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Kurzfassung

Ziel des Projektes ,FVV 1204 ist die Entwicklung eines Sensors zur Analyse alternativer Kraftstoffe in
Bezug auf ihre Zusammensetzung und ihren Zustand fir Werkstattanwendungen. Das Sensorkonzept
beinhaltet die Kombination verschiedener vereinfachter Messsysteme fur ein robustes Design bei
gleichzeitiger Beibehaltung der Messgenauigkeit durch Verwendung kombinierter Signale. Die
einzelnen Messysteme basieren auf Nahinfrarot-Absorptionsspektroskopie (NIR), dielektrischer Spek-
troskopie (DS) und lichtinduzierter Fluoreszenzspektroskopie (FLU). Die Vereinfachung der Systeme im
Vergleich zu handelsublichen Laborgeraten erfolgt durch eine Anpassung des Messbereiches im el-
ektromagnetischen Spektrum an geeignete Wellenldngen und Frequenzen fiir die Kraftstoffanalyse. Um
geeignete Messparametern zu finden, werden zahlreiche relevante Kraftstoffe mithilfe von Laborgeraten
analysiert. Die ermittelten Parameter finden Anwendung in einem voll funktionsfahigen Prototyp des
Kraftstoffsensors. Die Messergebnisse zeigen, dass der entwickelte Sensor-Prototyp in der Lage ist,
Kraftstoffe zu identifizieren, ausgewéhlte Komponenten wie RME oder Ethanol zu detektieren und den
Kraftstoffalterungszustand zu erkennen. Die Bestimmung der Kraftstoffalterung wird durch hochfre-
quente Permittivitdtsmessung erreicht. Dartiber hinaus ist der Sensor in der Lage, Fluoreszenz-
Messungen durchzufihren, die fur erweiterte Messungen, wie die Bestimmung von Kraftstoffmarkern,

eingesetzt werden kénnen.

Abstract

The project FVV 1204 is focused on the development of a sensor for the analysis of several alternative
fuels regarding composition and condition in workshop applications. The sensor concept is based on
the combination of simplified measurement systems for robust design while maintaining the detection
accuracy by signal combination. The individual measurement systems are based on near infrared ab-
sorption spectroscopy (NIR), dielectric spectroscopy (DS) and light induced fluorescence spectroscopy
(FLU). All systems are simplified in comparison to commercially available laboratory devices by de-
creasing variabilities and adapting the measurement range in the electromagnetic spectrum to conven-
ient wavelengths and frequencies for the analysis of fuels. The corresponding selection of measurement
parameters is achieved by testing a high number of relevant fuels using laboratory devices. The selected
parameters are applied to a fully-functional fuel sensor prototype.

The measurement results demonstrate the capability of the self-developed prototype sensor for dedi-
cated fuel identification, the detection of selected components such as RME or ethanol and the deter-
mination of aging conditions. The determination of fuel aging is achieved by using high frequency per-
mittivity measurement. Moreover, the sensor is prepared for fluorescent measurement techniques,

which can be used for extended measurements such as fuel marker detections.
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1 Introduction
1.1 Relevance and background of fuel sensors

The development of sustainable energy systems will be one of the major challenges for future econo-
mies. The key benefits of corresponding developments are increased independence from fossil energy
sources and thus improved environmental protection. At the current point, several promising energy
conversion systems are in development. A few of these systems use (access of) regenerative energy
to locally produce regenerative liquid fuels, which can be used on existing combustion engine powertrain
systems. These fuels can be used for the development of a sustainable mobility, but might differ signif-
icantly between each other due to the selected process conditions or carbon sources available at the
side of production. As a result, the combustion system powertrains need to be prepared for a diversity
of available fuels for efficient and clean operation. One key aspect of this development is the sensory
recognition of the filled-in fuel to adapt engine operation to more advanced or more secure conditions
depending on the fuel. Moreover, the sensory detection can also be used to alert the customer if wrong
or unfavorable combinations of fuels are filled into the system. Thus, the sensory fuel detection can help
to avoid damages and thereby help to achieve a rapid market acceptance for sustainable mobility sys-

tems using regenerative fuels and combustion system powertrains.

1.2 Projectaims

This FVV research project “Development of a Fuel Sensor in order to detect the aging condition of fuels
and identification of special components” has
o 2 main project aims.
a) Detection of the fuel aging status (> chapter 2.1)
b) Detection of specific fuel types and compositions (= chapter 2.2)
o 4 included measurement system
1) Near infra-red absorption spectroscopy at Aevaiuation = 2177 nm (NIR)
2) Light induced fluorescence at Aexcitation = 405 nm (FLU)
3) Permittivity measurements at fevaiuation = 100 kHz (MF)
4) Permittivity measurements at fevavation = 10 MHz - 500 MHz (HF)

o 1 prerequisite to be robust and applicable for workshop purposes

The requirements on workshop robustness excludes the usage of commercially available measurement
devices, which are normally used in chemical laboratory environments. These laboratory devices can
apply variable measurement parameters, which improves measurement accuracy but also results in a
more complex design and thus more complex handling. As a result, this project needs to apply simplified
versions of these measurement techniques with decreased variabilities to achieve improved robustness
and allow for simplified handling. The drawback of these simplified measurement systems is the de-
crease in measurement accuracy due to parameter settings, which could lead to similar measurement
results with different fuels and therefore signal ambiguities. This issue of signal ambiguity can be solved
by combining different simplified measurement systems with different physical measurement principles.

The combination of different simplified measurement systems is feasible, since it is unlikely that two



Fuels Sensor for Detection of Fuel Condition

samples provide similar measurement results with two different measurements systems. Therefore, the
combination of simplified measurement systems is a promising approach to achieve robust designs with
decreased variabilities while maintaining measurement accuracy. The two following subchapters de-
scribe the achieved solutions for the two main project aims by applying the simplified versions of the

described measurement systems.

2 Technical results
2.1 Detection of fuel aging
2.1.1 Introduction

The fuel aging detection in this project is achieved by comparing aged and unaged fuels during high-
frequency (HF) permittivity measurements at frequencies from f = 10 MHz - 500 MHz. This single system
application is possible, since fuel aging processes can result in modified molecular fuel structures and
therefore changed electrical charge distributions within the molecules ( (Wang, et al., 2016), (Owczuk,
2015), (Besser, et al., 2017), (Fang & McCormick, 2006), (Schmidt, 2014), (Kerkering & Andersson,
2015)). In consequence, fuel aging leads to changed response of a sample to an oscillating electric field,
which is externally applied to the sample. Here, it is important to note that the signal response is fuel
dependent. This means that an unaged sample of fuel A and an aged sample of fuel B can provide
similar responses to the external electric field oscillation. As a result, the HF measurements provides
information about the fuel aging status as soon as the HF permittivity in unaged status is known or as
soon as the fuel itself is known. The identification of the fuel itself is described in chapter 2.2 and can

therefore be postulated in the context of this chapter.

2.1.2 High frequency dielectric spectroscopy

The high frequency measurements are performed in a self-developed measurement cell, which is shown
on the left side of Figure 2.1. The two main components of this sensor are the central pin within the
sensor and the external housing. The external housing acts as the outer conductor of the sensor and
the central pin acts as the inner conductor. As a result, the ring-shaped volume between the central pin

and sensor housing is the applicable measurement volume within the sensor.
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Figure 2.1: mechanical and functional structure of developed high frequency dielectric sensor

The right side of Figure 2.1 shows a conceptional sketch of the measurement system. Please note that
this sketch is strongly exaggerated in scale to improve visibility and therefore does not show realistic
scales. In this sketch, the externally applied, oscillating electric excitation is illustrated by the black sinus
wave at left. This electromagnetic wave propagates in the measurement volume between the two con-
ductors with a specific frequency f, phase velocity v, and wavelength 1, = v;/f. The wavelength and
phase velocity of this signal decreases with increasing permittivity of the sample within the measurement
volume. This effect is illustrated at the right side of Figure 2.1 by a decreased wavelength within the
measurement volume compared to the excitation at the left side of the sketch (please keep in mind the
strong exaggeration of this sketch). The entering electric wave (blue-line) is reflected at the open end of
the measurement volume and travels back to the excitation source (red-line). This wave reflection results
in two effects. Firstly, a part of the signal energy is dissipated while the wave propagation in the fuel,
which results in a decreased amplitude of the reflected signal. Secondly, the incoming and reflected
signal is shifted in phase. The amount of phase shifting depends on the measured sample, applied
frequency and length of the inner conductor and can therefore be used as a design parameter for the
simplified sensor. The interference between the applied and received signal is described by the complex
reflection factor g(f,gr) = U,u¢/ Uin, Which is analyzed by an external analyzer, which needs to be ac-
curate enough to detect the described phase separation effects.

Besides the illustrated sensor part (in Figure 2.1, right side), propagation effects in the connector of the
sensor and stray capacities at the end of the inner conductor must also be considered to measure the
permittivity of the sample in the sensor accurate. The complete sensor model (Géttmann, Kaatze, &
Petong, 1996) leads to a complex equation B(f,gr). A linear least square fit can be used to calculate
the frequency dependent complex permittivity .(f) of the sample, if the measured reflection coefficient

(R(f)) and the exact dimensions of the measurement cell are known.
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2.1.3 Fuel aging procedure

The development of an evaluation algorithm to detect the fuel aging state requires the availability of
aged and unaged fuel samples of the same batch to train the sensor with respect to the corresponding
signals. To quickly generate aged fuel samples, some fuels are artificially aged at laboratory conditions.
The data in this publication is based on fuel aging parameters according to the Rancimat method. This
process achieves fuel aging due to thermo-oxidative stress by boiling the sample at T = 110 °C while
simultaneously scavenging the sample with ¥ = 300 ml/min of air. Both parameters are obviously not
representative for conventional fuel storage conditions. However, the combination of these parameters
provides significant fuel aging progression after several hours of operation and is therefore feasible for

rapid production of aged fuel samples.

2.1.4 Measurement results

Figure 2.2 shows the complex permittivity of an exemplary bio-diesel at different aging states measured
with the high frequency measurement cell illustrated in Figure 2.1. The measured soy-bean-methyl-ester
(SME) is aged using the thermo-oxidative Rancimat process described chapter 2.1.3 for 0 to 20 hours.
The graph in Figure 2.2 represents the so-called Cole-Cole plot with the real permittivity €, (f) given at
the x-axis and the dielectric losses €, (f) on the y-axis. Here, the different lines within the diagram show
measurements with fuel samples of different aging levels. The difference between the individual lines
indicates that the permittivity of the aged fuels changes with aging progression. Furthermore, it can be
seen that the individual measurements are performed at different frequencies from 10 MHz at the lower
right of each plotted line to 500 MHz at the upper left of each line. Therefore, the aging status of this
and other investigated fuels can be measured with HF permittivity only, but requires a sweep of excita-
tion frequencies in order to achieve good measurement accuracy. The comparison of the permittivity
results at 10 and 500 MHz shows that the permittivity at a given frequency (e,.(f) as well as €/ (f))
increases with the thermo-oxidative aging time. Therefore, the determination of fuels aging state is pos-
sible as soon as the value of the unaged status or as soon as the fuel is known.

If the whole frequency measurement range of the permittivity is used, the measurement data of SME
shows the effect of dielectric dispersion. This effect describes that larger molecules can no longer follow
the oscillation of the externally applied electric field with increasing oscillation frequencies. This leads to
two effects: Firstly, the permittivity’s real part (¢,) decreases with increasing frequency (Kiichler, 2009).
Secondly, a delayed oscillation of the fuels molecules causes dielectric losses (g,’). This both effects
can be combined by evaluating the area below the frequency locus (A¢,;.) Of the different fuel samples
(see Figure 2.2). Therefore, Ay IS @ convenient parameter to describe how distinctive the dielectric

dispersion of a sample in a given frequency spectrum is.
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Figure 2.2: Cole-Cole-plot of complex permittivity of soy-bean-methyl-ester aging series from 10 MHz to
500 MHz

The newly defined parameter A.,;. can be used to describe the aging progressing with one single value
in good correlation with standard laboratory devices. For this purpose, Figure 2.3 compares the devel-
opment of the A.,;. value with the development with a standard aging parameter called high to low mass
ratio over aging duration for four exemplary fuels. Here, the upper graph of Figure 2.3 shows the high
to low mass ratio of these fuels derived from GPC measurements. These measurements separate multi
component fuel samples by molar mass using intermolecular binding forces such as permittivity in a
scavenged column. This process provides a separation of the sample according to the applied param-
eters, which allows for a subsequent comparison of different fuel sample fractions. The applied high to
low mass ratio definition is described in detail within the final report of this project and not extensively

explained here to maintain brevity.
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Figure 2.3: upper diagram: Parameter A, in defined frequency spectrum measured with the reflection
cell over thermo-oxidative-aging-time; Lower diagram: High to low mass ratio of FAME GPC measure-
ments over thermo-oxidative-aging-time

Both graphs include measurement results of four exemplary fuels, which are all produced from different
oil derivates with different molecular chain length compositions. The four shown methyl-ester fuels are
produced from Coconut oil- (CME), palm-oil-, (PME), rape-seed- (RME) and soy-bean- (SME) and are
shown here to demonstrate the sensitivity of the developed A, calculation due to the comparability of
the shown fuels. The upper graph of Figure 2.3 shows the described high to low mass values derived
from GPC measurements plotted over aging progression of all four fuels. At 0 hours aging, all four fuels
are comparable with respect to the given mass ratio, which underlines the comparability of these fuels

in unaged status. However, it can be seen that these four fuels differ with respect to the high to low
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mass ratio with aging progression, which can be explained by intramolecular effects, which are not
focused in the context of this paper.

In parallel to this, the lower graph of Figure 2.3 shows the corresponding values of the A.,,. calculation
of the same four fuels samples with similar aging conditions. The comparison of the upper and lower
graph of Figure 2.3 shows a very good correlation of these two values, which indicates that the change
of permittivity response and the change of molecular size distribution can be correlated and might even
be coupled by causal correlations. At this point it is important to note this explained correlation is valid
for 84 of 93 tested fuels. Moreover, it is important to note that the laboratory separation and post-pro-
cessing can be highly time consuming as soon as the parameters of the separation process need to be
adapted. Therefore, it can be concluded that the presented A, calculation does not only provide a
very good correlation to standard laboratory values, but also provides a quick detection of a fuel aging
status as soon as the A, value of the unaged sample or the fuel itself is known. Therefore, this data
set demonstrates the successful achievement of the fuel aging status as the first challenge of this pro-

ject.

2.2 Fuel and fuel components detection
2.2.1 Introduction

The subchapter 2.2 describes the second aim of this project, which is focused on the identification of
various fuels and fuel components. This sensor functionality can be vital for situations of miss-filling with
wrong or unfavorable fuel combinations to trigger corresponding driver alerts. As described in chapter
1.2, the developed sensor concept includes simplified measurement systems for robust design and
workshop capabilities. However, these simplifications deteriorate the sensor accuracy and can cause
signal ambiguities. At this point, the signal combination of two simplified measurements system is a
prime way to achieve robust design while maintaining measurement accuracy. This approach of signal
combination is used in the context of the project for fuel identification by applying NIR and MF combined.
The following subchapters again provide the technically relevant sensor information before demonstrat-

ing the capability of this approach with exemplary project results.

2.2.2 Conductivity and middle frequency permittivity measurement

Figure 2.4 shows the design and scheme of the dielectric sensor for the conductivity and middle fre-
guency permittivity measurement. The two main components of this sensor again are the central pin
within the sensor and the external housing. The external housing acts as the outer conductor of the
sensor and the central pin acts as the inner conductor. As a result, the ring-shaped volume between the
central pin and sensor housing is the applicable measurement volume within the sensor. The guard ring
improves permittivity measurements by preventing the measurement of parasitic capacitive fringing
fields of the connector. The insulation between the guard ring and the outer electrode is achieved by the
spacer marked in green. Moreover, this system is accessible by two ports (intake and exhaust) to allow

for scavenged operation. The individual parts are sealed by standard sealing rings to avoid leakages.
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Figure 2.4: Mechanical and functional structure of developed dielectric sensor for low and middle fre-
guency measurements

The right side of Figure 2.4 shows the functional scheme of the dielectric sensor. As explained within
chapter 2.1., an alternating voltage U(f) can be applied to the sensor’s electrodes by the connectors.
The applied excitation charges the sensor electrodes and therefore applies an electric field within the
measurement volume, which can trigger a molecular response within the sample. The orientation of
dipoles in the sample is described by the frequency dependent permittivity ¢,.(f). An electric displace-
ment field is induced and leads to an electric current I(f), which increases with the dielectric’s permit-
tivity. Especially at low frequencies, the electric current I can also be caused by the motion of ions
between the electrodes. This ion movement can be described by the sample’s conductivity k. If the
sensor-dimensions are known, the permittivity &.(f) as well as the conductivity x of the sample in the
sensor can be calculated, by measuring the complex impedance of the sensor. (von Minch, 1987)
(Kichler, 2009). As a result, the MF and HF measurements differ with respect to the applied alternation

frequencies and are therefore sensitive for the detection of different molecular responses.

2.2.3 Near infrared spectroscopy

Figure 2.5 shows the design and scheme of the near-infrared absorption spectroscopy (NIR) measure-
ment cell. The technical cut section at the left of Figure 2.5 shows the fuel sample, which is applied to
the center of the hollow housing using a glass cuvette made of quartz glass. In addition to this, the light

source and detector of the NIR measurement system are applied to opposite sides of the sensor.
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Figure 2.5: Mechanical and functional structure of developed near infrared sensor

The necessity of this line-of sight measurement set-up is explained on the right side of Figure 2.5, which
shows the functional scheme of the NIR system. Here, a halogen lamp is used to provide broadband
radiation (visible and near infrared spectrum). This radiation is focused and directed through the fuel
sample. The energy of the radiation can trigger different molecular vibrations within the sample as soon
as the incoming radiation meets one or more vibrational resonance frequencies. The result of this mo-
lecular excitation is an absorption of the light radiation at the corresponding light wavelength. As a result,
the detection of exciting radiation provides information about the molecules within the sample. This de-
tection is achieved by prism monochromator and a subsequent intensity detector as shown on the right
side of Figure 2.5. Here, the monochromator can be set to specific wavelength signals to be processed
in the detector.

The quantification of the absorption is achieved by comparing a non-absorbed reference signal lo with
the partially absorbed measurement signal 11 following Beer-Lambert’s law of absorption given in equa-
tion 2.1. and 2.2. Here, it can be seen that the absorption of the incoming light intensity lo is a function
of molecular specific extinction coefficients €, the concentration of the absorbing medium ¢ and the
thickness of the samples d, which is kept constant during the measurements. As a result, the absorption
only depends on material properties. At this point, it is important to note that too high signal absorptions
will impair the quality of the detected signal by increased signal to noise ratios. Therefore, absorptions
of approximately 3 % signal intensity are recommended. For more details of the near-infrared absorption
spectroscopy the book (Workman & Weyer, 2012) is recommended. In the context of this paper, all NIR
measurement values are related to an absorption wavelength at A = 2199 nm to facilitate a strong ab-
sorption peak of aromatic components. The corresponding explanations are skipped in the context of

this paper to maintain brevity, but are explained in detail within the final project report.
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I, =1, e€cd (2.1)
Iy
Ay=lg (1—) (2.2)
1
with:
lo: Intensity of incident light / W / m?
l1: Intensity of light after sample passage / W /m?
€: Decadic extinction coefficient / -
C: Concentration of the absorbing analyte medium / mol/l
d: Thickness of the irradiated body / m
An: Absorbance of the sample at wavelength A / -

2.2.4 Measurement results

As mentioned earlier, the detection of fuels and fuel compositions is achieved by combining two simpli-
fied measurements systems i.e. simplified NIR and MF detection. The corresponding measurement re-
sults are given in the diagrams Figure 2.6 to Figure 2.8 in order to provide a storyline explanation. Here,
please note that the data points within these three diagrams are always identical, all represent non-aged
fuels and only differ with respect to the highlights of full- and partially transparent color schemes.

Figure 2.6 shows the first set of combined measurements results with NIR measurement values at A =
2199 nm plotted on the y-axis and MF measurement values at f = 100 kHz plotted at the x-axis. The
included data points are derived from the research project and are grouped for improved visibility. The
group of highlighted datapoints in Figure 2.6 shows the measurement values of standard market fuels,
which are separated into the group of diesel fuels (blue dots) and gasoline fuels (red dots). Furthermore,
it can be seen that both fuel groups can even be separated into subgroups, which are highlighted by
colored ovals in Figure 2.6 and represent different types of gasoline and diesel fuel samples with differ-
ing ethanol, methanol or biodiesel contents. This separation of data points can be explained by differing
absorption behaviors between gasoline and diesel fuels, since the applied absorption wavelength at A
= 2199 nm is sensitive for aromatic fuel components. The separation between the individual fuel com-
position within the group of gasoline and diesel fuels is mostly related to differences with the MF permit-
tivity signal. Here, the ethanol sensitivity of permittivity measurement systems is already used in series
production systems. The detection of bio-fuel contents in diesel mixtures is less dominant but still within
the range of fuel detection. However, at this point it is important to recall that aging processes can
influence the permittivity measurement signals as described in chapter 2.1. As a result, a non-aged B10
and partially aged BO could have similar measurement signals within Figure 2.6 (same values at the
position of the non-aged B10). It is therefore important to emphasize that the given values in Figure 2.6
only represent measurement values of non-aged fuels. However, the measurement results of chapter

2.1. and 2.2 can be combined to determine the fuel and aging status by signal combination.
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Figure 2.6: Combined NIR and MF measurement results of unaged fuels for fuel identification with focus
on various gasoline and diesel fuels

The highlighted data points in Figure 2.7 show the measurement results of binary fuel mixtures as a
further feature of the developed sensor and algorithms. Here, the green and purple line highlight binary
mixtures of hydrogenated vegetable oil (HVO) and rape-seed methyl ester (RME) as well as of hydro-
genated vegetable oil (HVO) and polyoxymethylene dimethyl ether (OME). These fuels are selected due
to their strong differences with respect to permittivity and noticeable differences with in NIR detection in
pure status. As a result, the sensor detection provides the chance to distinguish between different mixing
rates of these fuels as long the measurement signals scale with a good linearity. This is tested with
respect to the corresponding mixing rate. The green and purple measurement points in Figure 2.7, which
are highlighted by the corresponding arrow lines, show that the binary mixtures of HYO-RME and HVO-
OME scale with a proper linearity according to the mixture rates, which differ in steps of 25 vol% each
for each binary mixture. Therefore, it can be concluded that the developed sensor and algorithms do not
only allow for identification of individual fuel types (as shown in Figure 2.6), but can also be used to
identify binary mixture rates as soon as the individual fuels are sufficiently different with respect to their

measurement values in pure status.
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Figure 2.7: Combined NIR and MF measurement results of unaged fuels for fuel identification with focus
on binary fuel mixtures of HYO and RME as well as HVYO and OME

Finally, Figure 2.8 shows measurement results of ternary fuel mixtures to show the full potential of mix-
ture identification using two simplified measurement systems. The corresponding measurement values
are illustrated by the gray triangle, which is called simplex. Here, please note that Figure 2.8 includes
the same data points as shown earlier, but is adapted with respect to axes dimensions to improve visi-
bility. The ternary mixtures, which are plotted in Figure 2.8, consist of

1) a basic fuel with 100 % vol. of n-, iso- and cyclo-hydrocarbon mixtures at the lower tip of the

triangle.
2) the basic fuel with 30 % vol. aromatic component mixtures at the upper tip of the triangle
3) the basic fuel with 30 % vol. RME at the right tip of the triangle

These three fuels are selected due to the differing measurement values with respect to NIR and MF
detection and are also blended in steps of 33 vol % each. The point at the tringle tips consist of mixtures
with 100/0/0 vol% in differing orders. The points along the triangle axes again represent binary mixtures
with mixtures such as 66/33/0 vol %. And data points within the triangle represent the ternary mixtures
with compositions such as 33/33/33 vol%.

The comparison of the individual data points Figure 2.8 shows that the measured values properly fit with
respect to the idealized triangle. It can therefore be concluded that the developed system with the com-
bination of two simplified measurement systems is capable to identify mixture rates of at least 3 individ-

ual components as long as the individual components are sufficiently different with respect to their
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detection values in non-blended status. It can therefore be concluded that the developed sensor and
algorithms are capable to detect aging (chapter 2.1) as well as capable to detect different fuels and fuel
compositions (chapter 2.2).
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Figure 2.8: Combined NIR and MF measurement results of unaged fuels for fuel identification with focus
on ternary fuel mixtures

3 Summary and conclusions

The project FVV 1204 was focused on the development of a fuel sensor for workshop purposes with the
capability to detect several alternative fuels regarding their aging condition and fuel composition. These
two tasks are accomplished by a sensor concept, which combines simplified versions of commercially
available measurement systems into one sensor. The simplification provides robust design for workshop
purposes, while the signal combination maintains measurement accuracy by circumventing signals am-
biguities if necessary.

The detection of aging condition and fuel composition is achieved in two individual ways. Firstly, the
aging detection is achieved by high frequency permittivity measurements only. The provided results of
four different alternative fuels even show that the analysis of dielectric dispersion and the A, post-
processing procedure provides results, which enable the detection of aging products in fuels, without
using high-cost laboratory analytic. Secondly, the detection of fuel composition is achieved by a combi-

nation of NIR and medium frequency permittivity measurements. Here, the results show that this system
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is capable for the differentiation of various diesel and gasoline related market fuels as well as the iden-
tification of different binary and ternary component mixtures in unaged conditions.

It can therefore be summarized that the FVV research project “Fuels Sensor for Detection of Fuel Con-
dition” (Project no. 1204) successfully achieved the project aims for aging detection and fuel identifica-
tion by signal simplification and combination if necessary. Corresponding sensor concepts can be used
for various monitoring purposes during the various process steps such as production, delivery, distribu-
tion, usage, maintenance repair, troubleshooting or control.

4  Outlook

The developed system provides further features and potentials, which shall shortly be mentioned in this
outlook. The introduction of this paper includes the investigation of four measurement system, whereas
the successful development of aging and fuel detection is achieved by only using three measurement
system. This system, which did not yet need to be included, is the light induced fluorescence spectros-
copy (FLU), which is illustrated in Figure 4.1 with respect to possible hardware implementation and
functional scheme. The functional scheme shows a laser diode as light source, which is used for sample
excitation. In contrast to the NIR system, this excitation is applied to excite the electrons to high energy
potentials. After a short period of time, the electrons relax to their ground state, which again releases
energy in the form of light photons. Here, the emitted energy of relaxation can have lower energy (and
therefore higher wavelengths), since the relaxation to ground state can happen in several consecutive
steps, which results in low emission signals and wavelength shifts. As a result, the detection of the
emitted relaxation energy can provide further information about the fuel components within the sample
as long as the corresponding molecules can react to the excitation radiation. The detection of the emitted
relaxation energy is done by detector perpendicular to the line of excitation to simplify detection. The left
side of Figure 4.1 shows that this detector is already applied to the bottom side of the sensor despite of

the point that this measurement system was not yet necessary for fuel detection.

Isometric view (cut) Functional structure
Sample vial i Laser diode
| v’-“éf
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Multidetector
FLU detector

Figure 4.1: Mechanical and functional structure of developed fluorescence sensor
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