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Abstract A concept for temperature determination of fuel–
air mixtures using Laser-Induced Fluorescence (LIF) is pre-
sented. For this purpose the fluorescence spectra of gaso-
line were measured after excitation by frequency quadrupled
Nd:YAG laser light at 266 nm in a temperature range be-
tween 373 K and 448 K. Experiments were performed with
colorless near-standard gasoline conforming to the Euro-
super specifications. It is shown that the intensities of two
fluorescence bands (290–302 nm and 332–344 nm) can be
used to determine the temperature.

1 Introduction

The control of gas mixture formation is essential in many
technical applications. For instance, a well defined forma-
tion of ignitable hydrocarbon–air mixtures is decisive for an
efficient and sustainable energy conversion in combustion
engines. The improvement of such combustion processes
becomes more and more important due to a rising demand
and increasing costs of energy and strengthening of emis-
sion constraints. Therefore, many different optical diagnos-
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tic techniques have been developed during the past decades,
aiming to gain an insight into and a better understanding
of the processes governing mixture formation [1, 2]. In this
context Reboux et al. [3] proposed the measurement of the
fuel–air ratio by so called Fuel-Air-Ratio Laser-Induced Flu-
orescence (FARLIF) as a promising approach more than
10 years ago. They used toluene as a fluorescence tracer in
the model fuel isooctane and an excitation wavelength of
248 nm. It was shown that the fluorescence intensity grows
linearly with the fuel–air ratio at ambient temperature.

In the following years, this technique was used by many
research groups even at elevated temperatures without be-
ing tested for applicability. However, Schulz and Sick con-
cluded from their investigations that the applicability of the
FARLIF concept is questionable at high temperatures and an
excitation wavelength of 248 nm [4]. Koban et al. presented
results indicating an applicability of the FARLIF concept at
longer excitation wavelengths (e.g. 266 nm) and tempera-
tures up to 500 K [5, 6], but their experiments were lim-
ited to a total pressure of 0.1 MPa. Scholz et al. system-
atically examined the FARLIF concept for elevated tem-
peratures and pressures and, therefore, a parameter regime,
which is more relevant to combustion analysis [7–9]. They
were able to validate it for toluene as a fluorescence tracer
in isooctane [7], a commonly used model fuel, and for auto-
fluorescing near-standard gasoline without any additional
tracer for temperatures up to 548 K [7–9]. However, they
found a temperature dependence of the proportionality fac-
tor of the FARLIF intensity [8]. Therefore, quantitative mea-
surements of the fuel–air ratio demand exact knowledge
of the temperature of the gas mixture inside the detection
volume. Quantitative measurements under conditions with
inhomogeneous unknown temperature distributions are im-
possible. To enable temperature correction of FARLIF data
this paper introduces a temperature measurement strategy
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utilizing two temperature sensitive fluorescence bands of
aromatic hydrocarbons, which are inherently present in stan-
dard gasoline.

2 The FARLIF concept

The FARLIF concept is feasible in the case of linear LIF
(weak excitation). In this case the fluorescence intensity If

is proportional to the number density of the fluorophore nf

and the fluorescence quantum yield qf . In the case of col-
lisional quenching by oxygen as the dominant fluorescence
deactivation process, If can be described by

If ∝ qf nf = krad

kf + kqO2nO2

nf . (1)

If depends on the coefficient for spontaneous emis-
sion krad, the assembled coefficient for intra-molecular de-
activation processes kf , the oxygen quenching coefficient
kqO2 and the number density of oxygen nO2 . If the oxy-
gen quenching dominates the intra-molecular deactivation
processes, i.e. if kf � kqO2nO2 , kf can be neglected and the
fluorescence intensity becomes proportional to the ratio of
fluorophore and oxygen:

If ∝ krad

kqO2

nf

nO2

. (2)

This means that with rising pressure the FARLIF signal
becomes pressure independent and proportional to the mix-
ture ratio nf /nO2 which is again proportional to the equiv-
alence ratio φ = 1/λ, where the λ-value denotes the stoi-
chiometric air-fuel ratio (for stoichiometric mixtures λ = 1,
ignitable mixtures have 0.5 < λ < 1.3).

3 Experimental part

With the aim to find a strategy for temperature determi-
nation and correction in the context of FARLIF measure-
ments, spectral information of the fluorescence was eval-
uated. For this purpose, fluorescence spectra of gaseous
fuel–air mixtures were recorded at different gas tempera-
tures inside a heatable pressure chamber. Quartz glass win-
dows enabled light transmission through the chamber. A fre-
quency quadrupled Nd:YAG laser emitting light pulses at
266 nm was used for excitation. The excitation light was
formed to a light sheet of 1 mm by 25 mm by means of
cylinder lenses. The fluorescence light was focused to the
slit of an in-house built grating spectrometer, which was
equipped with a 1200 lines/mm grating and an intensified
CCD camera as detector. Figure 1 shows the measurement
setup.

Fig. 1 Scheme of the fluorescence measurement setup

Table 1 Fuel partial-pressure corresponding to the fuel density of
9.1 × 1018 molecules m−3 at different temperatures

Temperature (K) 373 398 423 448

Partial pressure (kPa) 4.7 5.0 5.3 5.6

Experiments were conducted with “Shell colorless gaso-
line” (PR 1632), which is a special multi-component fuel,
conforming to the Euro-super specifications. But, in con-
trast to standard filling station blends, it does not include the
yellow-brownish bitumen components in order to prevent
window fouling. In contrast to model fuels, the usage of
this near-standard gasoline enables more realistic engine ex-
periments. In addition, “Shell colorless gasoline” contains
aromatic compounds and, therefore, is auto-fluorescing,
whereby it allows experiments without additional tracers.

Fuel–air mixtures were prepared in a heated 500 ml reser-
voir. After injecting the fuel, the reservoir was filled up with
synthetic air, consisting of 20 percent oxygen and 80 per-
cent nitrogen to get the required mole fraction. To obtain a
homogeneous mixture by diffusion, the gas was left in the
reservoir for 20 minutes. A heated pipe system with bellow-
sealed valves allowed the charging of the pressure chamber
with the prepared mixture.

In all experiments measurements were conducted using a
fuel density of 9.1 × 1018 molecules m−3. Pressure gauges
enabled control of the fuel and air partial pressure and,
thereby, of the density. Table 1 shows the pressure values
used as calculated with the ideal gas law. Fuel–air mixtures
of the gasoline used are stoichiometric at a 1:50 ratio. This
means that a λ = 1 mixture under the experimental condi-
tions used has an air partial pressure of about 0.25 MPa.
Scholz et al. infer from their studies that the FARLIF con-
cept is applicable within a 5% error limit at pressures above
0.25 MPa, with sufficient air fraction (λ ≥ 0.4) and temper-
atures up to 548 K. At lower temperatures both the pressure
and the air fraction may be reduced for FARLIF applica-
tions [8]. Thus, the experiments were mainly conducted un-
der conditions where FARLIF becomes valid.
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Fig. 2 Fluorescence spectra of different mixtures of “Shell colorless
gasoline” and synthetic air. The spectra are normalized to their maxi-
mum

4 Results and discussion

Figure 2 shows fluorescence spectra of different mixtures of
“Shell colorless gasoline” with synthetic air at 398 K. Each
spectrum shows a fluorescence intensity peak at a wave-
length of approximately 295 nm. The spectra are normal-
ized to this peak. Furthermore, the spectra show a second
fluorescence band at a wavelength of approximately 330 nm
overlapping the 295 nm band. The intensity of the long-
wavelength band grows with rising air fraction relative to
the short-wavelength band.

The integrated intensities of the spectra in Fig. 2 and
additional spectra recorded at two different temperatures
(425 K and 448 K) in dependence on the equivalence ra-
tio are depicted in Fig. 3. A linear growth can be observed.
At a given temperature the slope of the line indicates the
calibration for equivalence–ratio measurements. It is obvi-
ous that the calibration depends on temperature. The slope
grows with rising temperature. Therefore, a measurement
strategy for temperature is required. It stands out that the
intensity at the equivalence ratio of 2.5 is lower than ex-
pected from a linear equivalence–ratio dependence. This is
the mixture with a fuel–air ratio of 1:20. Due to the fuel par-
tial pressure of 5.0 kPa the total pressure is about 0.1 MPa
and, therefore, below the regime where FARLIF is valid [8].

To gain information about the temperature dependence of
the fluorescence, the fluorescence spectra at different tem-
peratures were analyzed in detail. Figure 4 shows the spec-
tra for a nearly stoichiometric mixture at different temper-
atures. The spectra are normalized to their intensity max-
imum. It can be observed that the intensity of the second
fluorescence band at approximately 330 nm increases with
rising temperature, relative to the intensity of the fluores-
cence maximum at 295 nm. These two fluorescence features

Fig. 3 Fuel–air ratio calibration lines of fluorescence intensity at dif-
ferent temperatures

Fig. 4 Temperature dependence of fluorescence spectra of “Shell col-
orless gasoline”. The spectra are normalized to their maximum

probably originate from two different groups of fluorescing
components of the fuel: monoaromatic hydrocarbons, which
have a short-wavelength fluorescence band (approx. 270–
320 nm), and diaromatics and triaromatics (in the following
referred to as polyaromatics), which have a long-wavelength
fluorescence band (approx. 310–380 nm). The fluorescence
of the monoaromatics and polyaromatics has a different tem-
perature dependence. This observation is in accordance with
analogous data on kerosene fluorescence [10, 11]. But com-
pared with the results of these publications, in the case of
“Shell colorless gasoline” the polyaromatics fluorescence is
much weaker than the monoaromatics fluorescence. The rea-
son for this can be found in the polyaromatics mole fraction,
which, in contrast to kerosene, is very small in gasoline.

To support the thesis that the different fluorescence bands
originate from different aromatic hydrocarbon components
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Fig. 5 Normalized spectra of different aromatic hydrocarbons

of the fuel, spectra of pure aromatic hydrocarbons, solved
in non-fluorescent isooctane and evaporated at a pressure
of 5.0 kPa and a temperature of 398 K, were recorded
on the basis of the work described in [10, 11]. The spec-
tra of toluene as monoaromatic hydrocarbon, naphthalene,
acenaphthene and anthracene as polyaromatic hydrocarbons
are plotted in Fig. 5. Toluene shows a fluorescence peak at
290 nm, while the other hydrocarbons exhibit very distinct
fluorescence around 330 nm. This coincides with the fea-
tures observed in the gasoline spectra, which is in accor-
dance with the assumption that the structure of the gasoline
fluorescence spectra results from such components.

Based on the different temperature behaviors of the
monoaromatics and polyaromatics a temperature measure-
ment strategy can be developed that makes use of the in-
tensity ratio of both fluorescence bands. In order to test if
this strategy is applicable for FARLIF measurements, two
wavelength ranges in the spectra were defined: 290–302 nm
and 332–344 nm. The fluorescence intensity (S1 and S2, re-
spectively) was integrated for each spectral range and the
temperature dependence of the intensity ratio S1/S2 was an-
alyzed. In Fig. 6 the intensity ratio S1/S2 of “Shell color-
less gasoline” is plotted against the temperature for different
fuel–air mixtures with ratios between 1:20 and 1:100 in the
temperature range from 373 K to 448 K. For each mixture,
the intensity ratio shows an almost linear temperature de-
pendence. Therefore, the broadband detection of the two
fluorescence bands can be used for temperature measure-
ment in gaseous fuel–air mixtures.

The intensity ratio of two wavelength bands was used by
other groups to gain temperature information from the flu-
orescence of a single aromatic hydrocarbon as tracer, e.g.
Kaiser et al. used naphthalenes [12], Orain et al. used 1,2,4-
trimethylbenzene [13] and Luong et al. used toluene [14].
These groups observed a slight red shift of the fluorescence

Fig. 6 Temperature dependence of the intensity ratio S1/S2 of the
monoaromatics and diaromatics in “Shell colorless gasoline”

spectra with rising temperature, while other parameters like
pressure and oxygen concentration have no or little influence
on the shape of the spectra. Though, the authors also report a
strong dependence of the fluorescence intensity on the tem-
perature and on the oxygen concentration, due to quenching.
This intensity variation cancels by using the intensity ratio
of two wavelength bands. This ratio then gives a measure for
the red shift and this, in turn, gives the temperature.

In the present work the used spectral bands were chosen
around the maximum fluorescence intensity of monoaromat-
ics and polyaromatics, respectively. The different tempera-
ture dependences of the present species’ fluorescence result
in a temperature dependent intensity ratio, which is used for
temperature measurement. Since the fluorescence spectra of
these two tracer groups overlap slightly, the intensity ratio
is also influenced by the temperature dependent red shift of
the single spectra. However, this influence amplifies the sen-
sitivity of the method, because both, the red shift and the
relative growth of the polyaromatics fluorescence intensity
with rising temperature, results in an increase of the long-
wavelength band.

In contrast to the single-tracer temperature determination
which benefits from the oxygen invariance of the fluores-
cence spectra, the temperature measurement with “Shell col-
orless gasoline” unfortunately is influenced by oxygen. This
means the temperature calibration of the S1/S2 ratio varies
with the fuel–air ratio, as can be seen in Fig. 6. The reason
for this is the different quenching behavior of the two tracer
groups, monoaromatics and polyaromatics, which causes a
dependence of the shape of the fluorescence spectrum of the
gasoline on the oxygen concentration. The different quench-
ing behavior of monoaromatics and diaromatics can be ob-
served in Fig.7. There, Baranger et al. [10] plotted I0/I of
kerosene over the molar oxygen fraction XO2 . I is the oxy-
gen dependent fluorescence intensity and I0 is the fluores-
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Fig. 7 Kerosene fluorescence as a function of molar fraction of oxygen at 0.1 MPa for various temperatures: (a) fluorescence of the 270–310 nm
band, (b) fluorescence of the 310–420 nm band. Reprinted from [10] with permission of the American Institute of Aeronautics and Astronautics

cence intensity without oxygen presence. Part (a) shows the
fluorescence of the 270–310 nm band, which is associated to
monoaromatics, while part (b) shows the fluorescence of the
310–420 nm band, which originates mainly from diaromat-
ics. It is obvious that the I0/I variation of the diaromatics is
much higher than the I0/I variation of the monoaromatics.

This means the proposed technique can be used directly
for temperature determination at a constant fuel–air ratio.
In mixtures, where the fuel–air ratio as well as temperature
are unknown or inhomogeneous, both parameters can be ex-
tracted from the fluorescence.

However, in contrast to the single-tracer temperature de-
termination “Shell colorless gasoline” has the advantage to
be more realistic in mixing and combustion behavior and,
therefore, allows observations with more relevance for stan-
dard gasoline combustion than model fuels.

5 Conclusion

The fluorescence spectra of gaseous fuel with admixtures
of synthetic air in the range from 1:20 to 1:100 and at
temperatures between 373 K and 448 K were acquired. It
was shown that the fluorescence intensity gives information
about the fuel–air ratio and the intensity fraction of two dif-
ferent wavelength bands can be used to gain temperature
information. Here, a cross sensitivity of the calibration of
fuel–air ratio measurement and temperature determination
arose. Thus, for measurements under conditions where both
fuel–air ratio and temperature are inhomogeneous or un-
known, these target values can be calculated using an iter-
ative algorithm or a look-up table, for example. Further in-
vestigations concerning this point are in progress to develop
an integrated fuel–air ratio and temperature measurement

concept. However, utilizing this new measurement princi-
ple, even planar gas-temperature measurements are possible
by the use of two CCD cameras, each camera equipped with
an appropriate spectral filter for the spectral range S1 and
S2, respectively, which record the same detection volume.
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