both fuel-air mixture distribution and evaluate in-cylinder
temperature distribution. In some cases, PLIF signals have
further been used to measure the in-cylinder distribution of
residual gases. For carrying out such measurements, vari-
ous methods can be adopted depending on the characteristic
behaviour of the tracer that is selected. For fuel distribu-
tion measurement, in-situ calibration [84, 127] and fuel-air
ratio laser-induced fluorescence (FARLIF) [40, 41, 128] has
been used. If fuel concentration is of interest, then carbonyl
compounds find extensive usage due to their relative oxygen
quenching insensitivity. This makes the fluorescence signals
insensitive to composition changes. FARLIF requires that
oxygen quenching is the preponderant photophysical process
and thus requires a class of compounds which has a very
high propensity to oxygen quenching. Aromatic compounds
become very useful in this regard. Schulz and Sick [1] have
explained the difference in the quenching sensitivity of these
two classes of compounds due to the difference in the energy
gaps between the excited singlet and triplet manifolds. The
larger the energy gap, the more is the probability of quench-
ing. Aromatic compounds have a much larger energy gap
as compared to the ketonic compounds. Furthermore, the
low energy gap in carbonyl compounds result in a very fast
ISC rates.
In-situ calibration for fuel distribution imaging

In this method, at a particular crank angle, a series of
images are captured with a specially prepared homogene-
ous mixture for different equivalence ratios. Such images
are referred to as flatfield images. These fluorescence
images have already incorporated the effects of variations
in pressure and temperature with crank angle on fluores-
cence signals and no additional corrections regarding them
are required (images have to be corrected for background
noise and laser shot-to-shot fluctuation though). The flatfield
images can then be temporally averaged and the strength
of the fluorescence signal in the average corrected flat-
field image obtained can be related to the equivalence ratio
maintained. Now, the equivalence ratio can be varied to
obtain different average flatfield images of varying mixture
strength. These average images can be used to check the
linearity of the signal with respect to the fuel concentra-
tion resulting in a calibration curve for a particular crank
angle. Such fluorescence intensity curves can then be used
to quantify the fluorescence signals in the region of inter-
est at that specific crank angle. This same procedure can
be repeated for all the desired crank angles and similarly
every crank angle will have a separate calibration curve. It
should however be noted that such flatfield images are also
used for calibration during imaging of fuel-air ratio and in-
cylinder temperature, topics which will be discussed shortly.
Using the in-situ calibration technique as described above,
calibration curves can be obtained for different crank angles

@ Springer



169 Page 34 of 48

S. Nayek, M. Mittal

as shown in Fig. 32 (from ref [129]). Pradheep et al. [127]
used this technique to study mixture distribution inside a PFI
engine using 3-pentanone as the tracer. They determined the
quantitative fuel—air mixture distribution under part throttle
and low speed engine condition at different swirl planes in
a small bore PFI engine. It was observed that the mixture
was found to be richer near the intake valve and to the area
opposite to the spark plug. Both spatial inhomogeneities
and cycle-to-cycle variations (CCV) were observed to be
high during the intake stroke but they reduced considerably
towards the end of the compression stroke. A significant
amount of fuel was also found to travel downwards along
with the piston. Weaver et al. [130] also used this technique
to perform fuel distribution imaging for a cold start study in
a PFI engine. Their work can be referred to for the detailed
image processing methods and relevant equations.
Fujikawa et al. [129] conducted PLIF experiments to vis-
ualize the fuel distribution at different crank angles during
the compression stroke in a PFI engine. The results showed
that the dual-injector setup where both the intake ports have
an individual injector resulted in a more homogeneous fuel
distribution compared to the single-injector setup where
only one of the intake ports was provided with an injector.
For a single injector configuration, a fuel stratification was
obtained with rich mixture close to the engine side with
the fuel injection port and this stratification was maintained
mainly due to the existence of a tumble flow. The authors
concluded that adjusting the ratio of injected fuel quantities
from the two injectors could effectively control fuel distribu-
tion within the combustion chamber. A strong rotary motion
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Fig.32 (from ref [129]) Relative fuel intensity plotted as a function
for different equivalence ratios at different crank angles. Reprinted
from [129] with permission from SAE International
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of flow (like swirl and tumble) results in enhanced mixing in
the plane of flow but limits mixing in a plane perpendicular
to the flow along its cylinder axis [83]. Therefore, a strong
swirl flow results in stratification along the cylinder axis
which is referred to as axial stratification and a strong tum-
ble flow causes stratification across tumble planes referred
to as barrel stratification. In Fujikawa et al., a strong tumble
flow essentially produced barrel stratification and restricted
mixture on one side of the engine.

Lean burn methods are proposed for both Port fuel injec-
tion (PFI) and Direct injection (DI) engines to meet stringent
emission standards and improve fuel economy. However,
achieving combustion stability in lean burn mode at part
loads is challenging. Researchers have focused on in-situ
measurements of fuel-air mixture near the spark plug as well
as CCV of fuel-air mixture distribution. Johansson et al.
[131] conducted PLIF studies in a PFI engine, linking CCV
in combustion to variations in mixture distribution at the
spark plug. Berckmuller et al. [132] performed quantitative
studies in a lean burn PFI engine, finding that cycles with
richer mixtures at the spark plug resulted in higher combus-
tion pressures. Garg et al. [133] did qualitative PLIF studies
in a small-bore PFI engine at low load (25% throttle open-
ing) and low speed (1200 rpm) conditions in a swirl plane
and found significant CCV of mixture distribution. Further
investigations by Hokimoto et al. [84] using simultaneous
PLIF and TR-PIV techniques revealed that near the spark
plug, where flame development occurs, the equivalence ratio
during low load cycles was lean, leading to slower flame
growth. Additionally, a reverse tumble flow opposing the
main flow was observed for lowest load cycles, causing the
spark plug region to become increasingly devoid of fuel
mixtures. Haramiishi et al. (2019) [134] found that CCV
in combustion is influenced by CCV in mixture distribu-
tion and turbulence kinetic energy (TKE) distribution. They
noted that variation in TKE, due to changes in tumble vortex
centre, was more significant than variation in fuel concen-
tration regarding combustion CCV. This is because in PFI
engines, where fuel has more time to mix with air, CCV in
fuel distribution is lower. However, in DI engines, where
the fuel has very less time to mix, CCV in fuel distributions
are expected to have a stronger impact on combustion CCV.

In the aforementioned studies in PFI engines, laser fre-
quency of the order of 10 Hz was enough to study mixture
formation. In order to study the combustion CCV in strati-
fied DI mode, images are captured in the order of milli-
seconds to study spray behaviour and subsequent mixture
formation. This requires high speed lasers that can produce
beams at kHz ranges. Smith and Sick [135] tried to obtain
fuel distribution images for consecutive crank angles in
the same cycle in a gasoline direct injection engine. They
used a high-speed CMOS camera and a high repetition Nd-
YAG laser capable of producing pulsed lasers at 355 nm at
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12 kHz. They therefore used biacetyl as a tracer as 355 nm
falls well within its absorption spectrum (see part A). They
studied the fuel distribution in a spark ignited direct ignition
engine with images being taken at an interval of 1 CAD.
With such a high temporal resolution, the authors could track
the motion of fuel plumes inside the cylinder in a particular
engine cycle. The resulting motion could clearly suggest the
persisting squish and counter-clockwise tumble flow. Smith
and Sick [136] measured the fuel mixture distribution in late
injection for stratified mode and found significant mixture
inhomogeneity around the spark plug. In a follow up study
[137], the authors further studied the impact of spark plug
orientation and injector orientation on combustion using
mixture distribution images. The authors found that the mis-
fires were due to abnormal spark behaviour. When the spray
plumes straddle the spark plug instead of directly hitting it,
the misfires were found to greatly increase. Furthermore,
Peterson et al. [138] investigated misfire (MF), well-burnt
(WB), and partial-burnt (PB) cycles in stratified mode com-
bustion using simultaneous PLIF and PIV. The researchers
found that the spark energy was adequate to create a flame
kernel in all three cases. In WB cycles, the flame kernel
quickly spread into a combustible mixture within the piston
bowl, crucial for subsequent combustion. PB cycles exhib-
ited delayed interaction with the combustible mixture, caus-
ing it to become lean and leading to incomplete fuel con-
sumption. MF cycles displayed a flame kernel surrounded by
fuel-lean mixtures, significantly impeding flame propagation
and ultimately causing flame extinction. The authors identi-
fied lean mixture clouds, nitrogen dilution, and unfavourable
flow fields near the spark plug as key factors contributing to
slow flame development and its subsequent propagation into
the fuel—air mixture clouds for PB and MF cycles.

In addition to PFI engines, PLIF has also been exten-
sively used to study various mixture formation concepts and
the processes involved in gasoline direct injection (GDI)
engines. Hiraya et al. [139] investigated mixture formation
in a stratified spray-guided mode using a circulation mixture
formation concept. In this approach, fuel is injected into a
bowl or cavity on the piston during the compression stroke
at high pressures. The injected fuel forms a jet that impacts
the center of the bowl bottom, then propagates tangentially
along the base, curls up along the walls of the bowl, and
evaporates, creating a vaporized fuel cloud over the bowl
region. This created a fuel-rich mixture near the spark
plug region. They varied the injection pressure from 20 to
100 MPa and studied its effect on mixture formation using
LIF studies. The results showed that higher injection pres-
sures resulted in faster formation of a fuel vapor cloud, while
lower pressures required more time for mixture formation.
Additionally, they found that the injection pressure and tim-
ing had a combined effect on combustion stability, with sta-
ble combustion achieved within a relatively wider operating

region at higher pressures and longer time gaps between
injection and ignition timing. Conversely, for a smaller time
gap between injection and ignition, a mixture cloud had not
formed near the spark plug. This study therefore provides
a glimpse of the combined effect of injection pressure and
timing on combustion stability.

Additionally, fuel-air mixture distributions are greatly
affected by in-cylinder flows. Kampanis et al. [140] con-
ducted research on fuel distribution in a small-bore direct
injection (DI) engine equipped with a 5-valve arrangement,
focusing on early intake injection under different engine
speeds and in-cylinder swirl flows. They observed sig-
nificant fuel impingement on the piston surface (expected
because of the small engine size), leading to a rich region
near the piston. At 1500 rpm, a weak tumble directed the
rich mixture upward, resulting in a central rich region within
the cylinder. Additionally, air induction during the end of
injection pushed the fuel-rich regions, concentrating them
in the center of the cylinder. At 3000 rpm, increased spray
dispersion led to slightly less inhomogeneity, but the tum-
ble flow remained insufficient to eliminate the concentra-
tion gradient. However, under high swirl conditions (with a
swirl ratio of 5.5), rapid vaporization significantly reduced
the film and minimized fuel distribution inhomogeneity.
Yang et al. [141] studied the qualitative fuel distribution in
a stratified mode using flash boiling spray at different swirl
ratios. The authors found that a high swirl was beneficial
to form a repeatable fuel-air mixture stratification but at
low swirl, the fuel—air mixture was more random. A strong
organised flow thus has the potential to reduce the CCV of
mixture distribution.

Kim et al. [75] further investigated the influence of in-
cylinder flow fields on mixture distribution. They observed
that mixture distribution developed differently in early injec-
tion for both tumble and swirl-dominated flows, but by the
late compression stroke, the distributions became similar.
For late injection, tumble flow was slightly more effective
than swirl for stratified charge formation, while swirl flow
had a greater impact on fuel sprays compared to tumble flow.
In the works of Ritter et al. [142] difluoro benzene (DFB)
was used to perform in-situ calibration PLIF to track the fuel
distribution evolution. The charge cloud was found to rotate
in a vertical plane along with the tumble motion with contin-
ued mixing. Therefore, tumble seems to be quite important
in a GDI engine especially for homogeneous operation mode
with an early injection as most of the injected fuel settles in
the lower cylinder region near the piston crown (fuel spray
penetration is higher due to lower in-cylinder pressure). A
stable tumble of sufficient strength therefore has the poten-
tial to transport the rich mixture from the lower ends to the
upper portion of the cylinder near spark plug. Therefore,
it can be seen that both swirl and tumble flows have their
distinctive effects on mixture formation processes and are
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required to be studied individually for engine depending on
the specific geometry of the combustion chamber.

Lately, hydrogen as an alternative fuel is receiving atten-
tion for its application in DI engines due to reduction in
carbon-dioxide emissions. Study of mixture formation in
such engines was performed with acetone PLIF. Salazar and
Kaiser [143] investigated how different injector designs and
injection timings affect fuel distribution. They noted that
increasing the number of injector holes led to greater fuel
concentration dilution due to increased mixing of ambient
air by the fuel jets. However, employing too many holes,
such as with a 13-hole injector, resulted in spray collapse
due to significant jet—jet interaction caused by their close
proximity. Tumble flow played a crucial role in upwardly
moving the mixture that had otherwise descended with pis-
ton motion during the intake stroke. During injection in the
compression stroke, tumble flow weakened and failed to
bring up the rich mixture region near the spark plug. In a
subsequent study,

An inherent assumption associated with the in-situ cali-
bration technique is the spatial homogeneity of in-cylinder
pressure and temperature. Pressure is mostly uniform and
can be easily measured with the help of pressure transducer.
However, the assumption of uniform temperature must be
further looked into. During the intake stroke, a significant
amount of residual gas from the previous combustion cycle
is trapped inside the cylinder. There can be provisions of
recycling of exhaust gases as well. A complete mixing of
these residuals with the fresh charge is not possible espe-
cially in the intake stroke. Since these residual gases are at
a higher temperature than the fresh charge, their insufficient
mixing will give rise to a significant amount of non-uniform-
ity in temperature and mixture composition. This will further
lead to variations in fluorescence signals even for the same
fuel concentration values. This problem can be mitigated
by selecting tracers whose fluorescence properties are quite

insensitive to bath gas composition. Ketones serve this pur-
pose well owing to their high rates of inter-system crossing
making them less susceptible to oxygen quenching. But the
change in fluorescence intensity due to temperature varia-
tion needs to be accounted for. The methods for temperature
imaging using PLIF will be discussed shortly.

For non-fired operations, when the objective is to deter-
mine the fuel concentration distribution, the minor tempera-
ture inhomogeneity can be taken care with a suitable com-
bination of tracer and excitation wavelength such that the
resulting fluorescence signal strength becomes less sensitive
to temperature. Fujikawa et al. [129] compared the rela-
tive signal strength dependence of acetone, 3-pentanone and
toluene with temperature and pressure at 266 and 248 nm
excitation in air bath gas. Their results are shown in Fig. 33.
At 473 K, the pressure sensitivity of acetone and 3-pen-
tanone are almost same whereas, at 1 MPa, the tempera-
ture sensitivity of acetone is slightly less than 3-pentanone.
Toluene shows a very high sensitivity for temperature and
pressure. The sensitivity at 266 nm was found to be further
lower than 248 nm as expected. Therefore, a combination of
266 nm and acetone would be best from the perspective of
temperature insensitivity. Pressure sensitivity is less impor-
tant than temperature sensitivity as pressure remains more
or less constant across the cylinder chamber and its effect
with changing crank angles during the compression stroke
can be captured with the help of suitable flatfield images.

Under firing conditions, neglecting the temperature cor-
rections will adversely affect the uncertainty in measure-
ments. Additionally, using in-situ calibration method involv-
ing ketones, under a high presence of exhaust residuals in
firing operations, the measured fuel concentration cannot
be converted into fuel-air ratio as the distribution of oxy-
gen itself will be highly non-uniform inside the cylinder. To
determine fuel-air ratio distribution, FARLIF method using
aromatic compounds become helpful.

Fig.33 [129] Relative
fluorescence signal intensity
for acetone, 3-pentanone and
toluene are plotted for 266 and
248 nm excitation in air bath
gas. Left image shows pressure
dependence at 473 K and the
right image shows temperature
dependence at 1 MPa. Adapted
from [129] with permission
from SAE International
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FARLIF method for equivalence ratio imaging

FARLIF was introduced in Sect. 1 and it depends on the
preponderance of oxygen quenching over other fluores-
cence deactivation mechanisms. FARLIF has the potential
to directly image fuel-air ratio thus providing this crucial
information in environment with varied oxygen concentra-
tion (in regions dominated by exhaust gas residuals). Since
then, the method has become quite popular and has been
used to perform several studies. Reboux et al. [16, 40]
proposed the FARLIF (fuel-air ratio laser-induced fluores-
cence) technique to quantitatively obtain the equivalence
ratio over a measurement plane using toluene as a tracer.
Mederer et al. [144] investigated the charge motion interac-
tion with residual gas concentration in a GDI engine with
an overall stoichiometric equivalence ratio. The injection
timing was fixed at — 300 CAD ATDC of compression. The
authors were able to observe that at — 205 CAD of compres-
sion, two separate mixture clouds extended from each intake
valve to its corresponding opposite exhaust valve. This bifur-
cation was still found to exist at —165 CAD. Although, the
authors did not provide explanation about the formation of
two separated charge clouds, it seems likely that since the
injector was positioned almost at the centre, fuel injected
from two symmetrical halves of the injector accumulate
under two intake valves symmetrically and the tumble
motion tries to prevent the mixing of these two clouds along
its axis similar to barrel stratification [83]. However, with
swirl flow, a rotational motion was imparted to the charge
clouds which resulted in their gradual mixing over the swirl
plane. Higher the swirl intensity, faster was the mixing of
the mixture clouds resulting in a quicker attainment of a
homogeneous mixture than the pure tumble case. Better
homogenisation improved combustion and thus augmented
the EGR tolerance capability which is particularly helpful
for controlling NO emission. Koch et al. [145] also studied
the impact of different flow fields on mixture distribution
using FARLIF technique with triethylamine (TEA) as the
tracer. The injection was performed in the intake stroke and
resulted in a significant impingement of piston top and sub-
sequent vapourization (close proximity of piston to injector
in early intake stroke as well as high spray penetration in the
prevailing low in-cylinder pressures). In the first case, when
the engine had only tumble flow, the tumble flow was found
to convect the mixture from the piston crown to the top near
spark plug region by the early compression stroke. After
this the tumble flow decomposed towards the later compres-
sion stroke resulting in a localisation of a richer mixture
near the spark plug. In the second case, the in-cylinder flow
had a combined swirl and tumble flow fields, the swirl flow
restricts the rich mixture near the piston crown and doesn’t
allow the tumble to carry it upwards. During compression
stroke, the tumble starts to decompose but the swirl persists
till late compression stroke. Thus, the swirl creates an axial

stratification in which the rich mixture will be restricted at
the piston crown and the spark plug region will be relatively
leaner. This is not a favourable mixture condition. As a solu-
tion to this, the authors split the injection into two such that
the large part of fuel was injected in the intake stroke and
small part was injected in the late compression stroke. In the
late compression stroke, due to high density, the penetration
is limited and the spray plume is restricted close to the spark
plug. This rich region near the spark plug is then preserved
by the swirl flow which now does not allow the fuel to con-
vect to the piston crown area. Therefore, by split injection, a
relatively rich and ignitable mixture could be created in the
flow conditions persisting in this particular engine. It is to be
noted that if the second injection had a larger mass of fuel,
then the penetration would be larger and the fuel would no
longer localise near the spark plug. Therefore, the injection
split ratio is also important to have a favourable mixture at
the spark plug.

Lately, usage of biofuels like ethanol as a blend with gas-
oline is receiving attention due its renewable nature with a
potential to reduce carbon-dioxide emissions [146]. Storch
et al. [147] studied the mixture distribution for pure iso-
octane and E20 (20% ethanol in iso-octane). They found
that for E20 the mixture formed at ignition timing is much
more stratified as compared to iso-octane. E20 is found to
show enhanced evaporation as compared to iso-octane due
to non-ideal mixing behaviour. The faster evaporation led
the ethanol spray to have very limited penetration during the
compression stroke in comparison to iso-octane spray. Since
the mixing time available was less in the stratified mode,
a very compact mixture cloud was formed for E20 away
from the spark plug. For E20, a lean mixture was present
in the spark plug vicinity and the rich cloud mixture was
located close to intake cylinder walls. This close proximity
of walls might result in increased heat losses because of
which E20 droplets might remain unevaporated. This was
then explained as the reason behind a larger soot formation
than iso-octane in the study. For the particular engine condi-
tion, E20 generated slower flame speeds and a higher COV
(in spite of the fact that laminar flame speeds are higher in
ethanol than iso-octane) as the iso-octane mixture cloud was
rich near the spark plug region. Later on, Storch et al. (2016)
[146] extended this study to different ethanol blends of E20,
E85 and E100 along with pure iso-octane and found different
extent of mixture stratification for the various blends.

The above works clearly show the utility of FARLIF
in mixture distribution studies. Nonetheless, it has certain
limitations. Since a high collisional quenching is required,
the pressure needs to be large enough, Reboux et al. [16]
found that the technique is applicable for pressures above
2 bars. This way they could find the spatial fuel-air ratio
distribution during compression stroke between 300 and
350 CAD where the 2 bar pressure criteria is met. Also, it
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was explained previously that the kg, represents the relative
strength of quenching with respect to other intramolecular
deactivation processes. But we have seen that the slope of
the Stern—Volmer plots keep on reducing with increasing
temperature suggesting that the oxygen quenching might not
be the dominant effect. Furthermore, after 500 K, there was
a deviation from non-linearity of SV plots as observed in tol-
uene and anisole. Therefore, molecules with large SV factors
are especially desirable for FARLIF application. Thus, one
should be cautious in applying FARLIF in the elevated tem-
perature regions of IC engine. Koban et al. [17] concluded
that in most practically relevant conditions, the fluorescence
signals are in a regime where the oxygen quenching is nei-
ther too strong nor negligible. So, to extract fuel-air ratio,
prior information on oxygen distribution or temperature dis-
tribution is needed. Nonetheless, both FARLIF and in-situ
calibration technique have been used to perform several fuel
distribution studies. With non-aromatic tracers, fuel concen-
tration is imaged, and with aromatic tracers, fuel-air ratio
is directly imaged using FARLIF. Next, we briefly review
various important aspects of fuel-air mixture formation in
SI engines.

In the presence of liquid droplets especially in gasoline
direct injection (GDI) engine, there will be charge cooling
effect as the droplets vaporise by absorbing heat from the
surrounding charge resulting in a temperature decrement. As
already discussed, the recirculated and residual hot exhaust
gases can further result in temperature stratification in fired
operation. Thus, it becomes important to measure the tem-
perature stratification for correcting the fluorescence signals
for quantitative mixture distribution studies. For in-cylinder
temperature measurements, there have been studies involv-
ing single tracer two-line technique, dual tracers single line
technique and single line two colour technique.

Single excitation two tracer temperature imaging

In two tracer technique, a single wavelength is used
and the tracers are selected such that they have a different
monotonic response of fluorescence emission to temperature
increment and the fluorescence spectra of the tracers should
be well separated. The ratio of fluorescence from the two
compounds are obtained as a monotonic function of tem-
perature. This method was used by Kakuho et al. [148] to
determine the in-cylinder temperature distribution in a HCCI
engine. They selected 3-pentanone and triethylamine (TEA)
to carry out this study and could successfully control HCCI
combustion by varying the temperature distribution inside
the cylinder. However, this method has some difficulties as it
is assumed that the two tracers behave similarly throughout
the processes of injection, evaporation and mixture forma-
tion so that the effect of variation in tracer quantities at each
point can be nullified by taking the ratios [149].
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Two-line temperature imaging

In two-line temperature measurements, two different laser
wavelengths are used with a single tracer. The tracer and the
wavelengths are chosen such that at each wavelength there
is a monotonic variation in the fluorescence intensity at a
particular pressure. The two lasers are fired in the interval
of a few microseconds (typical value: 2 ps [145]) which
is much smaller than the time scales of in-cylinder pro-
cesses. So, a ratio of the two-fluorescence intensity values
becomes solely a function of temperature if the pressure
is known (pressure at a particular crank angle is constant
and is generally measured with a reasonable accuracy using
suitable pressure transducers). Two different images each
corresponding to a particular wavelength are captured in
quick successions. The ratio of the images are then obtained
which are solely a function of temperature. The intensity
ratios with the help of a suitable calibration at a point with
known temperature, can be used to determine the tempera-
ture over an entire plane inside the cylinder at a particular
crank angle. The same procedure can be repeated for other
crank angles as well. Studies based on this was performed by
Thurber and Hanson [150] for characterising the tempera-
ture of a heated turbulent jet using acetone. Einecke et al.
[151] were one of the earliest to extend this method into IC
engine domain. They performed the temperature imaging
using 10% (vol%) 3-pentanone in iso-octane. They found
that the ratio of fluorescence signals from 308 and 248 nm
excitation wavelengths with 3-pentanone is most sensitive
to temperature variation (see Fig. 34 from ref [149]). This
is because the two wavelengths belong to opposite side of
the maxima point in absorption spectra of 3-pentanon and
acetone (refer part A). A notable phenomenon observed in
direct injection (DI) engines is the significant charge cool-
ing effect. Fujikawa et al. [149] used the two-line technique
and found that these effects are particularly strong in the
stratified charge mode where a large amount of charge cool-
ing is observed especially in the rich region. This required
a temperature correction of the raw fluorescence signals.
Attar et al. [152] conducted two-line PLIF thermometry to
measure in-cylinder charge temperature for assessing charge
cooling using 3-pentaone with 277 and 308 nm excitation
wavelengths. In their work, during the intake stroke at 250
CAD after top dead centre (ATDC), a stratified fuel-air
mixture was detected, resulting in an estimated overall in-
cylinder temperature drop of approximately 34 K. The study
found that charge cooling increased with higher fuel injec-
tion quantities.

Koch et al. [145] and Loffler et al. [153] have used ace-
tone for two-line thermometry with 308 and 248 nm excita-
tion. The authors used acetone due to its volatile nature so
that it can be seeded to the intake air. This allowed them to
perform negative PLIF or N-PLIF to determine the residual
gas fractions after temperature distribution was evaluated
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Fig. 34 [149] Fluorescence signal ratios are plotted with temperature
at 0.1 MPa. Reprinted from [149] with permission from SAE Interna-
tional

in a tumble plane. Normally, the residual gas fraction and
the intake air fraction add up to unity. Thus, the intake air
fraction can be determined by acetone PLIF which can then
be subtracted from unity to obtain the residual gas fraction.
Due to this end subtraction, the technique is called N-PLIF
or negative-PLIF. It was found that during the intake stroke
there is significant inhomogeneity in the residual gas frac-
tion distribution along with temperature stratification due
to the incomplete mixing process. The higher temperature
region and the residual gas fraction fields usually overlap
on each other as expected. By 50 CAD ATDC of intake
stroke [153], the high temperature region was located near
the piston crown, and the near cylinder head region had rela-
tively cooler fresh intake charge. This might be due to the
incoming fresh charge displacing the residual gases towards
the piston as it moves downwards. The inhomogeneity in
the temperature field then quickly disappears as the mix-
ing proceeds to provide a homogeneous temperature and
residual gas fraction fields during the compression stroke.
Temperature measurement also holds significant importance
in the context of homogeneous charge compression ignition
(HCCI) engines, as temperature variations directly impact
controlled autoignition. Rothamer et al. [154] used 3-pen-
tanone and a combination of 277 and 308 nm wavelengths
to study the temperature distribution in the swirl plane of a
HCCI engine. They also employed N-PLIF method to quan-
tify the distribution of residual hot exhaust gases. Their find-
ings revealed that during the early intake stroke at 24 CAD,
a notable amount of exhaust gas residuals were concentrated
near the exhaust valves due to inadequate mixing. They
also observed an overlap between high-temperature regions
and regions with high EGR levels, with EGR temperatures
reaching up to 550 K in close proximity to the exhaust valve.

In the studies discussed till now, the two-line thermome-
try and fuel concentration measurements were not performed
simultaneously. Recently, Lind et al. [155] performed simul-
taneous multi-parameter imaging using a tracer combination
of TEA and acetone (1:100 by vol) to perform FARLIF and
two-line thermometry (using 308 and 248 nm excitation)
respectively. TEA fluorescence signals provided fuel-air
ratio information whereas acetone PLIF signal provided
air concentration and temperature distribution information.
It was found that the fluorescence spectra of acetone and
TEA had only a small overlap and thus the signals could be
easily separated by a filter. There was no relevant interac-
tion between the two tracers (absorption of TEA fluores-
cence by acetone). Also, cross-talk by collisional quenching
between the two tracers was not detected. A further study
was performed by Lind et al. [156] using TEA and 3-pen-
tanone tracer combination both seeded in fuel to perform
simultaneous fuel-air ratio and temperature imaging. Single
shot images showed evaporative cooling near the fuel spray
region as well as temperature stratification near the piston
surface due to a strong fuel spray interaction with piston.
The authors suggested that such a temperature stratification
could lead to a higher CO, unburnt hydrocarbons and soot
emissions.

The fluorescence signal of toluene is 90 times stronger at
248 nm excitation and 33 times stronger at 266 nm excita-
tion than acetone at 0.1MPa and 473 K [129]. Fujikawa et al.
[149] reported that the high temperature sensitivity of tolu-
ene can be exploited to perform temperature measurements
using two-line thermometry. However, with increased pres-
sure and temperature, there is a significant decline in tolu-
ene fluorescence signal and it becomes comparable to the
ketonic counterparts. Normally, ketones have mostly been
used for two-line thermometry. The relative insensitivity of
ketones to oxygen quenching have made them useful in this
regard. However, aromatic molecules like toluene show a
temperature induced redshift in fluorescence spectrum which
can be utilised to perform temperature imaging using a tech-
nique called two-colour temperature imaging.

Two-colour temperature imaging

In two colour technique, a single wavelength and a single
tracer is used for temperature determination over a plane.
This is performed by the gradual redshift of fluorescence
spectrum of the selected tracer with increasing temperature
(refer Fig. 35 [43]). In the figure, it can be seen that the fluo-
rescence signal is split into a long (red channel) and a short
(blue channel) wavelength part using appropriate filters. The
selected tracer must show a broadening of the fluorescence
spectrum with temperature. The ratio of the two parts will
then depend monotonically on temperature. The single tracer
usage removes the difficulty observed in two tracer tech-
nique. Furthermore, the ratioing of the fluorescence parts
captured by two different cameras also helps to remove the
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effects of variations in tracer number densities as well as var-
iations in spatial intensity of laser sheet. Koban et al. [54]
studied the temperature sensitivity for toluene by splitting
the fluorescence in a region of 280 +5 nm region around the
spectrum peak and in a long wavelength region greater than
335 nm. A similar 2-colour technique for temperature meas-
urement was also developed using 1-methylnaphthalene as
the tracer doped in dodecane as the single quantity fuel sur-
rogate by Kaiser and Long [114]. The temperature induced
redshift of 1-Methylnaphthalene fluorescence spectrum was
exploited to split the emanating fluorescence into short and
a long wavelength image using appropriate dichroic beam
splitters and filters. With proper calibration, a spatial tem-
perature distribution was obtained in the region of interest.
Once the temperature field was obtained, relevant tempera-
ture correction factors were determined to obtain the equiva-
lence ratio distribution in a heated jet flow from the same set
of images using FARLIF technique. Zegers et al. [50] also
used toluene mixed with air for temperature imaging in an
optical diesel engine during fuel injection.

Koban et al. [54] suggested the usage of toluene in two-
colour measurement technique owing to the temperature
induced redshift in toluene fluorescence spectrum. The
measured temperature distribution can be used to correct
the equivalence ratio measurement using FARLIF technique.
All of these can be obtained using a single laser excitation
and two cameras which are much less complex than the
two-line thermometry method. However, care must be taken
that the total partial pressure of oxygen in surrounding bath
gases must be a minimum of 200 mbar [43] since oxygen
also introduces a redshift in fluorescence spectrum below
200 mbar. Hence, under such conditions, the oxygen partial
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Fig. 35 (from ref [43]) Separation of toluene fluorescence spectrum
into two parts- longer wavelength region is referred to as red channel
and the lower is referred to as blue channel
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pressure in the region of interest has to be determined prior
to the application of two-colour technique. To improve SNR
for single shot temperature distribution, anisole can be used
for 2-colour technique since it has got a larger fluorescence
signal than toluene. But it is also known that at lower oxygen
partial pressures, the redshift of the fluorescence spectra is
dependent on both temperature and oxygen partial pressures
(see Fig. 12). Toluene has an advantage over anisole in this
regard as the oxygen indued redshift in fluorescence spec-
trum is only observed at 248 nm and not at 266 nm [54]. A
drawback of toluene over anisole in two colour technique is a
lower temperature sensitivity as toluene temperature redshift
is 2 nm [63] as compared to 2.8 nm for anisole [87]. Due
to the low temperature sensitivity, Luong et al. [43] stated
that two-line thermometry using 3-pentanone is about three
times more sensitive in the temperature range of 368-575 K
than the single wavelength scheme based on toluene which
has the advantage of less experimental complexity. Luong
et al. [43] applied the two-colour technique to IC engines.
They used a homogeneous mixture of toluene and air in
motoring conditions to perform temperature imaging from
40 to 90 CAD ATDC of intake stroke. The reduction of
temperature along the intake stroke could be captured. The
authors concluded that the accuracy for single shot tempera-
ture measurement was + 34 K, and for average temperature
measurement, it was +7 K. Other IC engine studies of two-
colour thermometry for in-cylinder temperature determina-
tion are discussed in the respective introductory sections of
the tracer compounds and are thus not repeated here.

In comparison to toluene, the fluorescence signal of
1-methylnaphthalene has a very strong dependence on oxy-
gen partial pressure (Sect. 4.2). The SV factor of di-aromat-
ics like naphthalene and 1-methylnaphthalene at 450 K at
266 nm excitation is 396 and 370 bar~! respectively [105].
On comparison, mono-aromatics like 1,2,4 trimethyl ben-
zene and toluene have SV factors of about 94 bar~! [112] and
88 bar~! [the SV factor of toluene was calculated from the
semi-empirical model developed by Koban et al. ] [59] for
toluene. The value of SV factor provided here is pertaining
to the ISC dominated longer lived excited states) respec-
tively at 266 nm and 450 K. Orain et al. suggested that the
lifetime of S, state in naphthalene is longer (100 ns [106])
than mono-aromatics like 1,2,4-trimethylbenzene (40 ns
[157]). This increases the probability of oxygen quench-
ing for naphthalene. The increased oxygen quenching also
suggests that naphthalene is more suitable for equivalence
ratio measurements in FARLIF technique. The tempera-
ture dependence of mono-aromatics was found to be more
pronounced. The fluorescence signal intensity was found
to have a drop of 1000 times for 1,2,4 trimethylbenzene in
the temperature range of 350-900 K [112] as compared to
naphthalene which shows a drop of about 10 times in the
same temperature range [105]. Faust et al. [35] compares
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the normalised FQY dependence with temperature in Fig. 36
for toluene, anisole, naphthalene, acetone and 3-pentanone
in a nitrogen bath gas using data from [11, 54, 63, 90, 105].

Even though the Fig. 36 compares the FQY, care must be
taken to interpret the behaviour of fluorescence intensity as
it also depends on the absorption cross-section behaviour
with temperature. However, the absorption cross-section
doesn’t change to the extent found in FQY (especially at
248 nm). Hence, a large variation in FQY essentially indi-
cates a very high temperature dependence of fluorescence
signal intensity and the inclusion of absorption cross-section
effect is expected to mildly affect the curves in Fig. 36. It
is clearly seen that 3-pentanone is more temperature sensi-
tive compared to acetone as previously discussed in part
A. Toluene has a very high temperature dependence fol-
lowed by anisole than naphthalene. The high temperature
sensitivity in mono-aromatics fluorescence intensity make
them desirable in terms of two-line thermometry technique.
The similar sensitivity of toluene two-line technique with
3-pentanone was observed till 475 K in Fig. 34. Toluene
has a temperature induced fluorescence spectrum redshift
of about 2 nm per 100 K at 248 nm excitation [54] and 2 nm
per 100 K at 266 nm [63] in comparison to naphthalene and
I-methylnaphthalene which have a redshift of about 5 nm
per 100 K [63] and 3—4 nm per 100 K [104] at 266 nm exci-
tation respectively. The larger redshift in di-aromatics than
toluene provides an opportunity of increased accuracy to the
temperature measurement using two-colour technique [104].
Multi component imaging using two tracer technique

It is a common practice for PLIF studies to replace the
actual gasoline fuel with a non-fluorescent surrogate in
which a tracer compound is whose fluorescence charac-
teristics are well characterised. This is however not a very
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Fig.36 [35] Normalised FQY values plotted for comparison of vari-
ous tracers in terms of temperature dependence in a nitrogen bath gas
at | bar total pressure. Each curve is normalised to the lowest investi-
gated temperatures

correct representation of the actual mixing process since
gasoline is made up of a number of components with vary-
ing volatility. It is expected that the fuel distribution might
show some spatial stratification between the high and low
volatile components owing to their different vapourization
rates. Zhang and Sick ([158] used acetone and p-xylene with
iso-octane to represent the low and high volatile fractions.
Stevens et al. [159] proposed a new six component sur-
rogate fuel for representing three different volatile groups
(two fuel component each) and three tracers, i.e., acetone,
toluene and 1,2,4 trimethylbenzene (TMB), representing
the three volatile groups. However, since the fluorescence
signal intensity of aromatic tracers is much stronger than
the ketonic counterparts, there is cross-talk of signals from
aromatic tracers in the fluorescence spectral regime of the
ketonic tracers [160, 161]. Also, an excited state energy
transfer between aromatics and ketones also affect their
respective signal intensities [161].

Therefore, a new two-tracer technique for multi-compo-
nent imaging was developed by Bardi et al. [162] using aro-
matic tracers. They developed a mixture of n-pentane (36%
by vol.), iso-octane (46% by vol.) and n-undecane (18% by
vol.) to represent low, medium and high volatile fractions
respectively such that the three-component surrogate mix-
ture matches with commercial gasoline’s distillation curve.
Two different aromatic tracers: difluorobenzene (DFB) (0.02
vol%) and 1-methylnaphthalene (0.1 vol%) were added to
represent the light to medium and heavy volatile compo-
nents respectively. The fluorescence spectra of the tracer
compounds are quite different which allows their respec-
tive signals to be separated with the help of suitable filters
and different cameras. A ratio of the captured fluorescence
signals of the two tracer compounds is obtained. For com-
plete co-evaporation, the ratio should be same over the entire
region of interest. Therefore, any spatial variation of this
ratio indicates a variation in the distribution of the different
volatile components.

This method was used by Itani et al. [163] used the above
mentioned tracer-surrogate mixture to perform LIF studies
on mixture formation using a piezo-actuated DI fuel injector
inside a high-temperature high-pressure test cell. Such injec-
tors are characterised by the formation of counter-rotating
vortex rings with rich-fuel mixture at the periphery of the
spray cone due to entrainment of spray and surrounding
air. The vortex cores were found to be rich in high-volatile
components and the spray centre region was rich in low-
volatile components for 550 K. At a higher temperature
of above 600 K, the stratification was lower. Cordier et al.
[164] extended the technique to a multi-hole DI injector.
They also observed preferential evaporation and observed
that the spray tail (downstream) was rich in high volatile
component and the spray tip (upstream near injector) was
rich in low volatile component. This stratification was found
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to increase as more ethanol is added (from EOO to E20 and
ES85) to the surrogate. The stratification was found to reduce
with increase in temperature and injection pressure. The
authors concluded that an earlier vapourization of the high
volatile components led it to be entrained by the surround-
ing air which brings it to the downstream of the spray plume
sooner than the yet to be vapourised low volatile component.
Finally, Kranz and Kaiser [25] performed the two tracer
technique with a multi-hole injector in an optical engine at
stratified operation mode. They found similar segregation of
the different boiling fractions and observed that the segrega-
tion reduces as the injection timing is delayed from — 68 to
— 48 CAD ATDC of compression stroke due to faster evapo-
ration at a higher temperature. As the mixing continues, at
later crank angles, the stratification of low and high volatile
components reduced.

Scope of future work

Use of tracer based PLIF studies are also receiving
increasing attention to perform simultaneous multi-param-
eter imaging of both temperature and fuel-air ratio distribu-
tion to identify inhomogeneities that might have a direct role
to play in misfires, auto-ignition, etc. Towards this, a com-
bination of an amine like TEA has been used with acetone
[155] and 3-pentanone [156] using two-line thermometry.
Nonetheless, multi-parameter imaging studies have also
been proposed by using two-colour thermometry of aromatic
compounds. Such studies were performed with 1-methyl-
naphthalene for diesel sprays [104] and with p-xylene [165].
From the studies discussed in this work, it is clear that there
are various other aromatic tracer molecules that have found
extensive usage in IC engine applications. Some of the popu-
lar tracers for which studies on fluorescence characterisa-
tion are available are triethylamine [166], p-difluorobenzene
[167], p-xylene [168], 1,2,4 trimethylbenzene [112, 169],
etc. However, we didn’t include them in this review for the
sake of conciseness. Due to the ongoing work by several
researchers, new tracers with attractive fluorescence proper-
ties are coming to attention. One such example is anisole,
which has recently found usage and is covered in this work.
It is found to emit strong fluorescence signals [63] which is
expected to improve the signal-to-noise ratio. Therefore, the
search for new tracers with conducive fluorescence proper-
ties should continue. Tracers with a high intensity of fluo-
rescence and a large Stokes shift will definitely improve the
quality of the experimental results.

A major shortcoming of PLIF studies is the very lim-
ited temporal resolution which is either due to limitations
of laser or image acquisition systems. Lately, much focus
is being put for obtaining images in quick successions to
obtain multiple images in the same cycle. Double pulse PLIF
setups with multiple laser heads was developed [170-172].
In some works, sequential images have also been obtained
[135, 173-175]. Furthermore, continuous wave laser systems
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coupled with a high FQY tracer like toluene was used to
obtain images in turbulent gaseous systems [176]. These will
enhance temporal resolution and allow to track the relevant
parameters of interest in a particular cycle, further improve
our understanding. Bohm et al. [177] have reviewed the fea-
sibility and potential of laser diagnostics at high temporal
resolution as well as the possibilities and limitations of the
modern laser and camera systems. However, there are cer-
tain difficulties with high speed (kHz) measurement. For
high speed PLIF at 12 kHz, Fajardo et al. ([178] and Peter-
son and Sick [179] utilized DPSS Nd-YAG lasers operating
at 355 nm with 0.5 mJ pulse energy. Such low pulse energy
requires the use of high speed intensifiers which may lead to
scalar gradient blurring, spatial resolution degradation, and
potential introduction of additional noise [180, 181]. Gordon
et al. [180] advised against the use of high-speed intensifiers
whenever possible. Newer pulse burst system lasers have
been developed that are able to provide much higher energy
per pulse at kHz rates (15 mJ/pulse at 266 nm at 10 kHz for
acetone PLIF by Miller et al. [182], 145 mJ/pulse at 266 nm
at 10 kHz by Papageorge and Sutton [183]). But with this,
there are issues of photolysis of tracers [183] and change
of boundary layer flow properties by surface heating [164]
[184]. Therefore, the assumption of 'non-intrusiveness' may
not hold for high-energy, high-repetition-rate laser measure-
ment systems, warranting further investigation in this area.

Due to the potential for emission reduction and enhanced
efficiency, GDI engines are also receiving increased atten-
tion for their application in small-bore engine segments
(currently mostly operated on PFI mode) which hold a sig-
nificant market share especially in the developing world
[185, 186]. However, there are significant challenges to the
adoption of DI technology in small-bore segments especially
due to an increased fuel impingement (that might deteriorate
emissions) owing to the small size of combustion chamber.
Methods to study impingement and its quantification in an
optical engine were developed [187] and can be extended to
small-bore optical engines. Furthermore, fuel jet penetration
can be restricted using multiple injections (as much as three
injections) and used to limit impingement in small-bore GDI
engines [188]. Increasing the number of injections per cycle
[189-191] is being actively pursued which has also brought
the focus on developing a fast-acting multi-hole solenoid or
multi-hole piezo injector. Additionally, multi-dimensional
CFD studies over the entire engine cylinder region have also
been extensively used to study various in-cylinder processes.
The experimental data obtained from the laser-based in-situ
techniques at a particular operating condition can be used
to validate the CFD models for flow studies [192], mixture
distribution studies [82, 193] which can later be extended to
various operating conditions greatly augmenting the process
of engine optimisation. Such a combination of experiments
and simulations can also be helpful to validate newer CFD
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models for mixture distribution using large eddy simulation
(LES) [142] that is capable enough to characterise CCV and
is becoming popular in both industry and academia for the
study of combustion variability in lean burn engines.

Lately, newer combustion concepts like low temperature
combustion (LTC) have emerged which have the potential to
increase efficiency and reduce engine out emissions. Among
them, HCCI engines have received a lot of attention and
were found to have a critical dependence of combustion
stability on temperature stratification. Therefore, further
studies to extend their stable operating regime will require
non-intrusive PLIF based studies for temperature imaging.
Also, gasoline partially premixed combustion (PPC) con-
cepts in LTC combustion have newly emerged [194]. In
order to understand the auto-ignition processes, high speed
PLIF studies will be very important [195]. Since formal-
dehyde is formed as a result of LTC in auto-ignition [195],
high-speed PLIF of formaldehyde might receive increased
attention. The difficulties of performing high-speed meas-
urements with high repetition rates lasers have already been
discussed in this work. The issue of low pulse energy at
high kHz frequency can be tackled with advanced pulse-
burst laser systems. High pulse energies at kHz frequencies
have potential ramifications on the ‘non-intrusive’ assump-
tion of PLIF based measuring techniques. Also, due to the
size and complexity of pulse-burst systems, high-speed PLIF
measurements using them become quite capital intensive
and are therefore restricted to a handful of dedicated optical
laboratories.

In aerospace industry too, alternative fuels are receiving
increased attention due to their lower costs and a potential
to mitigate climate change [196]. Since aromatic compounds
are the constituents of both the conventional (alkylnaphtha-
lenes in jet-A [197]) as well as alternative fuels (like 1,2,4
trimethylbenzene in C5 alternative jet fuel [197]), recently
PLIF studies were performed to evaluate their spray charac-
teristics [198]. Fluorescence characteristics of 1,2,4 trimeth-
ylbenzene were studied by Orain et al. [112] and Benzler
et al. [169]. While the diagnostic techniques discussed here
find their primary application in internal combustion (IC)
engines, they hold potential for extension to other combus-
tion systems like for the jet fuels in gas turbines and in other
fundamental research endeavours. Advancements in laser
and image acquisition systems promise enhanced experiment
accuracy and deeper insights into the studied processes.
Consequently, the ongoing enhancement of PLIF diagnostic
methods and the exploration of the underlying photophysics
of fluorescence from existing tracers will remain a dynamic
and vibrant area of research.

7 Conclusion

This paper offers a comprehensive overview of fluorescent
tracer compounds that play a crucial role in non-intrusive
diagnostics for IC engines using PLIF. Numerous stud-
ies by various researchers have significantly advanced our
understanding of how these compounds behave under the
extreme conditions of temperature and pressure typically
encountered during the compression stroke of an IC engine.
Currently, there is a wide array of organic compounds avail-
able as potential tracers, with a substantial body of literature
detailing their fluorescence characteristics. Therefore, it is
essential to provide a comprehensive review of the fluo-
rescence characteristics of these tracer molecules, as this
knowledge is fundamental in the development of new diag-
nostic techniques. This work specifically focuses on tracers
utilized in IC engines over the years, with an emphasis on
organic tracers. The review categorizes these tracers into
carbonyl and aromatic compounds. Part A of this work cen-
tres on carbonyl compounds, while the current article (Part
B) concentrates on aromatic compounds. This division is
primarily due to the varying susceptibility of carbonyl and
aromatic compounds to oxygen quenching. Within the aro-
matic compounds category, three subgroups are identified:
mono-aromatics, di-aromatics, and poly-aromatics. Tolu-
ene and anisole are selected to represent the mono-aromatic
group. Similarly, naphthalene and 1-methylnaphthalene are
chosen to represent di-aromatics, while fluoranthene is cho-
sen to represent the poly-aromatic group. Table 2 provides a
summary of the photophysical properties of toluene, anisole,
naphthalene, 1-methylnaphthalene and fluoranthene.

To comprehend the intensity of the fluorescence signal,
the basic approach involves breaking it down into absorption
cross-section and FQY, and then examining their individual
variations. The absorption cross-section is influenced by the
excitation wavelength and temperature, making it relatively
straightforward to quantify its changes. On the other hand,
FQY is contingent on the excitation wavelength, tempera-
ture, pressure, and the composition of the bath gas mixture,
rendering it more complex to quantify and model. The study
yielded the following insights into the fluorescence charac-
teristics of the discussed molecules-

e The absorption cross-section values of aromatic mol-
ecules (see Table 2) are orders of magnitude higher than
ketones (around 10™'° cm? under ambient conditions:
refer part A). Also, the FQY values are several orders
of magnitude higher than ketones (ex: 0.0011 for 3-pen-
tanone [202], refer part A). This results in much larger
fluorescence signal for aromatic compounds than their
ketonic counterparts. This not only increases the signal-
to-noise ratio but also enables their doping in minimal
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quantities as compared to ketones (ex: 25% by vol. for
3-pentanone [132, 203], refer part A). Such low doping
quantities result in a minimal change in the physical and
chemical properties of the surrogate/fuel necessary for
evaluating engine performance in firing tests. Another
major difference in the aromatic and ketonic tracer
compounds is the large susceptibility of aromatic trac-
ers towards oxygen quenching. This is due to the large
energy gap between the excited state and ground state of
aromatic molecules that provide sufficient energy to the
oxygen molecule for its transition from ground triplet
state to an excited singlet state.

Typically, as temperature increases, the absorption spec-
trum widens towards longer wavelengths. This phenom-
enon holds true for all the ketonic and aromatic tracers
discussed in parts A and B. Normally, the absorption
spectra are observed to grow stronger with increasing
temperature for all the aromatic molecules discussed here
except for anisole. Strangely, for anisole, a decrease in
the absorption cross-section is observed with an increase
in temperature. The reason behind this behaviour for
anisole is not yet clear. For all other tracer compounds
discussed in this work, depending on the molecule and
the excitation wavelength, the absorption cross-section
at a particular wavelength might increase, remain con-
stant or show a non-monotonic behaviour. Sometimes,
the absorption spectra for excitations concerning differ-
ent energy levels (example as Sj to S; and S, to S,) may
overlap at high temperatures. This will bring about tem-

perature dependency to wavelengths which show tem-
perature insensitivity at lower temperatures.

Apart from absorption spectra, fluorescence spectra
also show some changes with temperature. Typically,
fluorescence spectra exhibit a structured pattern for
aromatic molecules. However, with increasing tempera-
ture, the peaks broaden and blend together, leading to a
loss of distinct structure. Unlike ketones, which show
no redshift, aromatic molecules show a redshift in their
fluorescence spectra with temperature. This temperature
induced redshift was later used to develop a two-colour
temperature imaging technique. The redshift values were
found to be higher for the di-aromatics as compared to
the mono-aromatics (refer Table 2). The spectra also
show a redshift with an increase in oxygen content. The
discernible structures in fluorescence spectrum observed
in an environment without quenching agents tend to fade
with higher oxygen partial pressures. This type of red-
shift due to oxygen presence was also not observed for
ketones.

For all the tracers discussed in parts A and B, the FQY
values are found to reduce with temperature as non-radi-
ative rates increase with the vibrational energy level in
the excited state molecule. The reduction with tempera-
ture is normally sharper than ketones due the onset of
internal conversion. However, the behaviour of the mol-
ecules with pressure increase is found to be different for
ketones and aromatic molecules. In ketones, where the
FQY is found to increase with pressure, in aromatics, the

Table 2 Photophysical properties of toluene, anisole, naphthalene, 1-methylnaphthalene and fluoranthene

Photophysical proper-
ties

Toluene

Anisole

Naphthalene

1-methylnaphthalene

Fluoranthene

Absorption spectrum
(nm)

Absorption cross-
section at 266 nm
(in cm?)

Fluorescence spec-
trum range (nm)

Fluorescence spec-
trum (peak) (nm)

Absolute FQY (at
NTP in non-oxygen
environment)

K_sv at 266 nm (at
450 K in bar™!)

Temperature induced
redshift (nm/100 K)

Typical doping
amounts

225-275[199]

1.9% 1071 [54]

260-340 [59]
280 [54]

0.22 [25]

88 [59]

2 [63]

5% [40, 41], 3% [42]
(by vol) in iso-

octane

240-310 [87]

3.35x 10718 [87]

270-360 [80]
290 [80]

0.36 [89]

2.8 [87]

2% [81], 2.5% (by
vol.) [85, 86] with
iso-octane

200-320 [108]

1.4%x 10717 [107]

307-378 @ 673 K
[19]

323,336 @ 673 K
[19]

0.42 [89]

396 [105]

5[104]

5 wt % in gasoline
[98]

230-330 @350 K
[109]

245%x 107" @ 450 K
[109]

300400 @ 398 K
[20]

328,338 @ 398 K
[20]

0.4 [89]

370 [105]

34 1[63]

1 vol % in iso-octane
[201],

200400 [200]

~5%x1077 @ 473 K
[119]

401-557 @ 673 K [19]

454 @ 673 K [19]

4119]

~1% by mass [26]

All values are at room temperature unless specified otherwise
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FQY might decrease or increase with increasing pressure
depending on the laser excitation and temperature. This
is due to the fact that the energy gap between electronic
states is larger in aromatics as compared to ketones.
Increase in FQY with pressure applies effectively to mol-
ecules where the excitation energy is sufficient to elevate
the molecule to a vibrational level significantly above
the thermalised level within the same singlet state. This
is typically the case for ketonic compounds, where the
transition involves a shift from n — 7 * orbitals. How-
ever, the scenario may differ for aromatic molecules,
as they undergo a w— 7 * transition. Since a n orbital
is energetically higher than a pi orbital, the energy gap
for T — 7 * transition is larger. Consequently, the wave-
length required to effectively excite a ketonic molecule
well above the thermalised level in the excited singlet
state (e.g., 266 nm in 3-pentanone) may only be suffi-
cient to just reach the thermalised levels in an aromatic
molecule (e.g., 266 nm in toluene). Therefore, for longer
wavelengths, the energy is not sufficient for transition
to the thermalised levels and under such conditions, a
reduction should be found in FQY values with increasing
pressures.

e Atextremely low pressures (around 10 mbar), collisions
are infrequent, and fluorescence arises from a vibra-
tional level determined by the interplay of temperature
and excitation wavelength. This low FQYvalue repre-
sents the limit under low-pressure conditions. As pres-
sure increases, collisions become more frequent, causing
the FQY value to deviate from the low-pressure limit. It
subsequently rises or falls with pressure and eventually
reaches a high-pressure limit. This is a result of the mol-
ecule relaxing to the thermalised level of the excited elec-
tronic state. The high-pressure limit is solely influenced
by temperature, while the low-pressure limit is deter-
mined by both temperature and excitation wavelength.
Nevertheless, both limits are unaffected by the compo-
sition of the surrounding gas. The more the number of
atoms in the collider molecule, the better is the relaxa-
tion. However, if the surrounding gas contains molecules
that exhibit quenching behaviour, such as oxygen, then as
pressure rises, FQY values decrease due to increased col-
lisions and greater deactivation of the excited molecule.
This behaviour is similar to ketones.

After a thorough exposition of fluorescence character-
istics of various tracers, popular techniques used for ther-
mometry and fuel distribution imaging were discussed
briefly in Sect. 6. Based on the fluorescence characteristics
of molecules, different diagnostic techniques have been pro-
posed for imaging both temperature and fuel distribution.
Multi-component fuel distributions have also been imaged
by using multiple tracers used to represent a particular

boiling fraction. It was found that each tracer has certain set
of advantages and limitations concerning with usage in a
particular diagnostic technique. Hence, the combination of
tracer and excitation wavelength selected should be such that
the fluorescence behaviour obtained is tailor suited for the
type of experimental technique selected, the fuel surrogate
being used, the allowed complexity depending on the con-
straints of cost and available equipment limitations as well
as the desired accuracy. Using the diagnostic techniques,
various studies were discussed mostly relating to PFI and
GDI engines. A good amount of attention was provided on
discussions pertaining to impact of flow-field, injection tim-
ing, pressures and multiple injections on mixture formation
as well as their CCV. Evolution of in-cylinder temperature
distribution right from the gas exchange process to the com-
pression stroke was also discussed.

The step-ladder photophysical model for toluene, anisole
and naphthalene are more or less developed. However, such
a model for 1-methylnaphthalene is yet to be seen in the
literature. There is a dearth of studies for combined high
pressure and temperature regimes of both naphthalene and
1-methylnaphthalene. Also, there is a lack of parametric
studies of fluorescence for the case of 1-methylnaphtha-
lene. Further studies in these topics could provide the much-
needed information that can be used to develop accurate step
ladder models for the di-aromatics. Nonetheless, it should
be noted that this tracer is already in a supercritical state
from thermodynamic point of view at typical diesel engine
injection conditions. Then the calibration is usually done
in rapid compression machines as in [109]. Similarly, more
studies have to be performed for fluoranthene fluorescence
as till now only the work of Kuhni et al. [119] is available
as a parametric study of fluorescence dependence. More data
is needed to develop a robust photophysical model for the
same.
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