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PREFACE

This document describes the work which was carried out for the Master Thesis Project EE4400,
which is part of the master study Microelectronics. The project has been done in collaboration
with Ford Motor Company and in context of the Ford Poling Challenge. The objective of this
challenge is to stimulate research in a specific topic, in which multiple students are involved and
work together. This work focuses on the different possibilities to implement a sensor system for
the ’Flex-Fuel sensor’, a sensor used in flex-fuel vehicles. This sensors should be able to solve a
ternary mixture problem by determining the fraction of each component in mixtures consisting
of gasoline, water and ethanol. This flex-fuel sensor is part of the fuel system in a car and monitor-
ing is needed to provide important information about the fuel mixture to the engine control unit.
The starting point of this work is based on the research and findings done by Giuseppe Lacerenza.

Two main domains have been investigated extensively within this work, the electrical domain
and the optical domain. It was found that the imaginary part of the impedance up to 30MHz
can provide valuable information of the composition. The real component of the impedance in
this frequency range appeared not to be useful. Most important reasons are sample dependency,
poor repeatability and a complex temperature dependency and mixing model. A coaxial impe-
dance probe was designed and fabricated to enhance the impedance measurements. For the
second independent selection parameter the optical domain was analyzed, where possibilities of
absorption spectrometry were analyzed. It was found that gasoline specific absorption behavior
is shown in the UV range between 220 nm and 300 nm. Two different implementation techniques
are discussed. The work in the optical domain was published on the Eurosensors conference,
which took place from 4 to 7 September 2016.

I would like to thank Ger de Graaf and Reinoud Wolffenbuttel for being a valuable source of
advice on regular basis at the EI Department of TU Delft. Additionally I would like to thank Guido
Sturm, from the Process & Energy Department, 3mE faculty for his time and availability at two
important measurement series. Furthermore I would like to thank André Bossche for supervision
and Jeroen Bastemeijer for technical help and advice, in addition to theoretical issues.

I acknowledge the contribution of Jaco Visser and Rick Soltis from the Research and Advanced
Engineering department of Ford Motor Company, for the collaboration during the entire work.
Also for their help and accompaniment during the Research Internship at their sensor research
group in Dearborn. Furthermore, thanks are due to Ford Motor Company in general by facilitat-
ing the Ford Poling Challenge and let the author be a part of it.

Thanks are also due to Felix Wolffenbuttel for the collaboration on the design and produc-
tion of the coaxial impedance probe. At last I would like to thank Amir Ghaderi for sharing his
knowledge and view on a LVOF implementation and Johan Vogel for general tips and help with
the impedance measurements.

L. M. Middelburg
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1
INTRODUCTION

1.1. CONTEXT
In the current context of ever increasing energy consumption and carbon emissions, an urgent
claim for the usage of more sustainable energy sources is present. The exhaust emissions of cars
and trucks play a big role in discussions about the environment and energy consumption. These
emissions are in most countries strongly regulated by governmental rules. A health concern is
also relevant, because of air pollution by cars, which can be very problematic in city areas where
toxic exhaust gasses are a danger for the human health.

One possibility to form a more sustainable and clean solution, is the usage of bio-fuels, fuels
that are produced from bio mass, such as sugar cane or corn. The carbon emissions caused by
combustion of these fuels, have already been taken out of the air by the crops of which this fuel
is made. Bio-fuel is represented in ethanol-gasoline mixtures which are globally used in all kinds
of different ratio’s. In some countries even 100% ethanol bio-fuel is available at gas stations. Cars
which are able to run on these fuels are called flex-fuel vehicles, and should be able to run on
mixtures of gasoline and ethanol in any ratio.

The stoichiometric air-fuel ratio, energy density, charge cooling due to vaporization, octane
number and fuel volatility of bio-fuel are determined by the ethanol content. Therefore, it is im-
portant for the motor management system of Flex Fuel Vehicles to know what the volume frac-
tions are in the gasoline/ethanol mixture, in order not to cause damage to the engine ([10],[11],[12]).
To determine this fraction, a ‘Flex-Fuel Sensor’ is used. Currently available sensors, for Example
the Continental Flex-Fuel Sensor, are not accurate when water is present in the bio-fuel. Wa-
ter can be introduced to bio-fuel or to a bio-fuel/gasoline mixture by different reasons. Firstly,
ethanol is hygroscopic and therefore attracts water vapor from the air. Secondly, water can be
introduced by the production process of the ethanol, depending on the used origin, as will be de-
scribed in section 1.3. Thirdly, water can be added by the vendors of car fuels, to increase profit.
The fuel is adulterated with a few percent of water also called fouling.

This thesis work will proceed with the challenges when designing a sensor system that is ca-
pable of determining the volume fractions of a ternary mixture consisting of gasoline, water and
ethanol. The starting point of this work is based on the research and findings done by G. Lac-
erenza [13].

1



2 1. INTRODUCTION

1.2. SOCIAL IMPACT OF THE USE AND PRODUCTION OF BIO-FUEL
In the context of the Ford Poling Challenge, a multidisciplinary cooperation was set up with two
graduates from Leiden University. Their work was focused on the social, environmental and po-
litical aspects of the use of bio-fuels in the European Union. During this cooperation several
meetings have been arranged to discuss technical and non-technical issues. The advantage of
the multi-disciplinary aspect is the exchange of valuable information about technical and non-
technical impacts. This widening in context and view improves understanding of the ‘big-picture’
of mass scale integration of bio-ethanol as a fuel. Despite the advantages of bio-fuel such as en-
ergy security and reduced environmental impact, it is obvious that mass scale use of bio-ethanol
will have a large impact in agricultural topics, land use, food security and also reduced fuel econ-
omy.

1.3. BIO-FUEL
Bio-fuel, or ethanol from sustainable sources, is produced from bio-mass (organic matter). The
two main types of crop used for this bio-mass are sugar cane and corn [14]. Via fermentation
of this bio-mass in distillation plants ethanol is formed. Ethanol production from sugar cane re-
sults in hydrous ethanol, also called wet-alcohol or AEHC. The wet-ethanol is only used in Brazil,
mainly because of their enormous amount of sugar cane production. According to the ANP (Na-
tional Agency of Petroleum, Natural Gas and Bio-fuels, Brazil) AEHC must have an ethanol con-
tent between 92.6 and 93.8 INMP (mass content, National Institute of Weights and Measures).
When we translate these value to volume fractions, AEHC must contain between 94.1 and 95 GL
(Degree Gay-Lussac), which means that the maximum water fraction is equal to 5.9%. Apart from
this wet-alcohol, also dry alcohol or EACA is used, which is dehydrated and contains maximally
0.7 ◦ INMP of water, which corresponds with a volume fraction of 99.7 ◦ GL. [15] This dry-ethanol
is usually mixed in different ratio’s with regular gasoline and the ethanol fraction is denoted with
an E. Some common ratio’s are for example E10, E22 and E85. E100 or pure (hydrous) ethanol is
mainly used in Brazil, whereas E22 and E85 are more available in the US. The flex fuel cars need
to be able to run on as well hydrous ethanol (Brazilian E100) as gasoline-ethanol mixtures where
dry-ethanol is applied. [16]

The added ethanol results in a cleaner combustion for multiple reasons. Since the energy
resulting from the combustion of fuel is delivered by breaking down the C-H bonds, the ratio be-
tween C atoms and C-H bonds is relevant, because the C atoms result in CO2 and/or CO. Because
the ethanol molecule C3H5OH contains relatively few C atoms per C-H bond, compared to the
components in gasoline (benzene rings and long carbon chains), less CO2 is emitted for the same
amount of energy when using ethanol as combustible.

Secondly, ethanol increases the octane rating of the fuel because of the presence of the oxy-
gen molecule. A higher octane rating of the fuel results in a better anti-knocking ability. Therefore
the combustion circumstances can be adapted such that a higher efficiency is reached. Knock-
ing means the unwanted self-combustion of fuel under high temperature. Additional reasons
for more efficient combustion circumstances are the broader flammability limits, higher flame
speeds and higher heats of vaporization. [17]

1.3.1. STATIC DISSIPATORS

For safety reasons, anti-static additives are present in practical car fuels. When handling gasoline,
it is possible that charge can accumulate and that static electricity will manifest itself, for example
caused by flow or filtering. Because this static electricity can result in a spark in case of a sudden
breakdown of the isolation between two potentials in the fuel/tank system, this causes a safety
hazard. A spark causes a local place of high temperature which can ignite fuel-vapors. To pre-
vent this from happening, so called static dissipators are present in the fuel, these are anti-static
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additives added to the fuel. These additives increase the conductivity of the fuel, any static elec-
tricity will discharge trough this increased conductivity. The total conductivity of gasoline fuel is
typically increased up to a value of 0.1pS m−1 up to 1.0pS m−1. [18]

1.3.2. SUMMER VS. WINTER GRADE FUELS

Gasoline does contain a certain amount of volatile organic compounds (VOCs). When these com-
pounds evaporate, they contribute to air pollution/smog. Because evaporation is increased when
the environment temperature increases during summer, summer gasoline contains less VOCs and
is therefore (marginally) better for the environment [19]. The volatility of gasoline is partially de-
termined by the length of carbon chains of the hydrocarbons of which the gasoline exists. Roughly
can be said that winter gasoline contains more volatile hydrocarbons, whereas summer gasoline
contains less volatile hydrocarbons. When either summer or winter gasoline is used in a specific
measurement, the grade will be denoted in the name between brackets.

1.4. METHANOL
Not only the alcohol ethanol is mixed with gasoline. In Asia, mainly in China, the alcohol metha-
nol is mixed with gasoline. This methanol originates from coal gasification, a technique where
thermal energy, steam and oxygen are used to form syngas out of coal. This syngas can be con-
verted into methanol. Because the energy in this methanol still originates from a fossil source,
namely coal, this can not be considered as sustainable energy or bio-fuel. However, because
methanol-gasoline mixtures are used as car fuel, and because the methanol fraction is needed
to be known for the same reasons as for ethanol, methanol is also considered in this work. The
primary focus however is on ethanol-gasoline mixtures. [20]

1.5. SELECTION METHODS
To solve the ternary mixture problem, two measurement parameters are in search which are re-
liably measured, have a good reproducibility and repeatability. The two parameters should be
selective to one or more of the components. An important aspect is the independency of the two
parameters, with other words orthogonality should be introduced which result in a unique solu-
tion of the problem. There may be no dependency between the two measurement parameters.
Furthermore introduced uncertainties, for example temperature effects, should be deterministic
making correction possible.

The work of Lacerenca [13] concluded that promising possibilities would exist when using im-
pedance spectroscopy as a detection method for the ternary mixture problem. Impedance spec-
troscopy, and more specific dielectric spectroscopy was investigated extensively within his work.
This measurement technique is based on impedance of the liquid, which functions as a dielectric
in an electrode/fuel interaction. The advantages are that this technique is non-destructive and
robust. This thesis work will re-investigate the possibilities in the electrical domain by looking
into the impedance behavior of the separate components and the ternary mixture. As well the
low frequency range, so up to a frequency of 30MHz as high frequency range up to 15GHz will
be covered. At the lower frequencies the considered possible selection parameters are the real
and imaginary parts of the impedance, whereas in the GHz-range the mechanism of dielectric
relaxation is considered.

Apart from the impedance spectroscopy, a significant part of this work was dedicated to opti-
cal spectroscopy. The mechanism of optical absorption spectroscopy was used. The UV range of
λ= 200 nm up to λ= 400 nm will be treated, as well as the visible range and the infra-red range up
to λ = 3.3µm. Also here, as well the separate components as ternary mixtures were considered.
These measurements were carried out partly at TU Delft and partly at the Ford Motor Company,
Dearborn.
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Figure 1.1: The Continental Flex-Fuel sensor. Source: [1] Figure 1.2: Details of the measurement cell. Source: [2]

1.6. STATE OF THE ART
The flex fuel sensor which is currently used by Ford is the Continental Flex Fuel sensor and is
based on low frequency impedance measurement. The state of the art is now a measurement
system which is capable of determining the ethanol/gasoline fractions in a binary mixture. To
compensate for water content, a fixed water concentration is assumed and corrected for. Ad-
ditionally a temperature sensor is embedded in electrode structure, in order to compensate for
temperature effects. The determination of the gasoline vs. ethanol content is based on the dielec-
tric constant of the fuel mixture present in the measurement cell. Since the dielectric constant
of water (εr = 80) is much higher than ethanol (εr = 25) and gasoline (εr = 2), a variable water
content in the fuel strongly affects the measurement.

The sensor has an accuracy of ± 5% and a resolution of 0.1%, assuming no variable water
concentration. Some practical measurements have been carried out using this sensor in an ex-
perimental setup. As expected, the error in the measured ethanol fraction increased dramatically
if only 5% volume percent of water was present. Because a variable water concentration is in-
troduced by the use of different kinds of ethanol (hydrous and anhydrous), fouling and the hy-
groscopic nature of ethanol, no commercially available flex-fuel sensor is present yet which is
capable of measuring the three components.

1.7. OUTLINE
This thesis presents the research done in solving the ternary mixture problem when bio-ethanol
is mixed with gasoline. This thesis is divided in 7 chapters and its outline is as follows:

This introduction chapter explains the context of the project, the practical and relevant infor-
mation on bio-fuel and some important aspects of car fuel which are relevant to the measurement
carried out in this work. It also describes the working principle of the state of the art.

Chapter 2 is meant to give an overview of the different possible domains, where selection
parameters for the ternary mixture problem could be found. The small feasibility study is sup-
ported with measurements and examples. Furthermore, ideas about implementation techniques
are given. At last an overview of all the domains is given.

Chapter 3 treats the first main domain which was extensively investigated. The goal of this
chapter is to define the equivalent circuit model of the liquid-electrode system using a coaxial
impedance probe structure. The derivation of this equivalent circuit model was done by finding
explanations for effects which were observed during preliminary measurements.

Chapter 4 covers the design considerations of the dedicated coaxial impedance probe. Ad-
ditionally, COMSOL simulations are included to support the calculations on the characteristic
impedance. At last the realization of this probe is described.
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Chapter 5 finalizes the low-frequency impedance part by describing the measurements car-
ried out with the dedicated impedance probe. Important theoretical conclusions about the pos-
sibilities in this domain are drawn.

Chapter 6 introduces the second main domain, the optical domain, where absorption spec-
troscopy is investigated. This research is supported with two sets of measurements, partly carried
out at Ford Motor Company, US.

Chapter 7 gives the conclusions which can be drawn. Secondly, the most promising combina-
tion of measurement techniques according to the author is described. At last, recommendations
and future work is treated.





2
FEASIBILITY STUDY

In this chapter a brief overview of the possibilities in the different domains will be given. This
short feasibility study was carried out in order to make a well argumented choice which domain
would be worked out further, additionally to the electrical domain where the impedance was
worked out. In an early stage it became clear that the electrical impedance in the low-frequency
range would not give sufficient information to determine the composition of the ternary mixture.
Details about the LF-impedance technique will be treated more extensively in chapters 3, 4 and
5.

2.1. LOW-FREQUENCY IMPEDANCE
The first possibility in the electrical domain is looking at the impedance behavior of the separate
components of the bio-fuel mixture, water, ethanol and gasoline and mixtures of the three. This
is typically done by using a certain electrode structure which interacts with the liquid under test.
The frequencies where the impedance is determined ranges from approximately 10 Hz up to the
MHz range. The lower limit is determined by the occurrence of electrolysis effects. The upper
limit is determined by the RF-design and the occurrence of parasitic and resonance effects. Phys-
ical effects like the transport and polarizations of ions and dipole molecules present in the liquid
can strongly affect the measured impedance. The typical basic equivalent circuit model of the
electrode-liquid interaction is in this case a parallel circuit consisting of a resistance and a capac-
itance, see also figure 2.1. The topic of LF impedance measurements will be extensively treated
in chapter 3, where the claims made in this section 2.1 will be supported with more theory and
measurements.

Figure 2.1: The basic equivalent circuit model used for measuring the components. Source: [3]

7
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2.2. DIELECTRIC RELAXATION IN THE GHZ RANGE
The parallel capacitance of the equivalent circuit model of the low-frequency impedance behav-
ior is determined by the dielectric constant ε and the cell constant of the used measurement cell.
This dielectric constant originates from the different physical phenomena:

• Electronic polarization: Neutral atoms where the electric field displaces the nucleus with
respect to the electrons

• Atomic polarization: Adjacent positive and negative ions stretch under an applied E-field

• Di-polar polarization: An electrical field exhibits torque on a dipole molecule

In dipolar liquids like water and ethanol, this dipolar polarization effect is dominating the to-
tal polarization, and therefore contributing most significantly to the total dielectric constant ε.
When the E-field changes, the torque changes and the dipolar molecules need to turn according
to the new orientation of the E-field. This turning does not happen frictionless. This friction is
called ‘loss’, introducing ohmic losses ε′′. This turning also costs time, the dipolar molecules can
not follow the orientation of the E-field infinitely quick. A measure for the time it costs to fol-
low the field is called relaxation time τ, this is the time it takes for a displaced system to return
to 1/e of its random equilibrium value. At low frequencies, there is no phase difference between
the polarization and the electric field, and the resulting dielectric constant is constant over fre-
quency. At a certain frequency, the period of the alternating E-field is comparably smaller than
the relaxation time, and the dipolar molecules can not follow the E-field anymore. Here the di-
electric constant starts to roll off. At this point the loss peaks, because it increases proportional
with frequency, up to where the dipolar polarization starts to disappear. The dielectric constant
ε∞ is mainly determined by atomic and electronic polarization.

2.2.1. DEBYE MODEL

The frequency where the permittivity starts to roll off is determined by the relaxation time τ. The
Debye equation gives the relation between the total permittivity ε(ω), the relaxation time τ and
the real and imaginary parts of the permittivity. The model describes a first order roll off, and the
position where the loss peaks is always at the same location of the ‘transition band’. As a selection
parameter to distinguish between the three components, the frequency where the permittivity
starts to roll off and the amount in which the permittivity rolls off (the difference between ε∞−εS)
can both be used. In figure 2.2 the dielectric relaxation of water is included, where the dashed
trace represents the loss. In figure 2.3 the dielectric relaxation is of water is included as function
of temperature. In figure 2.4 the relaxation of ethanol is included, as can be seen the relaxation
frequency is approximately 2 GHz.

ε(ω) = ε∞+ εS −ε∞
1+ jωτ

(2.1)

Table 2.1: Overview of different relaxation frequencies at 300K. Source: [21], [22]

Component Relaxation frequency[GHz]

Water 20

Ethanol 2

Gasoline no dipole
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Figure 2.2: Dielectric relaxation of water at 300K. Source: [3] The total permittivity is divided in the real and
imaginary part, where the real part ε′r represents the polarization, whereas the imaginary part ε′′r represents

the ohmic losses.

Figure 2.3: Dielectric loss of water as function of temperature in blue, dielectric constant of water in red.
Source: [21]

Figure 2.4: The graph of permittivity of ethanol at 320K against the frequency. Source: [22]
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2.2.2. MEASUREMENTS

In the context of this feasibility part, some measurements were carried out at the department of
Process and Energy at the 3ME faculty of the Delft University. The method used, was an open
ended coaxial probe, the 85070E Dielectric Probe from Agilent in combination with an Agilent
E5071C ENA Network Analyzer, which ranges from 300kHz up to 14GHz. With this combination,
the magnitude of the scattering parameter S11 was measured. From this parameter, the permit-
tivity ε can be determined. However, the measurement setup was not capable of delivering a
reliable phase measurement. Therefore, the S11 measurements can not yet be used to fully ex-
tract the real and imaginary part of the complex permittivity. An algorithm like the SCL algorithm
or the NRW method could be used for this purpose. For completeness this measurement plot is
included in appendix C.

2.2.3. CONCLUSION OPPORTUNITIES DIELECTRIC RELAXATION

The frequency at which dielectric relaxation takes place differs significantly for ethanol and water.
Theoretically, this would offer an ability to distinguish between these two components very well.
Because gasoline does not contain dipole molecules, the effect of dipolar relaxation can not be
utilized to say something about the gasoline content. The effect of dielectric relaxation is therefore
only selective between ethanol and water.

During the RF measurements up to 14GHz it was experienced that the measurement of the
phase of the S11 parameter is challenging with the setup which was available in the P&E depart-
ment. When the mechanical properties of the setup were changed, a significant step in the phase
response was read. Therefore, the obtained data did not yet give sufficient information to deter-
mine all the relevant details about the relaxation time and the real- and imaginary parts of the
complex permittivity.

2.3. CALORIMETRY
In the thermal domain the thermal capacitance and thermal conductance can be considered as
selection parameters. When comparing the thermal domain with the electrical domain, the elec-
trical capacitor is analogous to the thermal capacitor and the electrical conductance to the ther-
mal conductor. The voltage is analog to temperature now, and the heat source is the power source
in the system. The combination of a parallel conductance and capacitance in the thermal domain
also contains a corner frequency and thus a spectrum, however with frequencies within another
order of magnitude.

2.3.1. POSSIBLE IMPLEMENTATION TECHNIQUE - 3ω METHOD

One example for the implementation of a measurement system which is capable of measuring
as well the thermal capacitance as the thermal conductance, is the 3ω method. This method is a
transient method, and has the advantage of a short response time and the minimization of radia-
tion effects [23]. The 3ωmethod can be implemented by a so called hot wire, which functions as a
heat source and temperature sensor simultaneously. Since the heat capacitance of the wire is rel-
atively small, it results in a small error in the measurement. By injecting a current with frequency
Ω through the wire, the power (which causes the wire to heat up) is proportional with 2ω, see
also equations 2.2 and 2.3. This heating causes a temperature increase in the medium of the wire
and the wire itself. The temperature of the wire is mainly determined by the temperature of the
medium and influences the resistance of the wire. The influence of the temperature of the wire on
its resistance is described by equation 2.4. Because the current through the wire is determined by
the current source, and since the voltage over the hot wire is equal to the multiplication of current
and resistance, a voltage proportional to 3ω arises. In an experimental setup, this voltage could
be read out with the aid of a lock-in amplifier.
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I = I0cos(ωt ) (2.2)

P = I 2R = 1

2
I0R0(1+ cos(2ωt )) (2.3)

R = dR

dT
T2ωcos(2ωt ) (2.4)

Table 2.2: Overview of the thermal conductivity and thermal capacity at 298K

Component Thermal conductivity [W m−1 K−1] Thermal capacity [J cm−3 K−1]

Ethanol 0.179 1.925

Gasoline (Octane) 0.15 1.64

Water 0.58 4.1796

2.3.2. CONCLUSION THERMAL DOMAIN

Based on the values presented in table 2.2 the largest difference between the thermal conductivity
and capacity of the three components is between water versus ethanol and gasoline. Water has a
significantly higher value for the thermal conductivity and thermal capacity. This domain could
thus be exploited to be a good estimator for the water content. This measurement principle could
be suitable in combination with the already designed probe, since this thermal system can be
miniaturized which improves integration possibilities.

2.4. OPTICAL DOMAIN
In this section, the optical domain will shortly be addressed, because it will be treated more exten-
sively in chapter 6. The technique which is treated here is absorption spectroscopy, the absorption
of electromagnetic waves by (mainly) organic molecules. The full optical range from 200 nm up
to 3300 nm will be treated in this work and two different measurement setups are used. Based on
measurements which were carried out it could be concluded that the absorption behavior in the
UV range is dominated by gasoline content and that deionized (D.I.) water has a flat spectrum in
the UV range. Ethanol does contain spectral information, but its magnitude of absorbance is or-
ders of magnitude lower than for gasoline. Concluding one could say that the absorption behavior
in the UV range can be utilized as an estimator for gasoline content. Additionally, the absorption
behavior in the IR range can be utilized to say something about the ethanol content. Because of
the coloring which is added to gasoline, the visible range will not be usable. When the American
Regular gasoline is compared to the euro 95 Dutch gasoline, an obvious difference in color can be
observed. See also figure 2.5.

2.5. DENSITY MEASUREMENT
To investigate if the density would be a good parameter to distinguish between the three com-
ponents, some density measurements were carried out at the department of Process & Energy,
faculty of 3mE at TU Delft. These density measurements were carried out with an Anton-Paar
DMA-5000 density meter. This meter uses the principle of an oscillating U-tube. When the ma-
terial inside the tube changes, the frequency on which the tube is resonating, changes. By mea-
suring this frequency, assuming the tube is completely filled (constant volume), the density of the
liquid can be determined. The measurement results are included in table 2.3.
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Figure 2.5: The different colors of American Regular Gas (left) and Dutch euro 95 (right)

Table 2.3: Overview of different measured density’s. T=293K

Component Density [g cm−3]

Air 0.005056

D.I. Water 1.00025

Ethanol 0.789507

Gasoline 0.749365

50% D.I./50% ethanol 0.927996

50% gas/50% ethanol 0.769591

85% ethanol/15%gas 0.783379

80% ethanol/15% gas/5% D.I. 0.800523

75% ethanol/15% gas/10% D.I. 0.816620

2.5.1. CONCLUSION DENSITY MEASUREMENT

The density of air and water are conform expectations. The difference in density between ethanol
and gasoline is only 6% w.r.t. the density of ethanol. Additionally none of the three components
is showing a value which is far from the other two in magnitude, and therefore no orthogonality is
present. This makes this domain in terms of selectivity less interesting. Factors which do advocate
for this domain may be robustness and insensitivity for contamination.

2.6. SURFACE ACOUSTIC WAVES
To support the feasibility discussion of this chapter, it was decided to carry out some measure-
ments with an SAW device. The Surface Acoustic Wave technique works with a surface effect. It
is based on the piëzo electric effect, which is an interaction between the electrical en mechanical
domain. More specifically the propagation of the wave on the boundary between the deposited
liquid on the device and the solid state material of the device itself. The sensitivity of this type of
devices (in contrary to Bulk Acoustic Wave devices) can be maximized by using wave types which
show a high concentration of acoustic energy at the surface.

The SAW device which was used, was the sensor described by the thesis ‘A smart lamb-wave
sensor system for the determination of fluid properties’ [24]. Lamb waves are related to Rayleigh
waves and contain both shear and normal displacement components. The a lamb wave sensor
considered here is consisting of two sets of two interdigital transducers (IDTs) of aluminum on a
zinc oxide layer. This zinc oxide layer is deposited on aluminum, silicon oxide, a Si-epi layer and
at last the silicon bulk. This device is fabricated in the DIMES laboratory. For all the details about
this sensor, see also the Ph.D. work of M.J. Vellekoop [24]. Two pictures of both sides of the sensor
package have been made, see therefore figures 2.7 and 2.8.

The measurement principle is as follows: Both IDTs are connected to the Vector Network An-
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Figure 2.6: The density meter at the laboratory of Process & Energy department

alyzer, which is determining the transfer between both two-ports, whereas at the same time a
droplet of the liquid under test is put on the device. The relevant parameter is then the scatter-
ing parameter S21 (the forward voltage gain). At a certain frequency the transfer between in- and
output of the device is maximum. The velocity of propagation of the acoustic waves is dependent
on multiple mechanical parameters, namely the mass adsorption, the viscosity, the density and
the sound speed through the liquid. The sensitivity to either of these parameters is dependent
on the liquid which is measured. For example, viscosity sensitivity is very low for low-viscous liq-
uids. Since we are dealing with low viscous liquids, this effect is negligible compared to the other
mechanical parameters. The two major parameters are therefore sound speed and density. This
speed is generally highest in the solid state, followed by the liquid state and the gas state. When
a liquid with certain properties is deposited on the back of the SAW device, the total speed will
be an average of the velocity of the waves trough the device itself and through the liquid. A lower
velocity of propagation will result in a lower frequency where the transfer peaks.

The results of the measurements can be seen in figure 2.9. The frequencies where the voltage
transfer is maximum is clearly a function of the medium, as significant difference in peak fre-
quency is present between ethanol, water and gasoline. The traces of the mixtures between both
three are located on places which seem logical considering the peaks of the pure components.
The 50% ethanol/50% D.I. mixture however peaks above the value of water, which seem not logi-
cal. An explanation might be that the viscosity still plays a significant role, despite the application
on low-viscous liquids. This could be explained by the sensitivity function of this SAW device,
which is included in equation 2.5. The sensitivity of the resonance frequency ω to the speed of
sound c f is a function of multiple parameters: ρ f is the density of the fluid, c the in plane wave
velocity, δ f the fluid layer thickness, k the propagation constant, m the mass adsorption and η

the viscosity. The sensitivity of the resonance frequency to the speed of sound is therefore also
a function of the the fluid layer thickness δ f . Since in this small experiment droplets were used,
and because the surface tension of gasoline and ethanol is much smaller than that of water, the
layer thickness is introduced as a disturbing uncertainty. A recommendation for this experiment
is to control the layer thickness, for example by putting the surface of the device on or inside the
liquid under test.

S
c f
ω ≈

ρ f c2c−3
f δ3

f k2

2(m +ρ f δ f +
√

ρ f η

2ω

) (2.5)



14 2. FEASIBILITY STUDY

Figure 2.7: The used SAW device, bottom view of
the package. The 2 times two IDTs are located on
this side

Figure 2.8: The used SAW device, top view of the
package. The two separate devices can clearly be
distinguished
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Figure 2.9: Results of the measurements with the SAW device
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Table 2.4: Overview of different speeds of sound, T=298.15K. And of different viscosity’s, T=293K. Source: [25]

Component Speed of sound [m/s] Viscosity [mPa s]

Water 1250 0.894

Ethanol 1480 1.074

Gasoline 1144 0.6

2.6.1. CONCLUSIONS MEASUREMENTS SAW DEVICE

Since the field of Acoustic Wave devices is very broad, this set of measurements was only intended
to give a glance about the existence and possibilities of this technique. In terms of selectivity, none
of the three components is dominating the response, so no large orthogonality is supplied when
using this technique. However, it might very well be used to supply additional information in
combination with a measurement technique of a different domain, for example LF impedance in
the electrical domain. It is expected based on literature that when the uncertainties of the viscos-
ity and liquid layer thickness are taken away, this technique is robust in terms of repeatability and
relatively insensitive to contamination.



16 2. FEASIBILITY STUDY

2.7. COMPARISON AND OVERALL CONCLUSIONS FEASIBILITY PART
In the comparison between different possible quantities and domains, the aspect which will im-
pose the limiting specifications on a measurement system, will be the selectivity of a certain do-
main to either of the three combinations. Therefore a ranking of the selectivity between each of
the three components has been made. Since the selectivity is expressed differently in either of the
domains (differences in equivalent medium approximations and orthogonality of the separate
components), this ranking has not been done with numbers, but with a plus/minus scale. See
also table 2.5. The behavior which would be ideal, talking about selectivity, is a measurement re-
sult where there exist a certain (frequency/wavelength) range where one of the three components
is 100% dominating the parameter, or dominating it within acceptable ranges, taking into account
the final inaccuracy of the fuel composition ratios. This seems to be happening with the optical
absorbance in the range from 280nm up to 315nm, here the absorbance is practically dominated
by gasoline, as will be treated extensively in chapter 6. The thermal domain in addition, shows
a large difference between water content and the other two components. It could be concluded,
based on this introduction to the different domains, that the optical measurement methods in
the UV range delivers information about the gasoline content, whereas the thermal domain gives
information about the water content. For completeness, also some measurement in the mechan-
ical domain have been carried out. The SAW implementation by Vellekoop has been picked as a
starting point. Many more implementations could be possible, for example oscillating U-tubes or
the usage of bulk acoustic waves instead of surface acoustic waves.

Table 2.5: Selectivity comparison for gasoline (G), ethanol (E) and water (W). Range: - -, -, 0, +, ++

Domain Selectivity W w.r.t. G Selectivity W w.r.t. E Selectivity E w.r.t. G

LF permittivity ++ + ++

Thermal ++ ++ 0

Optical visible 0 - - 0

Optical IR ++ - - ++

Optical UV ++ 0 ++

Density + 0 - -

Viscosity 0 0 +

Speed of sound 0 0 0



3
LF IMPEDANCE

In this section the equivalent circuit model will be derived of a electrode/liquid under test system.
For this analysis some experimental probes were used, because a dedicated impedance probe was
not yet available. In chapter 4 the design considerations of the coaxial impedance probe will be
treated. In chapter 5 the measurements with this dedicated probe will be treated.

3.1. LF IMPEDANCE MEASUREMENTS
Because the initial technique to be investigated, taking into consideration the work of Lacerenza
[13], is impedance spectroscopy, it was decided to re-investigate the possibilities in the range up
to 100 MHz first. To get an idea about how the impedance of the liquid/electrode combination
will behave and to which extent we can gather information in the ‘low-frequency’ (LF) range, im-
pedance measurements are done on the different components of the ternary mixture. One of the
key goals for this measurements is to derive an equivalent circuit model for the fuel mixture/elec-
trode system. This model is needed to be able to interpret the measurement results correctly by
mapping the raw impedance (|Z| and θ) data on this model. The changes in the liquid under test
will manifest themselves as variations of the components of the equivalent circuit model. The
‘standard’ equivalent circuit model to start with, is the parallel capacitance/conductance. This
model will be the starting point of this analysis.

3.1.1. MEASUREMENT SETUP

The impedance analyzer used is the Agilent 4294A in combination with an extension probe 42941A.
This extension probe is calibrated with respectively a short, a 50Ω and an open termination. Par-
asitic effects of the extension probe are calibrated out, possible effects originating from the exper-

Figure 3.1: The initial equivalent circuit model used for measuring the components. Source: [3]

17
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Figure 3.2: The four different probes by number.
Only the bottom three are used, from right to left nr.
1-3. Bottom: the extension probe 42941A

Figure 3.3: The measurement setup. Here the mea-
surement of regular gasoline

imental probe can still manifest themselves. A practical advantage is that by using the extension
probe, no 4 cable connection is needed. A 4 cable configuration is typically used to correct for
capacitive and inductive effect by the leads (Van der Pauw Method), because of an independent
voltage sensing path and and independent signal current path. The data is read out via a LAN
connection and is sent to an Excel file delivered by Keysight. This raw data is imported in Matlab.

The measurements that were carried out are the following:

• |Z |−θ for the following liquids over the frequency range 100Hz up to 110MHz

– Air, empty measurement

– Deionized water

– Tap water

– Regular ‘Dutch’ gasoline 95RON

– 100% ethanol

3.1.2. MEASUREMENT I
For this series of measurements probe number one was used, because of its best performance in
preliminary measurements. In figure 3.4 the comparison of the parallel capacitance among the
different dielectrics is plotted. As written above the frequency range is from 100Hz up to 100MHz.
The empty and the gasoline measurement confirm that the medium behaves purely capacitive.
Further deionized water and ethanol have the same behavior, but tap-water shows a particular
behavior from 100kHz and below. As can be observed, this capacitance increases up to the µF
range. It can therefore be questioned if the model of a capacitor in series with a resistor (figure 2.1)
is correct for measuring the medium in the case of tap-water. This model seems to be correct for
ethanol and deionized water, also when one looks to the impedance plot, figure 3.6. However if we
consider the phase plot for tap-water, figure 3.7, it seems that there is a zero in the origin, and there
are two poles, one at approximately 10kHz and one at approximately 1MHz. Another effect which
is evident when looking at the parallel conductance 3.5 is the resonance peak around 50MHz. This
can be explained by the existence of parasitic effects of the experimental measurement probe.
This issue will be solved, when an dedicated impedance probe is designed later on in this work.
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Figure 3.8: An illustration about the charge buildup on both sides of the electrodes. Source [4]

3.2. DOUBLE LAYER CAPACITANCE
An issues to investigate is that the capacitance is increasing up to the µF range in the case of tap-
water. This effect was noticed during the impedance measurements described in section 3.1. In
the case of ethanol and deionized water, the parallel capacitance also increases, but in a much
smaller amount. If the model of the parallel capacitance with conductance would be correct, the
projected values of Cp and Gp would be constant. This is not the case here.

3.2.1. ELECTRODE POLARIZATION

The increase in measured parallel capacitance from approximately 1MHz and below for tap-water
and in smaller amount, for ethanol and deionized water, is the result of the so called ‘double’ layer
capacitance. When a liquid contains many free ions, these ions will diffuse through the liquid as
a result of the electric field. At the boundaries, c.q. the electrodes, this diffusion causes a charge
build up. When the field is opposite (AC excitation), this process is reversed and the charge will
be build up on the opposite side. This effect is called electrode polarization and the resulting
impedance is the polarization impedance.

The equivalent model resulting from this effect to describe the probe/liquid interaction is de-
picted in figure 3.9. The polarization capacitors and resistors are placed in series with the sample
R-C parallel network. The two values of Cp/2 and Rp/2 can be taken together since they are equal.
When this model is ‘mapped’ onto the simpler R-C model, the equivalent parallel capacitance is
equal to.

C =Cs + 1

ω2R2Cp
(3.1)

Now the increase in parallel capacitance at frequencies below approximately 1 kHz can be ex-
plained. Tap water used in this measurements contains a high concentration of free ions. These
ions will contribute largely to the polarization capacitance. Since tap-water is a good conductor
too, Rp and Rs will be low, yielding a high capacitance at lower frequencies, as can be seen in
figure 3.4. Both resistors need to be small, to let the two capacitors be in parallel. Only in this con-
figuration the double layer capacitance can add to the total measured parallel capacitance. This is
the case with good conducting liquids like tap water, where Rs is relatively small. When frequency
increases, the period of the signal decreases, as a result less charge is build up at the boundaries
(since the drift velocity of the free ions can be considered constant for the same E-field), resulting
in a lower polarization, and thereby lower overall capacitance. This explains the second order roll-
off of the added capacitance by the electrode polarization effect. The equivalent circuit model of
the liquid/electrode system is as in figure 3.9. A parallel capacitance/conductance in series with
the double layer capacitance. The value of the series resistance is in most literature neglected.
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Figure 3.9: Equivalent model including the electrode polarization. Source [5]
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3.2.2. MEASUREMENTS - II: ELECTRODE POLARIZATION

To verify if the increasing capacitance is indeed the effect of the electrode polarization/the pres-
ence of the double layer capacitance, a mixture with 80 volume percent deionized water with 20
volume percent tap-water was measured. It is expected that the measured values for capacitance
and conductance are in between the values for deionized water and tap water. Because there
were some mechanical issues with probe number 1, the probe which is most similar to probe 1
was chosen, namely probe number 3. The cleaning and drying in between the different measured
components is extra important in this series, since a small residue of tap water contains a lot of
free ions. The change in probes is influencing the response in terms of absolute value to a small
extent, but is not problematic for verifying the influence of ions and the concepts op double layer
capacitance. For a complete overview, and to verify the first measurement series with probe 1,
additionally to the 80/20 measurement, the gasoline, ethanol, DI-water, air and tap-water mea-
surements are redone. The results are included in figures 3.10 and 3.11. It can be concluded that
the capacitance and conductance behavior resembles the results obtained with probe 1 during
the first measurement series. The graph of the capacitance and conductance of the 80/20 mixture
lays in between the graphs of 100% deionized and 100% tap water. This result is according to prior
expectations based on the theory about ion transportation and double layer capacitance. The free
ion concentration is a measure for the amount in which the double layer capacitance adds to the
total measured parallel capacitance. Additionally, the parallel conductance is strongly affected by
the free ion concentration.
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Figure 3.12: The equivalent circuit model including the parasitic inductance of the used probe

3.3. SERIES INDUCTANCE
A second effect which can be noticed from the measurements (section 3.1) is that the measured
conductance is increasing with increasing frequency. This frequency dependency is approxi-
mately first order behavior and is most strongly present in the measurements where the medium
is formed by air and by gasoline, both have relatively low εmedia compared to water and ethanol.
The increase of the measured parallel conductance can be explained by the presence of a series
inductance. To get an idea about the size of this inductance, the inductance along the coaxial
probe of probe 1 was measured and found to be 49nH . As a result, the parallel resistor/capaci-
tor model is not covering all effects for low ε materials. When the impedance of the model with
included series inductance is calculated and used as ‘data’ to the simpler model (without series
inductance) we see the following expression for R.

R2
RC = −L−ω2R2LC 2 +R2C

ω2LC 2 +ω4R2LC 2 +C
(3.2)

When no inductor would be present this model is correct(L=0):

R2
RC = R2C

C
= R2 (3.3)

Now, if there is a parasitic inductor L present, but not taken into account in the used equiv-
alent circuit model, then the L terms do not fall out of equation 3.2. By leaving out the constant
terms and looking to the terms which are frequency dependent in this fraction, the effect of the
inductor on the calculated resistance can be found.

R2
RC ∝ −ω2

ω2 +ω4 ∝ −1

ω2 +1
∝ 1

ω2 (3.4)

Taking the square root:

RRC ∝ 1

ω
(3.5)

This effect will only be visible when the inductance and capacitance are in the same order of
magnitude. So when a dielectric with low ε is inside the probe, just as was the case with gasoline
and air. When a liquid with a large permittivity is measured, C is big compared to L, and the
parasitic effect has a negligible effect on the determined parallel resistance. The equivalent circuit
model including the series inductance is included in figure 3.12.
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3.4. INITIAL COMPOSITION ANALYSES
Knowing that the ion concentration influences the parallel capacitance and conductance signifi-
cantly, initially one would think that the low frequency domain is not giving opportunity to fulfill
the requirement of this sensor system. However, as described in section 3.2, these ions cause the
double layer which only manifest itself up to a certain frequency. From measurements described
in section 3.1 it can be noticed that this polarization effect vanishes from a certain frequency,
depending on the ion concentration in the measured liquid and the dimensions and character-
istics of the probe. A safe worst case estimation from where the electrode polarization will be
vanished is approximately 1 MHz. The fact that the double layer capacitance is present up to a
certain frequency, and is not present at a higher frequencies, means theoretically that this effect
can actually be used to determine the ion concentration and to deal with a fourth unknown in the
ternary mixture problem.

3.4.1. POSSIBLE STRATEGY WHEN ONLY DEIONIZED WATER IS ASSUMED

If only the water is taken into account which results from the production of bio-ethanol, the prob-
lem can quite easily be solved using the conductance and capacitance. This procedure is also de-
scribed in the paper [26]. Capacitance is completely flat for all types of water from approximately
1 MHz, so the first independent equation can be determined from this frequency and beyond.
The second equation can be taken using the parallel conductance. The used frequency should
be high enough that no ‘DC-effects’ are present and low enough that no resonance effects take
place. Ideally the parallel capacitance and conductance is determined at the same frequency,
which simplify the sensor implementation in later design stages. The three equations will be the
following, where the α represent the volume fraction of each of the components and C represent
the measured parallel capacitance.

Cmi x =αwCw +αg Cg +αeCe (3.6)

Gmi x =αwGw +αeGe +αg Gg (3.7)

αw +αe +αg = 1 (3.8)

Subscript Meaning

mix mixture

d deionized water

t tap-water

w water (general)

g gasoline (general)

e ethanol

3.4.2. POSSIBLE STRATEGY WHEN ION-RICH WATER IS ASSUMED

For the case of the impedance domain we actually do have four components now instead of
three, namely deionized water (originated from condensation and the production process of bio-
ethanol), gasoline, ion-rich water(i.e. tap-water), ethanol. In the context of the final application,
it is needed to determine the amount of water in general. At the low frequencies it is clear that the
capacitance is for a large amount determined by the free ions originating from the ion-rich wa-
ter. At higher frequencies, above 1MHz, tap-water and deionized water behave exactly the same
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speaking about the parallel capacitance. A possibility to deal with unknown free ion concentra-
tions is to measure the capacitance at reasonably low frequencies, say 1kHz-100kHz, and sub-
tracting the ‘HF’ (around 1MHz) capacitance which is independent of the free ions. The resulting
capacitance is a result of the electrode polarization effect caused by free ions, and can be used as
an estimator for the free ion concentration. The measured parallel conductance Gmi x can now be
corrected for the influence of free ions by this estimator of the free ion concentration, whereafter
the problem can be considered again as ternary. When using the polarization capacitance effect
to correct the measured conductivity, it is important that a change in viscosity of the medium has
the same influence on as well the conductivity as on the capacitance, to maintain the relating
function between measured capacitance increase by free ions and conductance correction of the
mixture to be valid. The problem contains now four different components: ion-rich water, deion-
ized water, ethanol and gasoline and can be considered as quaternary. Overall, the measurement
strategy to determine the volume fractions of the separate components is as follows.

• Measure the increase in capacitance caused by electrode polarization, by first measuring at
the lower frequencies (1-100kHz), then measuring the capacitance above 1 MHz and sub-
tracting both values. Let this ∆Cmi x be an estimator for the free ion concentration.

• Use this value to correct the measured conductivity of the mixture later on.

• Measure the parallel capacitance in the regime above 1 MHz, where Cp of deionized water
and tap water are the same, and let this deliver the first independent equation.

• Measure the conductivity and let this deliver the second independent equation. The ambi-
guity in the conductivity is now removed by subtracting an correction value as function of
the ∆Cmi x (the double layer capacitance effect).

• The third independent equation is delivered by knowing that the sum of all three fractions
is equal to 1.

At lower frequencies (1kHz) ∆Cmi x can be determined. Cmi x,1M H z is measured at higher fre-
quencies, i.e. above 1MHz, here the parallel capacitance of tap-water is equal to the capacitance
of deionized water. At higher frequencies, approximately above 1MHz, the equation 3.10 can be
obtained. Now the other parameter that is taken into account is the conductivity, where the con-
ductivity of the water can be considered as the conductivity of deionized water (ion free) because
Gmi x is corrected for the influence of free ions by a function of (Cmi x −Cmi x,1M H z ), see also equa-
tion 3.11.

∆Cmi x = (Cmi x −Cmi x,1M H z ) (3.9)

Cmi x,1M H z =αwCw +αg Cg +αeCe (3.10)

(Gmi x − f (Cmi x −Cmi x,1M H z )) =αwGw +αeGe +αg Gg (3.11)

αw +αe +αg = 1 (3.12)

Now we have a set of 3 unknowns and 3 independent equations, so this is mathematically
solvable.
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3.4.3. EFFECTIVE MEDIUM APPROXIMATION: MAXWELL-GARNETT

In this section a medium approximation will be worked out and will be compared with the linear
mixing model used up to this point. The motivation for this, is to get an idea about the error which
will be introduced when the linear mixing model is used. One approximation to determine the
resulting dielectric constant of a mixture is the effective medium approximation by the Maxwell-
Garnett model. This model assumes a base medium in which an inclusion medium is included
with a certain volume fraction. The Maxwell-Garnett approximation assumes that the domain of
the base material and the inclusions are spatially separated, and therefore only valid at low in-
clusion fractions. For that reason, only inclusion fractions up to 0.5 are taken into consideration,
but validity may be restricted to even much smaller inclusion fractions. [27], [28] The Maxwell-
Garnett equation is solved by equation 3.13, where δi represents the inclusion medium fraction.
To compare the linear mixing model (as proposed in this project up to this moment) with the
Maxwell-Garnett approximation, the effective dielectric constant was calculated with both mod-
els using an inclusion fraction ranging from 0 up to 0.5. The base is considered ethanol with a
gasoline inclusion. The results are presented by figures 3.13 and 3.14. When the Maxwell-Garnett
approximation is assumed as correct, the error made by a linear approximation already exceeds
the 5% when a gasoline inclusion of 10% is present.

εe f f = εm
2δi (εi −εm)+εi +2εm

2εm +εi +δi (εm −εi )
(3.13)

3.5. MEASUREMENTS III - E85
An additional measurement series is treated in this section, to investigate the mixing behavior
in practice. To see if the E85 delivered by the Ford Motor Company will behave the same as an
‘self-made’ mixture E85, these two mixtures have been measured. Also for future project possi-
bilities, methanol is measured. Because it was experienced from earlier measurement series that
no additional information is provided at frequencies above 30 MHz, this is used as upper limit of
the frequency range for this series. For comparison and completeness the impedance measure-
ments on pure ethanol and gasoline euro 95 are redone. From figure 3.15 it can be observed that
the traces of the self-mixed E85 and the E85 FMC fit between the measured capacitance of pure
ethanol and gasoline. In the lower frequency range, from 2 kHz and below, the increase in parallel
capacitance caused by the double layer capacitance is present again. The extent to which this
effect is occurring is significantly higher for the E85 fuel mixture originating from FMC. This im-
plies that the free ion concentration is significantly higher for the FMC fuel than in the self-mixed
case. Looking at the conductance, see figure 3.16, this expectation is confirmed. The conductivity
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of the E85 FMC fuel mix is with 75.4µS more than one order of magnitude larger than the 6.05µS
measured for the conductivity of the self-mixed E85. This observation confirms again the theory
about the double layer effect caused by free ions in the liquid. A resonance effect is visible from
the MHz range and beyond.

3.5.1. EMPIRICAL VALIDITY OF LINEAR MIXING MODEL

After some theoretical analysis done in section 3.4.3, the additional measurements done in this
section give a good opportunity to verify. Because E85 was measured, an binary mixture is consid-
ered. The values are considered at a frequency of 100kH z. This frequency provides stable values
for as well the capacitance as the conductance values. More specifically, at and around this cho-
sen frequency, the spectral behavior does not show variations over frequency in both domains.

Cp,e 83.60 pF

Cp,g 16.73 pF

Cp,E85 71,77 pF

According to the linear mixing model:

Cp,E85 = 0.15 ·16.73pF+0.85 ·83.60pF = 73.57pF (3.14)

The resulting difference between the measured self-mixed E85 mixture and the calculated
capacitance value for this binary mixture:

∆Cp =
73.57−71.77

71.77
·100% = 2.51% (3.15)

• The impedance measurement accuracy is within 1% in this measurement range according
to the data sheet of the device.

• The E85 sample was made by manually mixing the two components using an medical sy-
ringe. An accuracy of some tenth of a percent can be assumed this way.

Considering these uncertainties, the determined error is within acceptable boundaries, Ford
Motor Company would agree with an total system error of approximately 3-5%. In agreement with
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the theory of effective medium approximations the linear mixing model estimates the equivalent
ε higher than the true value. Contrary, the predicted error by the Maxwell-Garnett model is much
higher than the error determined here. It can be concluded that the linear mixing model is a better
approximation than the Maxwell-Garnett effective medium approximation.

3.6. FOULING DETECTION E85

A very common mixture is E85. Assuming that this mixture contains water, there are two sce-
nario’s possible. Either the water can be part of the ethanol part in the E85 mixture, when so
called wet ethanol is used. When this is not the case, the water can be added after the mixture was
made, for example by the trader of the mixture. Then this can be considered as adulteration of
the bio-fuel, and thus fouling. In the latter case, the percentage gasoline, which should be 15%, is
affected. In the first case, this percentage will not be affected by the presence of water. Practically,
this implies that without looking to the double layer effect or the influence of free ions/tap-water,
even adulteration with deionized water is detectable as long as it is known that the mixture should
be E85. In this section, a strategy to check for this form of fouling is worked out.

As an example for this statement, some measurements were carried out. In the first series
of measurements, the non-fouling set, the water content was at the cost of the ethanol content,
thereby keeping a constant 15% gasoline. The capacitance and conductance plots can be seen in
figures 3.17 and 3.18. In the second set, a pure E85 mixture was taken and water was added to
it, resulting in adulteration of this fuel. The capacitance and conductance plots can be seen in
figures 3.19 and 3.20. If one would like to say something about fouling, without working out the
linear mixing models, one can start by looking at the measured capacitance of an adulterated mix-
ture. Suppose an adulterated E85 mixture is measured with 5% water. The parallel capacitance of
this mixture is 82 pF (at 100kHz) and this value corresponds with a legitimate mixture with water
content between 5% and10%. To check whether this mixture could be legitimate, we now look at
the conductivity of this legitimate mixtures (figure 3.18), the corresponding values for this range
(water between 5 and 10%) are between 9µS and 9.6µS. When we look at the measured (adul-
terated) conductance, this value is equal to 6.6µS, so these measured values don’t ‘pass’ this test,
and it can be concluded that the measured mixture is adulterated → fouling. With other words,
there is no linear combination possible of both the capacitance and conductance of an legitimate
mixture which satisfy both the measured conductance and capacitance values of the adulterated
E85 mixture.
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3.7. TOTAL EQUIVALENT MODEL AND CONCLUSIONS
After the analysis done in sections 3.2 and 3.3, the total equivalent circuit model consists of the
sample parallel capacitance and conductance. Additionally a series capacitor originating from
the double layer capacitance (in the case of ion rich water) is present and a series inductance
originating from the distributed inductance in the probe. The total equivalent circuit model is in-
cluded in figure 3.21. As proposed earlier, the double layer capacitance might theoretically be eli-
gible to correct for the influence of free ions on the measured parallel conductance. This will only
be relevant if ion rich water is considered, for example in fouling scenario’s. Exploiting the dou-
ble layer effect by correcting the conductance will in practice be challenging for multiple reasons.
For example the ‘mapping’ function from a increased capacitance to a correction in the measured
conductance has to be derived and be deterministic in different measurement conditions (vary-
ing temperature for example). Another issue is that the conductance increases dramatically as
function of the ion concentration. Because of this high sensitivity, with only a small error in ca-
pacitance measurement, a large error in conductance correction will be made. Because of these
reasons, this measurement strategy to deal with the fourth unknown, the ion concentration, will
be worked out further in this work. The series inductance is due to the fact that the coaxial probes
themselves are not calibrated. There are multiple options to remove the influence of this induc-
tance. Firstly, calibration can be done before measurements are taken out. However a change
in (measured) impedance will cause a deviation from the calibration point, and therefore intro-
duce again an influence by the parasitic series inductance. This topic will be further explained in
chapter 4.
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Figure 3.21: The total equivalent circuit model of the electrode/liquid under test system, using a coaxial impedance
probe





4
PROBE DESIGN

In cooperation with a mechanical engineering internship student, Felix Wolffenbuttel, it was de-
cided to design a probe for lab applications. Because the measurements described in chapter 3
were carried out with probes which experienced some unwanted parasitic effects, for accuracy
reasons it would be better to work with an probe dedicated to measure the impedance of these
liquids and is able to be calibrated.

4.1. REQUIREMENTS
The probe that is concerned here, is a lab-purpose probe. The probe will be used to character-
ize the components in the test phase. The design flow and experience of this probe may help to
design the possible industrial probe later on in the project. The motivation for the probe to be
coaxial is that the probe needs to be calibrated, in order to correct for the parasitics of the probe
itself, here mainly the series inductance. Calibration requires a characteristic system, the probe
can be terminated with an impedance with the same value as the characteristic impedance of the
probe itself. 50Ω is a standard value for the characteristic impedance, because it is a compromise
between the best peak power handling and lowest cable loss. For standardization reasons, this
value is also used here for the design of the characteristic system. Further reasons for a coaxial
geometry are that the probe is easy to clean and that the liquid under test will flow in and out of
the structure reliably.

Requirements

• Probe has to be coaxial

• The characteristic impedance of this coaxial probe has to be 50Ω

• It must be possible to reliably terminate the probe with a short and a load with a 50Ω impe-
dance in order to proper calibrate the measurement system

• The materials of which the probe is fabricated should be resistant to the components which
are measured: ethanol, gasoline and water

• The inner conductor has to be robust, such that no deformation/movement of the electrode
is possible

• Aeration of the probe is an important aspect, the liquids must be able to enter and leave the
probe easily

• Multiple signs on the outside of the probe must be present to mark the level of the mixture

31
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4.2. CALIBRATION

To improve sensitivity and to minimize the effect of parasitics when performing LF impedance
measurements, it is advantageous to calibrate as close as possible to the dielectric constant of the
mixture to be measured. This can also be viewed as a ‘common-mode’ problem, calibrating in
air with an εr of one, and measuring a liquid with an εr of 25 (ethanol) may induce more errors
than calibrating at an εr of 24. To investigate if the measurements are getting more accurate if the
calibration takes place in a liquid with an εr closer to the to be measured MUT, a probe with inter-
changeable inner conductor was designed. By using different inner electrodes, the characteristic
impedance is held on 50Ω, with the ability to calibrate at higher values of εr . An overview of the
different possible calibration εr in combination with the coaxial probe dimensions, is included in
table 4.1. These dimensions are based on commercially available brass cylinders of with the probe
will be designed. The range of εr goes up to 17, because above this value the inner conductor is
getting to small to be mechanically feasible in combination with an outer diameter of 16 mm.

Table 4.1: An overview of different ε′r s in combination with the inner conductor diameter

D/d [mm] designed for εr

16/0.5 17

16/1 11

16/2.5 5

16/5 2

16/7 1

For completeness, an overview of εr for different components is given in table 4.2. Further, in
this context it might be relevant to consider some possible practical mixtures, these are included
in table 4.3. For the water containing ethanol, the worst case water concentration of ‘wet-ethanol’
AEHC is considered. According to ANP AEHC must have an ethanol content between 92.6 and
93.8 INPM (mass content). When we translate these value to volume fractions, AEHC must con-
tain between 94.1 ◦ GL and 95 ◦ GL, which means that the maximum water volume fraction is
equal to 5.9% [15].

Table 4.2: An overview of different εr of the relevant components at 293,15 K

Component εr

Deionized water 80.4

Gasoline 2.0

Ethanol 24.3

Table 4.3: An overview of different εr of the relevant mixtures at 293,15 K according to the linear mixing model

Mixture εr

E22 (pure components) 6.9

E85 (pure components) 21.0

E85 (ethanol containing 5.9% water) 23.8

E100 (containing 5.9% water) 27.6
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4.3. CHARACTERISTIC IMPEDANCE AND COMSOL SIMULATIONS

4.3.1. CHARACTERISTIC IMPEDANCE

As was discussed in section 4.1, the characteristic impedance is a key aspect in designing a coaxial
impedance probe. A coaxial probe can be viewed as a piece of an infinitely long transmission line.
The characteristic impedance can be viewed as the ratio between voltage and current when an
pulse is traveling along an infinitely long line at t=0. When the inner and outer conductors are
from a well conductive material, the two most important parameters are the series inductance
and the parallel capacitance. (Where the latter is employed in our measurement system) The two
formulas describing them are included in equations 4.1 and 4.2, where D is the inner diameter
of the outer conductor, and d is the outer diameter of the inner conductor. The characteristic
impedance is then obtained by 4.3, assuming that the resistance per unit length is zero.

(
C

l
) = 2πε0εr

ln(D/d)
(4.1)

(
L

l
) = 2πµ0µr

2π
ln(D/d) (4.2)

Z0 =
√

L

C
(4.3)

4.3.2. LENGTH OF THE COAXIAL PROBE

Since the characteristic impedance is in principle only determined by the ratio of the conductor
diameters, varying the length does not affect this value. The length of the probe however, has
significant implications on various parameters. When increasing the length of the probe:

• The value of Cp will increase

• The value of Ls will increase

• As a result of the increase of both values, the resonance frequency will decrease

• ∆Cp will increase, the increase in the parallel capacitance of the coaxial probe will increase
when the probe is longer. The insertion of a MUT with a higher εr will cause a larger in-
crease of the absolute value of the parallel capacitance. This effect is not yet advantageous
or disadvantageous, but can be taken in mind when an analog back and/read-out is de-
signed.

• To prevent the case of having standing waves on the probe, the length of the probe may not
exceed approximately a tenth of λ

• As a compromise between ∆Cp and a lowering of the resonance frequency, an effective
probe length of 50 mm has been chosen

4.3.3. COMSOL SIMULATIONS

To verify if the calculations on the characteristic impedance were done correctly, and to gain
some extra insight in the Electro-Magnetic field distribution inside a coaxial structure, some 2-
dimensional RF simulations were done on a coaxial cable. For these simulations the RF module
in Comsol was used. This simulation uses the dimensions of the coaxial structure, the dielectric
constant of the medium and calculates at first the analytic value of the characteristic impedance.
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Figure 4.1: Both integrals in the coaxial structure, source [6]

Then the electric and magnetic fields are calculated and graphically plotted. Now the voltage be-
tween the inner and outer conductor is determined by integrating the electric field over a bound-
ary which can manually be allocated. Secondly the current is determined by evaluating a contour
integral, where the closed contour is the circle along the outer conductor. Finally the character-
istic impedance is determined by dividing voltage and current. This value can now be compared
to the analytic value. Both integrals are depicted in figure 4.1. Further, the setup settings of the
simulation are included in table 4.4.

Table 4.4: Comsol 2-dimensional RF coaxial cable simulation setup for the εr = 17 case

Figure Value

outer conductor 16 mm

inner electrode 0.5 mm

εr medium 17

µr medium 1

σ medium 0

frequency 1 GHz

Table 4.5: Comparison of the characteristic impedance’s

D/d [mm] designed for εr Z0,anal y ti c Z0,si mul ated error [%]

16/0.5 17 50.399Ω 50.484Ω 0.168

16/7 1 49.566Ω 49.653Ω 0.175

In table 4.5 as well the analytic values of the characteristic impedance as the simulated values
are included. It was chosen to simulate both ‘extremes’, so for an εr of 1 and 17. The error is only
around 0.2% when the analytic approach is used, so with this simulation the calculation of the
characteristic impedance has been validated.

4.3.4. RELATION BETWEEN CONDUCTIVITY AND PARALLEL CONDUCTANCE

When doing the impedance measurements, the measured values will be mapped on the most
appropriate model, the parallel capacitance and conductance. Now, when one would like to
compare the measured value for the parallel conductance with the bulk parameter ‘conductiv-
ity’ [S ·m−1] or ‘resistivity’ [Ω ·m], there is a cell constant between both of them. The relation
between resistance and resistivity ρ is described by Pouillet’s law.
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Figure 4.2: The obtained simulation result for the εr = 17 designed probe. The electric field is depicted in
colors, whereas the magnetic field is marked by the arrow vector field. The red vectors are the tangential

components of the magnetic field used for integration.

Figure 4.3: The obtained simulation result for the εr = 1 designed probe. Clear is that the ratio of conductor
diameter is different from the previous simulation. The electric field is depicted in colors, whereas the

magnetic field is marked by the arrow vector field. The red vectors are the tangential components of the
magnetic field used for integration.
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R = ρ · ld

A
(4.4)

In the case of a coaxial impedance probe, the length ld is equal to the distance between the
inner and outer electrode. The calculation will be done, assuming the probe for ε= 1.

ld = D −d

2
= 16−7mm

2
= 4.5mm (4.5)

The area A is not a constant in the case of a coaxial structure, since the area of medium be-
tween the two electrodes is increasing when going from the inner to the outer conductor. The
area of a cylinder is now considered and filled in, in Pouillet’s law. Neglecting the parasitic effects
on the end of the coaxial structure, the inner electrode can be seen as a cylinder.

R = ρ · ld

2πr l
(4.6)

Now integrating this formula for the radius r.

R =
∫ r=Ro

r=Ri

ρ
ld

2πr l
dr = ρld

2πl
ln

Ro

Ri
(4.7)

Filling in the constants for the distance between the electrodes, the length of the coaxial probe
and the outer- and inner radius, yielding:

R = ρ ·1.18×10−2Ω (4.8)

After measuring Rp , the resistivity is thus.

ρ = Rp ·84.5Ωm (4.9)

4.3.5. RELATION BETWEEN RELATIVE PERMITTIVITY AND PARALLEL CAPACITANCE

Analog to the calculation of the resistivity from the parallel conductance, the relative permittivity
is also directly linked to the parallel conductance via a cell constant. The (parallel) capacitance
for a coaxial structure is described by the following equation:

Cp = 2πε0εr l

ln(D/d)
(4.10)

Solving this equation for εr yields:

εr =
Cp ln(D/d)

2πlε0
(4.11)

Filling in the values for a D/d ratio for an εr of 1 gives:

εr =Cp
ln(16/7)

0.05 ·2πε0
=Cp ·2.97×1011 F m−1 (4.12)
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Figure 4.6: The realized coaxial impedance probe

4.4. DESIGN AND REALIZATION
In figures 4.4 and 4.5 the design of the coaxial impedance probe is included. The design process is
carried out in communication with the author and with the advices and consultation of J. Baste-
meijer. The interchangeable inner electrodes can be used for higher ε calibration as explained
earlier, the parts of the probe are cashed (chemically silver plated) to improve series conductivity
and to prevent contamination and oxidation of the brass material. The design has been carried
out with the help of autoCAD design software. In the final assembly of the probe, some epoxy
material has been used. For all technical details, the report of F. Wolffenbuttel can be adressed.
[7]
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Figure 4.7: The realized coaxial impedance probe, note the different inner conductor diameters, as well as the
different calibration terminations



5
MEASUREMENTS DEDICATED PROBE

5.1. MEASUREMENT SETUP
All included measurements in this section were carried out on the same afternoon, to prevent
possible errors due to fluctuations in temperature. Secondly, the characteristic system was cali-
brated with the available load and short extensions of the dedicated probe, after the impedance
analyzer was warmed up (30 min.). At last, after every measurement with possible high ion con-
centration or other contamination sources, the probe was cleaned by putting it into a sample with
‘cleaning’ ethanol, where after the probe was partly disassembled and dried with compressed air.
Then the measurements with resulting samples were continued. For the measurements, a Matlab
script was used, which triggers the analyzer, such that no possible drift effects are visible. The
used Matlab code is included in section B.2. A complete overview of the measurement setup is
included in table 5.1.

Table 5.1: Measurement Conditions

Impedance Analyzer Agilent 4294A

Extension Probe Agilent 42941A

Meas. Probe Dedicated, coaxial

Measurement Range 100 Hz - 30 MHz

Calibration Medium air

Number of points 201

Sweep frequency, logarithmic

Excitation Sinusoidal

Exc. amplitude 500 mV

Raw data |Z|, θ

5.2. MEASUREMENTS
For this series it was decided to redo the measurements on all liquids done earlier using the exper-
imental probes, to get a complete overview of the results with one probe and setup. As described
above, measures have been taken to remove uncertainties. Apart from the three components
(ethanol, regular gasoline euro 95 and D.I. water) also Methanol and some E85 mixtures were
measured. Additionally two ‘E85’ mixtures contain respectively 5% and 10% D.I. water. This wa-
ter content is of cost of the pure ethanol content to mimic a practical situation where hydrous
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ethanol is used. The results for the parallel capacitance of the liquid are included in figure 5.1.
These results resemble the measurements done with the experimental probes, they are however
more stable over frequency. Again the double layer effect is present, however in a much smaller
extent than with tap water. The different liquids differ from eachother only in magnitude, and the
spectrum is flat over the whole frequency range. If no double layer effect is taken into account,
impedance measurements in the MHz range do not provide additional information compared to
measurement above the frequency where no double layer effect takes place, say 10 kHz. To in-
vestigate if the capacitance meets the linear mixture model also in the case of a ternary mixture,
and to validate the measurements carried out with the designed dedicated probe, a comparison
between the calculated value according to the linear mixing model using the measured values for
the pure components and the measured values of the mixtures has been made. The data points
at the frequency 102.9 kHz have been chosen, because at this frequency the possible influence
of the double layer effect is absent. For the case of self mixed E85 at 102.9 kHz for example, the
calculated value from the mixing model of 71.21 pF is close to the measured value of 69.36 pF.
A difference of 2.68% w.r.t. the measured value. For the two ternary E85 mixtures, see table 5.2
below .The influence of the inaccuracy introduced by the impedance analyzer was calculated and
found to be 0.894% for the parallel capacitance at this specific frequency and for these specific
impedances. The full calculation is included in the appendix D.

0.85 ·Cethanol +0.15 ·Cg asol i ne = 0.85 ·82.8p +0.15 ·5.54p = 71.21pF (5.1)

Table 5.2: The calculated capacitance according to the linear mixing model and based on the capacitance measure-
ments of the pure components at 102.9 kHz.

Mixture Cp linear mixing model [pF] Cp measurement Mixture [pF]

85%Eth. 15%Gas 71.21 69.36

80%Eth. 15%Gas 5%D.I. 81.92 82.77

75%Eth. 15%Gas 10% D.I. 92.63 91.00

In figure 5.2 the measured parallel conductance is shown. Also this parameter resembles the
results from earlier measurements using the experimental probes. Interesting is that the con-
ductance of methanol is close to D.I. water instead of ethanol, because larger similarity between
the two alcohols would be expected when their molecule structure in taken into consideration.
To say more about the results of the conductance measurements, again the results of the mix-
ture are compared with the linear mixture approximation using the measured values of the pure
components. Doing so it was found that the conductance values do not meet this linear mixing
model at all. Looking at the binary E85 mixture, again at 102.9 kHz, and taking zero conductance
for gasoline (conductance of gasoline is so small that it is with this setup barely measurable and
approximately 5 order of magnitudes smaller w.r.t. the conductance of D.I. water), the total con-
ductance of the self mixed E85 will be determined by the ethanol part. When we compare the
calculated value below with the measured value of 6.51µS, we see a discrepancy of a factor of 3.
The inaccuracy in the measured conductance originating from the impedance analyzer is found
to be 6.16%, see also appendix D.

0.85 ·24,0µS = 20.4µS (5.2)
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Figure 5.2: Gp measured with the dedicated coaxial impedance probe
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Figure 5.3: Gp for increasing ethanol concentration to investigate the parallel conductance further as possible
selection parameter

5.3. PARALLEL CONDUCTANCE REVISITED

Since, as described in section 5.2, the measured parallel conductance did not meet the expecta-
tion at all, this issue was revisited. Some more gasoline/ethanol ratios were measured using the
same principle as the method used earlier in this chapter. The purpose of this measurements was
to investigate any possible interaction between both components.

5.3.1. MEASUREMENT ETHANOL/GASOLINE MIXTURES

In figure 5.3 the conductivity of different gasoline/ethanol mixtures is measured. The ethanol
fraction is increasing from 10% up to 100% to see the effect on the conductivity. As can be noticed
on the conductivity level of the different traces, the equivalent medium approximation is not be-
having linearly. The conductance difference between an ethanol concentration of 10% and 30% is
significant, whereas from 50% and beyond, the steps in conductance as function of the increasing
ethanol concentration are really small. To have a good overview of this trend, the conductance
values are put in table 5.3, using the datapoints at a frequency of 9.98 kHz. There seems to be a
‘saturation’ effect at approximately 1.4×10−5 S. Another point of concern is the reproducibility of
the conductivity measurements. It was experienced that the conductivity measurements in par-
ticular varied over different days and that the measurements were strongly sample dependent.
Therefore, the repeatability will be treated in the next subsection 5.3.2.

Table 5.3: The measured parallel conductance as function of ethanol concentration at f=9.98kHz

Ethanol concentration Parallel conductance

10% 1.52×10−7 S

30% 5.41×10−6 S

50% 1.08×10−5 S

85% 1.21×10−5 S

100% 1.36×10−5 S



5.3. PARALLEL CONDUCTANCE REVISITED 43

Figure 5.4: The used mixtures for the conductance
measurements
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5.3.2. REPRODUCIBILITY

In order to obtain measurements as precise as possible, some actions were taken. The mixtures
under test were all made new at the same day, using new disposable containers. Three differ-
ent conductivity and capacitive measurements were carried out on the same afternoon, using the
same calibration. The mixtures were measured from 100 down to 10% ethanol, to start with the
‘cleanest’ mixture. The coaxial impedance probe was soaked completely, to prevent any possible
differences caused by a different degree of filling. And at last, after each series of measurements,
the probe was cleaned using pure ethanol. Time between each set was approximately 1 hour.
These circumstances could be considered as a test for repeatability. The result is plotted as per-
cent deviation of the second and third series with respect to the first series. For readability reasons
only the graphs of the 10%, 50% and 90% ethanol have been plotted. In figure 5.6 the percent devi-
ation of the different capacitance measurements is included. It can be seen that the repeatability
error is largest in the lower frequency ranges. This can be explained by a higher inaccuracy of
the impedance analyzer at the lower frequency, because here the magnitude of the impedance of
the electrode/liquid interaction is much higher (capacitive). The repeatability error is between 0
and 5% for the capacitance measurement. What also can be noticed, is that the deviation of the
third measurement is just a scaled version of the deviation of the second. In figure 5.7 the percent
deviation of different conductance measurements is included. First thing noticeable, is that the
deviation is much higher, especially the mixtures containing a higher ethanol content are show-
ing significantly higher deviation. It can be concluded after this experiment in lab circumstances
that the capacitance measurement is much more stable and reliable in terms of reproducibility
while the conductance measurement shows deviations up to 35%. Obvious from both figures is
that the capacitance measurement obtains a better repeatability.
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5.3.3. LITERATURE

Because the conductance measurements still show poor repeatability and strong non-linear mix-
ing behavior, more research was done in literature about this topic. Literature about gasoline/ethanol
conductivity can be found [[8],[29]]. D.W. Kirk did measurements specifically on the parallel con-
ductivity of gasoline, ethanol, water mixtures. Some important theoretical conclusions can be
drawn from his data of ethanol-gasoline mixtures.

• For low ethanol concentrations, up to 30%, the conductivity increase can be considered
logarithmic. See also figure 5.8 where the measured values by [29] have been plotted on a
logarithmic y-axis.

• For an ethanol concentration between 5% and 40% an increase in temperature decreases
conductivity, whereas for ethanol concentration outside this interval an temperature in-
crease increases the conductivity. [29]. No explanation for this phenomenon was found
yet.

• The influence of water on the conductivity is dependent on the ethanol, gasoline ratio. See
also figure 5.9.

From the prototype and measurements done by Moreira et al.[8], important conclusions can
be drawn about the ethanol/gasoline conductivity.

• The conductivity measurements are general strongly sample dependent.

• The temperature dependency is dependent on the ethanol concentration. Ethanol conduc-
tivity drops quicker than gasoline’s when temperature drops. See also figure 5.10

• Temperature effects will be more drastic when static dissipators are added. This claim is
made in literature, but is within this work not verified.
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Figure 5.8: The conductivity of ethanol/gasoline mixture at 3 different temperatures as function of ethanol
content. This plot has been reproduced with data originating from [29].

Figure 5.9: The added water was double distilled.
The amount of water that can be added to the
gasoline/ethanol mixture increases with the etha-
nol concentration, Source:[29]

Figure 5.10: Temperature influence on ethanol-
gasoline mixture conductivity. Source: [8]
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5.4. CONCLUDING REMARKS ELECTRICAL DOMAIN
As was already stressed in the introduction of this thesis, to solve the ternary mixture problem two
measurement parameters are in search which are reliably measurable, have a good reproducibil-
ity and repeatability. The two parameters should be selective to one or more of the components.
An important aspect is the independency of the two parameters, with other words orthogonality
should be introduced which result in a unique solution of the problem. There may be no de-
pendency between the two measurement parameters. Furthermore introduced uncertainties, for
example temperature effects, should be deterministic making correction possible.

In this thesis work, the primary domain of interest was the electrical domain, independent of
the frequency used. The question if impedance behavior could be exploited as a selection param-
eter to fully solve the ternary mixture problem was kept in mind up to this point in the thesis work.
During the explorative feasibility study, it soon became clear the the dielectric relaxation effect is
certainly measurable. However, the high relaxation frequency of water ( 20GHz) requires dedi-
cated RF design and forms a challenge with was not intended to address within this work. The
low frequency impedance domain was investigated. By measuring the impedance, two possible
selection parameters can be thought of, namely the magnitude and phase behavior, or equiva-
lently the real and imaginary part. It was found that the real part is directly linked to the parallel
conductance, whereas the imaginary part is directly linked to the capacitance.

After the measurements with the dedicated impedance probe were carried out, it can be con-
cluded that the capacitance part of the equivalent circuit model meets the linear model as was
expected and seems promising to function as a selection parameter. The conductance however
doesn’t follow this line. As supported by the described measurements and the discussed litera-
ture some major disadvantages became clear. The most important ones are the complex mixing
model, the composition dependent temperature dependency, the sensitivity to the ion concen-
tration, contamination and static dissipators and the ethanol sample dependency. In addition,
the difficulties in obtaining proper repeatability and the temperature dependency which reverses
direction in certain ranges for the ethanol fraction. Due to all these reasons, it was decided to
abandon the parallel conductance as a selection parameter for the ternary mixture problem.

To summarize all the findings on the electrical domain up to this point:

• The dielectric relaxation of water happens around 20GHz

• Reliable magnitude/phase measurements in this frequency range appeared to be challeng-
ing 2.2. A prototype will most likely need to be an integrated chip, requiring a RF design
procedure.

• Imaginary part of LF impedance, c.q. parallel capacitance, provide a robust and stable first
parameter. Repeatability was measured as good. Effective medium approximation is best
described using a linear mixing model.

• Real part of LF impedance, c.q. parallel conductance, is not useful for multiple reasons:

– Complex mixing algorithm

– Composition dependent temperature dependency, sign of coefficient reverses

– Sensitive to free ion concentration

– Dependency on static dissipators

– Conductivity strongly sample dependent

– Poor repeatability
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With these remarks the research in to the electrical domain is concluded. The second do-
main which will be worked out further is the optical domain, exploiting absorption spectroscopy.
The motivation for this domain is mainly based on selectivity. More about the motivation will be
explained in chapter 6.





6
OPTICAL ABSORPTION SPECTROSCOPY

6.1. MOTIVATION OPTICAL DOMAIN
From the final conclusion of the electrical domain it became clear that only one useful indepen-
dent measurement parameter is delivered by this domain. At this point a second independent
measurement parameter is required. From the feasibility study (see also chapter 2) two domains
offer both good selectivity to one of the three components and interesting possibilities for imple-
mentation and integration in the final application. When looking at the selectivity aspect, water
is dominating the permittivity in the electrical impedance behavior whereas gasoline is compara-
tively weak. In the thermal domain, water again has the largest values for thermal capacitance
and conductance. Simultaneously, gasoline is dominating the absorption behavior in the UV
range whereas water does not contribute to the optical absorption in this range. So in the LF
impedance domain water is the strongest component, but in the optical domain, gasoline seems
to be the dominating one. Combining both techniques, so LF impedance spectroscopy and UV
absorption spectrometry, would introduce a large orthogonality between gasoline and water in
solving the ternary mixture problem.

6.2. THEORY

6.2.1. ABSORPTION SPECTROSCOPY

Spectroscopy focuses on the interaction between light and matter as function of wavelength λ.
This interaction can change the state of electrons and molecules. As a result different effects can
occur, namely scatting, emission or absorption of light. The measurement technique which is
considered here is absorption spectroscopy applied to organic compounds. When light is ab-
sorbed by matter, electrons of molecules are excited to a higher quantized energy level in the
atomic structure. Absorption at certain wavelengths happens if the energy difference of the elec-
tron transition between the two atomic states matches the energy level of the incident photons.
By analyzing the light before and after the interaction with the matter under test, the absorption
behavior can be determined. This data can give valuable information in characterization of ma-
terials. [30]

In this study where the considered matter consists of organic compounds and water, the ef-
fect which is studied is mainly the interaction between the incident photons and the electrons in
the organic compounds. Gasoline contains a lot of components containing aromatic bonds [31],
for example benzene and toluene (methyl-benzene), which strongly contribute to the electronic
interaction. According to literature [32], benzene for example shows strong light absorption near
180 nm (which is in practice not very useful because air starts to absorb too). It has further ab-
sorption bands at 200 nm and 254 nm, see also figure 6.1 for the spectrum of benzene, which was

49
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Figure 6.1: The spectrum of benzene among others. Source: [9]

found in literature [9]. Further it can be noticed that when these topics are discussed, a small ex-
ploration in the field of chemistry is made, and that the absorption spectroscopy measurements
are not solely limited to the field of electronic instrumentation.

6.2.2. BEER-LAMBERT

The absorbance of a liquid can be described by the law of Beer-Lambert. It states that the to-
tal resulting absorbance is determined by the extinction coefficient εi , the molar concentration
of the absorbing component ci and the optical path length l . Theoretically it can be thought of
as the number of absorbing molecules which are present in the optical path. It also states that,
when considering a mixture, the total resulting absorbance A is a summation of the separate ab-
sorbances, assuming that no interaction takes place between the molecules of the components of
which the mixture consists. In the situation of gasoline, water and ethanol mixtures, this would
mean that the absorbances of the separate components will add up. Preliminary measurements
showed that the absorbance of water is negligible and that the absorbance of gasoline is orders of
magnitudes larger than the spectrum of pure ethanol.

A =
N∑

i=1
εi ci l (6.1)

6.3. MEASUREMENT SERIES I: OCEAN OPTICS TUD
6.3.1. MEASUREMENT SETUP

To correctly measure the absorption spectrum, the right measurement setup is key. The first set
of measurements is carried out using spectrometers from Ocean Optics in combination with a
reflectance probe, which is put into the liquid under test, see also figure 6.2. The first spectrometer
is the Ocean Optics Flame and is capable of determining the absorption behavior from 337 - 1023
nm, so the visible range as well as part of the Near-Infrared (750-1400 [nm]) and a small fraction of
the UV spectrum (10-400 nm) is covered. The second available spectrometer is the Ocean Optics
Maya, which is a dedicated UV spectrometer, and is capable of measuring the absorption behavior
from 200 up to 400 nm. In the used setup however, the results got unreliable from 250 nm and
below, because of the absorption of the used fibers. Both Ocean Optics devices use dark and
full-exposure calibration, to correct for back-ground light and for the spectrum of the light source
itself. The medium for calibration is air. Because the transmission through the boundary between
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Figure 6.2: The used reflectance probe probe Figure 6.3: Fluorescence in the Dutch gasoline

the coupling fiber and the medium is higher when a liquid is used instead of air, some absorption
result will give negative values. This ‘offset’ will not affect the spectral behavior. The light source
used in this set up is a halogen-deuterium source, to cover the full spectrum. The calibration is
done before the measurement and during measurement the signal from the detector is corrected
with the calibration values. See also table 6.1 where a summary of the measurement parameters
is included. The used absorption quantity is the absorbance, because its scale is logarithmic and
therefore suitable to cover the range of absorption for the measured liquids. Secondly because of
the linear addition when a mixture is considered, as already described above. The absorbance Aλ

for a certain wavelength λ is defined as follows, where S is the sample intensity, R the reference or
calibration intensity and D the background of dark intensity.

Aλ =−l og10(
Sλ−Dλ

Rλ−Dλ
) (6.2)

Table 6.1: An overview of the different measurement parameters

Parameter Value

Optical pathlength 20 mm

Lightsource Halogen/Deuterium

Measurement range Flame 337-1023

Measurement range Maya 171-389 nm

Calibration medium air
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Figure 6.4: The measurement results of the flame Ocean Optics spectrometer.

6.3.2. MEASUREMENTS OCEAN OPTICS FLAME

The measured components are D.I. water, pure ethanol, pure methanol, regular dutch gasoline
Euro 95 and Regular American gasoline supplied by Ford Motor Company and therefore denoted
as FMC here. Visually, this FMC gasoline differs from the regular gasoline, because the FMC fuel
is green and more transparent w.r.t. the Dutch fuel, which is dark yellow. This already implies
that the visible range of the spectrum will not be suitable to distinguish between different kinds
of gasoline. The measurement result using the Flame spectrometer is included in figure 6.4. It
can be seen from these results that in the IR range, water starts to absorb significantly and that
in most of the visible range no component is showing a specific spectral behavior. From 500 nm
and below, the two different gasolines start to absorb dramatically, but a large difference between
both is present. More detailed measurements on these two gasolines from 400 nm and below will
be treated in the next section 6.3.3.
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Figure 6.5: The measurement results of the Maya Ocean Optics spectrometer.

6.3.3. MEASUREMENTS OCEAN OPTICS MAYA

In this section, the measurements in the UV range are treated. The same components as in the
visible measurements are measured. The result is included in figure 6.5.The range goes down to
171 nm, but since the results get unreliable from 220 nm and below, only these are included. As
was expected from the measurements with the Ocean Optics flame spectrometer, around 400 nm
a domination of the absorption by gasoline is present. This time however, the gasolines dominate
also the rest of the UV range and even behave equal from approximately 315 nm and below. This
result is actually promising, because a measurement parameter is desired which is independent
of the type of gasoline. It is further the case that the absorption is that high, that the obtained
values are close to the noise floor and are not ideally located within the dynamic range of the
measurement setup. This is the case because in this first measurement series, an overview of
the absorbance spectra of multiple components was meant to be given. Now it became clear
that for more spectral information, the gasoline mixtures need to be either diluted or a smaller
optical path length should be used. More about the UV measurements on gasoline mixtures will
be treated in section 6.4. Looking at the other components of the measurement result included
in figure 6.5, it can noticed that the absorption of D.I. water is very small and ethanol shows a
specific peak around 250 nm. Methanol does not show this peak but follows the trend of ethanol
to a smaller extent. An important conclusion up to this point is that both gasolines absorb orders
of magnitude more than the other two components of the ternary mixture.
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6.4. MEASUREMENT SERIES II: VARIAN CARY 500 FMC
In this section the measurements carried out at the Research and Advanced Engineering Depart-
ment of Ford Motor Company in Dearborn are described. During the internship project ‘Particu-
late Matter Measurement by Impedance Spectroscopy’.

6.4.1. DIFFERENT OCTANE RATINGS

In this section, more test fuels and off the shelf fuel originating from the fuel house at Ford, Dear-
born, are measured. Since an important parameter of gasolines is the octane rating, some com-
ments about parameter will be made. The octane rating is a very important parameter in rela-
tion to uncontrolled combustion of the air/fuel mixture in combustion engines. When the com-
bustible gas is compressed in the engine, it is important that combustion takes place only when
the mixture is ignited by the spark plug. When, due to high pressure and thus resulting tempera-
ture increase, the gasoline/air will spontaneously ignite itself, serious engine damage can be the
result. This effect is also called knocking.

Three different indexes are used world wide to denote the octane rating, namely RON, MON
and AKI. RON stands for research octane number is obtained under laboratory conditions, us-
ing different compression ratios. MON stands for motor octane number and is obtained using a
motor running on 900 rpm and variable ignition timing. AKI stands for anti-knock index and is
obtained by the following formula: AK I = RON+MON

2 . [33]

6.4.2. MEASUREMENT SETUP

For this set of measurements, a Varian Cary 500 Spectrophotometer was used in combination
with quartz cuvettes. This device uses a double beam, one for a reference sample and one for the
actual measurement. So apart from the initial dark- and full-exposure calibration, the device is
correcting real time for possible variations of the spectrum of the light source over time. Since the
output power of the light source and the integration time of the detector were not adjustable, the
optical path length is critical.

To determine which optical path length would be best suitable in this setup, three different
values for the optical path length were used, namely 10 mm, 5 mm and 1 mm. Some preliminary
measurements were carried out using the three main components of our ternary mixture, as well
as 1 type of ‘off the shelf’ fuel, summer E85. The gasoline used is indolene 50E clear gasoline,
which is a standardized test gasoline free of additives and coloring. The used version here has
a premium octane rating, which corresponds to an AKI index of 93. This is equivalent with the
RON98 index used in Europe.

The result is included in figure 6.6. From these results it is obvious that the indolene gasoline
and the E85 saturate strongly against the detection limit of the spectrometer in the case of optical
path lengths of 10 mm and 5 mm. Because of this ‘clipping’ a horizontal shift in the transition
from the transmission to the absorption region is shown. This effect can be explained by the law
of Beer-Lambert. When the extinction coefficient is multiplied by a large number for the optical
path length, the extinction coefficient graph will be ‘blown up’ and this horizontal shift will occur.
When the optical path length is decreased to 1 mm, spectral information below 280 nm is visible
again for the gasoline containing E85, see also the local minimum peak in absorbance in figure
6.6 in the red dash-dotted trace.

The comparison measurements could be summarized by concluding that the 1 mm path
length is the most suitable to obtain best spectral information. Since saturation still exists with
the 1 mm cuvettes, it was decided to dilute the gasoline (mixtures) with a suitable solvent. In this
way the absorption behavior of the gasoline (mixtures) would fall into the lower absorption ranges
and the measurements would give the best spectral information. Cyclo-hexane was chosen as the
solvent, because of the low absorption over the entire UV spectrum and the fact that it dissolves
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Figure 6.6: Comparison of three different optical path lengths.

the relevant components well. According to literature [34] the cut-off wavelength in the UV range
of cyclo-hexane is 195 nm. In table 6.2 a summary of the measurement parameters is included.
During initial measurements it was already found that D.I. water does not absorb significant light
in the UV range, hence does not interfere using this measurement technique.

Table 6.2: An overview of the different measurement parameters.

Parameter Value

Average time 0.3 s

Spectral BW 2.000 nm

Measurement range 200-400 nm

Optical Pathlength 1 mm

Cuvettes Quartz

Solvent Cyclo-hexane

6.4.3. SINGLE COMPONENT HYDROCARBONS

Since gasoline is a mixture of tenths of different hydrocarbons, it was thought that it would be
good to investigate some single component hydrocarbons. Then the measured liquid is exactly
defined, and can therefore also be used to check for the setup and the way the measurements
are carried out. Available were cyclo-hexane, hexane and toluene. Toluene is a compound of
gasoline, and typical gasoline compound analysis yields values ranging from 3.5 up to 22 mass
percent [31]. The result is included in figure 6.7. It is clear that hexane and cyclo-hexane do not
show absorption in the UV range, which corresponds with literature [34]. It is obvious that the
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Figure 6.7: The measured single component hydrocar-
bons and indolene with an optical path length of 1 mm.
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Figure 6.8: The measured single component hydrocar-
bons and indolene with dilution.

absorbance values of toluene and indolene gasoline strongly saturate against the detection limit
of the device, as also described above 6.4.2.

Therefore measurements where toluene and indolene are diluted have been carried out and
two different dilution ratios have been used, 1/10 and 1/100. Because the influence of the diluted
liquids, here indolene and toluene, is investigated, now a cuvette with the solvent is used as a
reference (instead of air, an empty cuvette). The result of this measurement including dilution,
is included in figure 6.8. Obvious is now that there is much more spectral information, than in
the earlier measurements. Especially the 1/10 and the 1/100 dilution of the toluene show clearly
some peaks.

It can be concluded that the 1 mm measurements without any dilution just absorbs too much
light to show the specific absorbance peaks. For toluene specifically it can be concluded that the
1/10 dilution is still absorbing too much light, because the 1/100 dilution show a much sharper
peak. Indolene (test gasoline without additives) behaves similar as the toluene with a small hor-
izontal shift to larger wavelengths, also called red shift. This could be caused by the presence of
different other components in the indolene fuel which decreases the energy needed to result in an
energy transition which causes the absorption behavior. Since the longer wavelength light carries
less energy, this might explain this red shift [34].

6.4.4. ETHANOL/GASOLINE MIXTURES

Since the optimal path length and dilution ratio is investigated, now the absorption of gaso-
line/ethanol in different ratios was measured. Indolene 50E clear was used in combination with
the so-called 200 proof ethanol (>99.98% pure). The dilution ratio of 1/10 is used to optimally
use the dynamic range of the spectrophotometer. No dilution is applied when measuring pure
ethanol to prevent further loss of spectral information. As can be seen in figure 6.9 two absorp-
tion features are present. One local minimum in the absorption at 240 nm and a peak around 265
nm. Despite the dilution ratio of 1/10 and the path length of only 1 mm, saturation at minimum
sensitivity occurs at 70% indolene concentration and beyond. On the other hand, no saturation
is present and the absorption is dominated by gasoline content at 240 nm.

To investigate if this gasoline-dependent absorption behavior could be utilized in determining
the composition of the initial ternary mixture problem, indolene 50E was replaced with a differ-
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Figure 6.9: The measured absorbance of different
ethanol/indolene ratio’s. The dilution ratio is included
in the legend.
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ent kind of an ‘off the shelf’ test fuel, namely Unleaded Low Octane gasoline 87RON (Research
Octane Number) in a new series of identical measurements. The results are shown in figure 6.10.
The absorption behavior seems to resemble the measurements of indolene gasoline, the spectral
behavior is very similar. This result can be considered as promising in the final application of a
future optical extension of the fuel composition sensor system in flex fuel vehicles.

To look if the relation between absorbance and gasoline content is linear, as predicted by the
theory described in section 6.2, two different points in the UV spectrum have been taken for both
the indolene as the 87RON mixtures. At these points the total absorbance was plotted against
gasoline content. The 240 nm wavelength was chosen, because of the local minimum, which has
turned out to be typical for different gasolines. Because of the saturation effect at 265 nm, a higher
dilution ratio or smaller optical path-length should be used at and around this wavelength. In-
stead of this peak, the wavelength 290 nm was chosen instead, to still supply a second wavelength
where the absorption behavior can be analyzed. The result of this plot is included in figure 6.11.
It can be concluded from this plot that the relationship between gasoline content and optical ab-
sorbance is linear, and the slope between both is dependent on the used wavelength. Since both
gasolines have different compositions, this explains the discrepancy at higher gasoline content.
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6.4.5. OCTANE CONTENT AND SUMMER/WINTER GRADE

During the research, some practical ‘off the shelf’ fuel blends were available. Again, absorp-
tion measurements were carried out to investigate the dependency on octane number and sum-
mer/winter blends. The results are included in figures 6.12 and 6.13. The effect of the octane con-
tent on the absorption behavior is very small, it can also be concluded that the higher volatility
winter fuel behaves similarly to the E85 summer version. This result can be considered as promis-
ing, since insensitivity for this type of uncertainties is preferred. Note the different dilution ratios
that were used to prevent loss of spectral information.

6.4.6. NEAR- & MID-INFRARED MEASUREMENTS

In this section the same ethanol/gasoline mixtures as in the previous section are treated, however
this time the infra-red range is considered. The absorption behavior was measured up to 3300 nm.
No interesting results were measured from 700 up to 2000 nm, for that reason these results are not
included here. The range from 2000 up to 3300 nm is divided in two plots. The results for the 2000-
2700 nm range for the mixing series with both gasolines are included in figures 6.14 and 6.15. In
the first figure 6.14 both the diluted gasoline/ethanol mixtures and the absorbance behavior of
pure ethanol are included. From this plot it is obvious that in this range ethanol is dominating
the optical absorbance. Note further that from 90% ethanol content and below (and thus 10%
gasoline content and beyond) a dilution with 1/10 ratio was used, since the IR measurements
were carried out in the same series with the UV measurements. In the second figure 6.15 the
absorption behavior of 87RON gasoline is included. Because no pure ethanol is included this
time, the y-axis is much more zoomed in. At multiple wavelengths in the spectrum the linearity
between ethanol concentration and optical absorbance is shown. For example at and around the
peaks at 2084, 2270 and 2482 nm.

In figures 6.16 and 6.17 the second part of the IR range is included for the mixing series with
both gasolines. In the first figure 6.16 it can be remarked that from an ethanol concentration of
30% and beyond the absorbance strongly saturates and that the measurement results get very
noisy. The trend of increasing absorption with increasing ethanol concentration is still exhibited.
A typical absorption peak for ethanol appears to be present around 3000 nm. In the second figure
6.17 the result of the 87RON gasoline is included, which resembles the result of the absorption
measurements which were carried out using indolene measurement. This was expected, since in
the IR range the absorbance is strongly determined by ethanol, instead of gasoline.

When comparing both sub-ranges within the UV, for example for 87RON gas (see also figures
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Figure 6.14: The measured absorbance of different ethanol/indolene ratio’s in the IR range. The dilution ratio
is included in the legend.

6.15 and 6.17 and taking into account the different scaling of the y-axis, it can be concluded that
the extent to which ethanol absorbs varies strongly between the two ranges. In other words the
sensitivity of the optical absorbance to ethanol concentration differs strongly between the two
wavelength ranges. This effect could be exploited in a practical implementation for redundancy
or multiple channel purposes.
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6.5. POSSIBLE IMPLEMENTATION TECHNIQUES UV 61

Wavelength[nm]
2700 2800 2900 3000 3100 3200 3300

A
bs

or
ba

nc
e[

-lo
g1

0(
T

)]

0

0.5

1

1.5

2

2.5

3

3.5

4
Absorbance Gas 87RON/Ethanol mixtures - IR Range

10% eth. 90% ind. 1/10
30% eth. 70% ind. 1/10
50% eth. 50% ind. 1/10
70% eth. 30% ind. 1/10
90% eth. 10% ind. 1/10

Figure 6.17: The measured absorbance of different ethanol/indolene ratio’s in the IR range. The dilution ratio
is included in the legend.

6.5. POSSIBLE IMPLEMENTATION TECHNIQUES UV

As can be concluded from the measurements in the UV range, described in section 6.4 is that gaso-
line shows useful features in the UV domain between 220 nm and 300 nm. In this section imple-
mentation techniques for a microspectrometer are proposed. With these propositions theoretical
and chemical issues related to the measured spectral behavior are left open for later discussion in
this thesis.

6.5.1. UV LEDS & UV ENHANCED PHOTODIODES

The advantage of the availability of a full spectrum in the measurement range of interest is that
full information about the absorption features is present, more specifically the peaks and local
minima in the absorption behavior. This information may be useful in the case of unexpected
values in the measured spectrum, for example caused by so called blue or red shifts. The extent
to which this possible uncertainty plays a role is not yet determined within the measurements
carried out up to this point. When it is assumed that the spectrum is stable and reproducible
and that unexpected changes to the spectrum of gasoline are within the error range, it might be
possible that significant information is provided by determining the absorption only on specific
wavelengths.

A simple implementation for the microspectrometer system which can be thought of is a multi
channel combination of multiple LEDs and photodiodes. Within the wavelength of interest mul-
tiple UV LEDs are commercially available, for example at 265 nm and 280 nm. [35] The combi-
nation of LEDs and photodiodes could be implemented in a 3D prototype, most likely with the
use of collimators. When designing a microscectrometer using LEDs and photo diodes also the
different refractive indices of ethanol, gasoline and water have to be taken in to consideration.
Different optical path lengths could be utilized according to absorbance sensitivity to gasoline
content, since it was discovered that this sensitivity is dependent on the used wavelength, see
also figure 6.11.
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Figure 6.18: A schematic overview of the measure-
ment system based on a LVOF.

Figure 6.19: The LVOF on top of a detector array.

6.5.2. LINEAR VARIABLE OPTICAL FILTERS

The second proposal for a possible future implementation for the microspectrometer application
describes a more advanced technique. A system based on a Linear Variable Optical Filter (LVOF)
is proposed. The main advantage of this implementation compared to the LED implementation
is that more spectral information is provided. In case of unexpected changes in the spectrum of
gasoline (for example by a blue or red shift, or contamination other UV absorbing compounds)
the location of the absorption features might still be determined and corrected for. The three main
optical channels of interest (taking into account most interesting ranges of gasoline absorption)
are therefore centered at 240 nm, 265 nm, and 290 nm. A value of about δλ = 1 nm is required for
a proper gasoline content estimation, considering measurement results of gasoline absorbance.

The LVOF is composed of two reflectors separated by a cavity. The depth of the cavity de-
termines the transmission wavelength. The resolution is determined by both the reflectivity and
the cavity depth. Figure 6.18 shows the schematics of the optical sensor design. The structure
consists of four main components: 1) a light source, 2) a sample cell, 3) LVOF, and 4) the photo
detectors. Further advantages of LVOF-microspectrometer designs are the CMOS compatibility
and high spectral resolution when operated over a relatively narrow band. To conclude, a sensor
system based on multiple-LVOFs centered around the intended spectral channels is promising
for this application [36]. In figure 6.19 an illustration of the LVOF is included, on top of a detector
array.

6.6. CONCLUSIONS OPTICAL ABSORPTION SPECTROSCOPY
In this section two different setups have been utilized to investigate the absorption behavior of
the three main components of the ternary mixture problem. By combining the measurement
results valuable information of the absorption behavior was obtained. As a result conclusions
can be drawn on the application of absorption spectroscopy as measurement technique. As was
already expected by the use of different colorings, the visible range does not provide sufficient
component specific spectral information and is dependent on the type of gasoline measured. In
the IR range, most interesting results were obtained in the range 2000 nm to 3300 nm. Ethanol
is strongly dominating the absorption behavior. However, also water is a strong absorber in this
range. Therefore it was decided to work out further the UV range of the spectrum. It was namely
found that different kinds of gasolines showed similar absorbance spectra. Features such as dif-
ferent peaks resp. local minima were positioned on the same location. Variations originating from
winter vs. summer grade gasolines or different octane ratings showed negligible discrepancies in
absorption behavior. Since questions relating to these topics ask for a more chemical analysis,
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more research in to this field might be needed to fully explain the effects which were measured
up to this point. At last two proposals for a practical implementation of a microspectrometer are
given. Concluding, it can be said that the optical domain, in particular the absorption behavior
of gasoline in the UV range between 230 and 300 nm certainly provides promising possibilities in
delivering the second measurement parameter for the ternary mixture problem.





7
CONCLUSION & FUTURE OUTLOOK

7.1. CONCLUSIONS
The research work was focused on a measurement system capable of determining the composi-
tion of a ternary bio-fuel mixture containing water, gasoline and ethanol. A starting point for the
measurement uncertainty was based on the state of the art and maximally 3-5% of the final deter-
mined composition fractions. A number of different domains were studied, namely the electrical,
optical, thermal and mechanical domain.

Low-frequency impedance The first domain which was treated was the impedance domain up
to 30 MHz. Multiple measurement series on the LF impedance behavior, as well of the separate
components of the ternary mixture, as of mixtures of them have been carried out. Additional
measurements were carried out on methanol for possible future applications, mainly meant for
the Chinese market.

For these impedance measurements a dedicated coaxial impedance probe was designed. With
this probe, better calibration, higher accuracy and more stable results were obtained compared
to the preliminary measurements using experimental probes. It was found that free ions in the
liquid cause an electrode polarization effect, resulting in an increase of the measured parallel ca-
pacitance below a certain frequency. This effect results in an additional series capacitance, to the
parallel capacitance/conductance equivalent circuit model.

Parallel capacitance It can be concluded that the parallel capacitance, or equivalently, the rel-
ative permittivity, can be exploited as a selection parameter. The permittivity for the three main
components is significantly separated and constant throughout the whole frequency range up to
30 MHz. The effective medium approximation for the relative permittivity of a binary or ternary
mixture is highly linear. Repeatability measurements yielded percent deviation values below 5%.
Considering other uncertainties such as mixing errors and temperature effects, it is expected that
repeatability is sufficient to comply with the desired final inaccuracy range. Additionally, when
the electrode polarization effect is accounted for, this selection parameter is not sensitive to free
ions.

Parallel conductance In contrary, the parallel conductance, or equivalently the conductivity,
was found to be not a useful selection parameter for three of reasons. Firstly, the mixing model to
determine the conductance of a mixture is found to be piecewise logarithmic as function of etha-
nol concentration, which makes the mixing model composition dependent. The temperature de-
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pendency is composition dependent which makes it challenging to compensate for temperature
effects, before the composition is known.

Secondly is the conductance dramatically influenced by free ion concentration as also sup-
ported by measurements. The static dissipators that are present in gasoline for safety reasons
also have a non-negligible influence on the conductance.

Thirdly it was found from measurements that the conductance of ethanol is strongly sample
dependent. This effect effect was supported by literature.

Fouling scenario When the application of the sensor system is limited to the use of a specific
gasoline/ethanol ratio, for example E85 or E22, the LF impedance measurement technique can be
used to detect fouling. Since in such a scenario additional information is supplied, namely that
the gasoline content is fixed and known, it can easily be checked whether the parallel capacitance
and conductance meet the subset of a legitimate mixture. Even if ion-free water is added, the mix-
ture will not fit a legitimate combination of capacitance and conductance, and it is evident that
fouling has occurred. Because the application of the parallel conductance as selection parameter
is now restricted to a specific expected ethanol content, the uncertainties originating from sam-
ple temperature dependency and mixing model are not applicable here. The other uncertainties
in measuring conductance, such as static dissipators and sample dependency, are still an issue if
a practical implementation is considered.

Domain analysis Since the impedance measurements up to 30MHz deliver only one useful and
valuable parameter, namely the parallel capacitance, a second selection parameter is required
to solve the ternary mixture problem in all mixture scenario’s. G. Lacerenza proposed the effect
of dielectric relaxation as selection parameter. The relaxation frequency of ethanol is around 2
GHz, whereas the relative permittivity of water rolls off around 20 GHz. Since a prototype in this
frequency range will most likely be an integrated chip and because this RF topic would fall out of
the framework of this thesis, it was decided to consider more domains.

A feasibility study has been carried out, which resulted in two promising domains, the thermal
domain, exploiting the thermal capacitance and conductance, and the optical domain, exploiting
absorption spectroscopy.

In the thermal domain, water is by far the strongest parameter, its thermal capacitance and
conductance are significantly higher than those of gasoline and ethanol. Water also has the largest
relative permittivity (εr,w ater = 80 as compared to εr,g as = 2), and is thus dominating in this do-
main too.

Based on preliminary measurements, it was found that gasoline is dominating the absorption
behavior in the UV. For selectivity reasons, the combination of LF impedance with optical absorp-
tion is preferred over the combination of LF impedance with thermal conductance/capacitance.

Optical absorption spectroscopy For the research in the optical domain, numerous measure-
ments over the whole wavelength range have been carried out using the three components of
the ternary mixture, but also practical car fuels and test gasolines originating from Ford Motor
Company have been measured.

For the UV range 200-400 nm it was found that the optical absorbance is strongly dominated
by gasoline. Ethanol does have a spectrum in the UV too, but its absorption is more than four or-
ders of magnitude smaller in this range. D.I. water does not show any absorption in the UV range
at all, which can be considered advantageous, since it improves orthogonality in distinguishing
the three components.

The visible range can be considered as not useful, because of the application of colorants that
are added to gasoline. For different regions of the world, different colorants were observed. In the
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infra-red range from 2000-2700 nm, a useful ethanol-specific spectrum was found, but an even
stronger ethanol absorption was measured in the range 2700-3300 nm.

Furthermore, it was found from measurements that the octane content of the measured gaso-
lines and the summer or winter grade had a negligible influence on the spectral behavior. Gaso-
line consists of a large range of various hydrocarbons. To fully understand which hydrocarbons
cause the gasoline specific absorption behavior, more research is, for example a chemical com-
position analysis of different gasolines.

7.2. PROPOSED MEASUREMENT SYSTEM
Based upon the in-dept analysis of the LF impedance and the optical domain, and after the fea-
sibility study was performed, in this section a measurement system for the application of a Flex-
Fuel sensor will be described. The best combination of domains to form a measurement system
based on the findings of this work is given and motivated.

First, the relative permittivity should be used as selection parameter for reasons as described
above: non-destructiveness, linear mixing behavior, non-sensitivity to free ions, high stability and
good reproducibility. Another advantage is that a low frequency can be used. Depending on the
free ion concentration in the liquid under test, a lower limit is approximately 10kHz, based on
experiments with the gasoline from Ford Motor Company.

Because water is the dominating component in the relative permittivity, and because the
highest orthogonality is obtained when different components dominate over different domains,
the choice for the optical domain is the best option, compared to the thermal domain. The local
minimum at 240 nm and the peak at 265 nm are very suitable spectral features where the optical
absorbance can be exploited as gasoline estimator. But even more experiments in the frequency
range 270 nm to 300 nm are expected to give useful results for the application of gasoline estima-
tion based on the optical absorbance.

However, the important condition that has to hold for this reasoning: The absorption behav-
ior of different gasolines should be constant or within acceptable error ranges (max. 5% system
error in final measurement system) in the range of interest, 220-300 nm. This means that gaso-
line originating from different locations within a country or even continents must show the same
spectral behavior in the UV range of interest.

Two different implementation techniques have been proposed. One proposal contains a com-
bination of UV LEDs in combination with UV enhanced photo diodes. When it turns out that the
variations introduced by shifts in the gasoline spectrum yields an unacceptable error, more spec-
tral information is needed. In that case the implementation using a linear variable optical filter
in combination with a broad band UV light source, and a detector array of photo diodes is an op-
tion. Two channels can be implemented for the two peaks 240 nm and 265 nm. For redundancy
an additional channel can be used at a wavelength of 290 nm. Spectral resolution is in the order
of δλ = 1 nm.

7.3. FUTURE OUTLOOK AND RECOMMENDATIONS
To study whether the the absorption behavior is constant for different gasolines, more research
on the chemical composition of gasoline is needed. Gasoline can be considered as a ‘black-box’
liquid, it consists of numerous hydrocarbons and its exact composition can vary from source to
source. It is important to find out which of all these hydrocarbons is causing this domination in
absorption behavior. Then it will be more clear to which extent the absorption spectroscopy in
the UV can be applied, although promising results have been obtained up to this point.

Based upon the obtained optical data of this work, it is likely that the benzene and the benzene
compounds, such as toluene, account for the measured UV absorption of the different gasolines.
The aromatic structures are known to be a strong absorber in the range of interest. This assump-
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tion is supported by the performed measurements on benzene and toluene.
When it is clear which components of the gasoline are responsible for the UV absorption be-

havior, then it must be verified how equivalent the gasolines originating from different parts of
the world are in the respect of these components.

7.4. PUBLICATION EUROSENSORS XXX
The measurements, interpretation and the conclusions of the optical absorbance spectroscopy
part of this work were used to write a 4 page abstract paper for the 30st version of the Eurosensors
conference, which was held 4-7 september 2016. This 4 page abstract paper is included in the pro-
ceedings of the conference. Furthermore an A0 poster was made and presented at the conference.
The abstract paper and the A0 poster are included in appendix A.
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Abstract

The optical absorption of water-containing bio-fuel is investigated as a parameter to determine the gasoline content of this fuel.
Optical measurements reveal that gasoline shows an interesting and useful spectrum with typical absorption behavior in the UV
range between 230 and 300 nm. This result indicates that significant information can be obtained to determine the gasoline
concentration in bio-fuel by UV absorption spectroscopy. A concept for a low-cost measurement system in the fuel line is presented,
by implementing a LVOF in combination with a wide-band light source and detector arrays.
c© 2016 The Authors. Published by Elsevier Ltd.
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1. Motivation

Bio-fuel typically consists of a gasoline/ethanol blend. The ethanol originates from different sources. Production
of ethanol from sugar cane typically results in hydrous ethanol, hence causes some water in the resulting bio-fuel
blend. Another cause for the presence of water in bio-fuel is the practice of fouling, water is added to increase profit.
As a consequence the ternary mixture of ethanol, gasoline and water should be continuously monitored in the fuel
line in order for Flex Fuel Vehicles to start smoothly and to run cleanly and efficiently on different compositions of
bio-fuel. Currently available sensor systems only measure the permittivity of the fuel [1]. Their performance is not
adequate, as operation is based on an assumed constant water concentration, therefore more information is required
for a full fuel composition measurement [2].

2. Theory

Based on preliminary measurements the absorption in the UV range between 220 nm and 350 nm is strongly
dominated by the gasoline content in the bio-fuel. According to the Beer-Lambert law, the total resulting absorbance
is determined by the extinction coefficient εi, the molar concentration ci and the optical path length l. If there is no
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1877-7058 c© 2016 The Authors. Published by Elsevier Ltd.
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interaction between the ethanol and gasoline fraction of the bio-fuel, the resulting absorbance should therefore be the
summation of the absorbance of the separate components of the bio-fuel. The separate absorbance of gasoline, water
and ethanol should therefore add up. If one of the three components is the dominating factor in the total absorbance,
a linear behavior over the different mixing ratios is expected.

3. Measurements UV

3.1. Measurement Setup

Multiple absorption measurements were carried out, in order to identify which parts of the spectra of the three com-
ponents would be suitable. For these measurements, a Varian Cary 500 Spectrophotometer was used in combination
with quartz cuvettes. This device uses a double beam, one for a reference sample and one for the actual measurement.
Initial measurements revealed that the best results were obtained when an optical path length of 1 mm is used and
when the gasoline/ethanol mixtures were diluted with a suitable solvent. Cyclo-hexane was chosen as the solvent,
because of the low absorption over the entire UV-spectrum and the fact that it dissolves the relevant components well.
During initial measurements it was already found that D.I. water does not absorb significant light in the UV range,
hence does not interfere using this measurement technique.

Table 1: Measurement parameters

Parameter Value

Average time 0.3 s
Spectral BW 2.000 nm
Measurement range 200-400 nm
Optical Pathlength 1 mm
Cuvettes Quartz
Solvent Cyclo-hexane

3.2. Gasoline/Ethanol Mixtures

The absorption of gasoline/ethanol in different ratios was measured. Indolene 50E clear was used, which is a stan-
dardized test gasoline free of additives and coloring, in combination with the so-called 200 proof ethanol (>99.98%
pure). The dilution ratio of 1/10 is used to optimally use the dynamic range of the spectrophotometer. No dilution
is applied when measuring pure ethanol to prevent further loss of spectral information. As can be seen in figure 1
a suitable absorption peak is visible around 265 nm. Despite the dilution and the pathlength of 1 mm, saturation
at minimum sensitivity setting results at 70% Indolene concentration and beyond. On the other hand, no saturation
is present and the absorption is dominated by gasoline content at 240 nm. To investigate if this gasoline-dependent
absorption behavior could be utilized in determining the composition of the initial ternary mixture problem, Indolene
50E was replaced with Unleaded Low Octane gasoline 87RON (Research Octane Number) in a new series of identical
measurements and the results are shown in figure 2. The absorption behavior seems to resemble the measurements
of Indolene gasoline, the spectral behavior is very similar. This result can be considered as promising in the final
application of a future optical extension of the fuel composition sensor system in flex fuel vehicles.

To compare the absorption behavior of the different gasolines in combination with pure ethanol, the absorbance at
two different wavelengths in the UV is plotted against gasoline content. The 240 nm wavelength was chosen, because
of the local minimum, which has turned out to be typical for different gasolines. Because of the saturation effect at 265
nm, a higher dilution ratio or smaller optical path-length should be used at and around this wavelength. Because of the
saturation effect in this setup at 265 nm, the wavelength 290 nm was chosen instead. The result is included in figure
3. It can be concluded from this plot that the relationship between gasoline content and optical absorbance is linear,
and the slope between both is dependent on the used wavelength. Since both gasolines have different compositions,
this explains the discrepancy at higher gasoline content.
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Fig. 1: The measured absorbance of different ethanol/indolene ratio’s.
The dilution ratio is included in the legend.
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Fig. 2: The measured absorbance of different ethanol/gasoline ratio’s.
The dilution ratio is included in the legend.
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Fig. 3: The absorbance as function of the gasoline fraction. Compared are the 87RON and Indolene mixtures at two different wavelengths.

3.3. Octane content and Summer/Winter grade

During the research, some practical ’off the shelf’ fuel blends were available. Again, absorption measurements
were carried out to investigate the dependency on octane number and summer/winter blends. The results are included
in figures 4 and 5. The effect of the octane content on the absorption behavior is very small, it can also be concluded
that the higher volatility winter fuel behaves similarly to the E85 summer version. This result can be considered as
promising, since insensitivity for these type of uncertainties is preferred. Note the different dilution ratios that were
used to prevent loss of spectral information.

4. Implementation technique

As discussed before, a spectral measurement on three optical channels centered at 240 nm, 265 nm, and 290 nm is
sufficient for a complete composition analysis. However, according to the spectral measurements presented in Fig 1
and 2, a spectral resolution of about δλ = 1 nm is required for such an analysis. Mass fabrication of high resolution
fixed filters, considering the process tolerances, is challenging. The use of UV LEDs and UV photodetectors would
require high performance optical filters, therefore a Linearly Variable Optical Filter (LVOF) type microspectrometer
system is proposed [3]. The LVOF is composed of two reflectors separated by a cavity. The depth of the cavity
determines the transmission wavelength. The resolution is determined by both the reflectivity and the cavity depth.
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Figure 6 shows the schematics of the optical sensor design. The structure consists of four main components: 1) a light
source, 2) a sample cell, 3) LVOF, and 4) the photo detectors. Advantages of LVOF-microspectrometer designs are the
CMOS compatibility and high spectral resolution when operated over a relatively narrow band. Therefore, a sensor
system based on multiple-LVOFs centered around the intended spectral channels is promising for this application.

1. Light source

2. Sam
ple cell

4. D
etector array

3. LVOF

Fig. 6: A schematic overview of the measurement system based on an LVOF.

5. Conclusion

Two different gasolines were used to investigate the effect of gasoline content in bio-fuel on the optical absorption.
It was found that there is a reproducible linear absorption behavior between both, but at high gasoline concentrations
there is a small discrepancy between both. It was found that the octane content and the summer/winter grade had
a negligible influence on the spectral behavior. Some more research in this findings, also considering the chemical
composition of gasoline, is required to fully understand the underlying mechanisms. An advanced implementation
technique based on a LVOF based spectrometer was proposed.
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Introduction
Bio-fuel mixtures typically consist of a gasoline/ethanol blend. The ethanol originates from
different sources. Production of ethanol from sugar cane typically results in hydrous ethanol,
hence causes water in the resulting bio-fuel blend. The ternary mixture of ethanol, gasoline
and water should continuously be monitored to supply important information on the engine
control unit of a Flex-Fuel Vehicle. The optical absorption of water-containing bio-fuel mix-
tures is investigated as a parameter to determine a gasoline content of this fuel, and might
be exploited in a measurement system for a new generation of Flex-Fuel sensors.

Figure 1: E85 gas station Figure 2: Sugar cane crops

Concept
According to the Beer-Lambert law, the resulting absorbance of the bio-fuel mixture is the

sum of each of its components, assuming no interaction. A =
N∑

i=1
εicil, where εi is the

extinction coefficient, ci the molar concentration and l the optical path length. Preliminary
optical absorption measurements were carried out from 200 nm up to 3300 nm. The most
promising results were obtained in the UV range between 220 nm and 350 nm, where the
absorption is strongly dominated by gasoline. D.I. water is not absorbing in this range and
the absorption of ethanol is negligible compared to gasoline. Therefore a linear absorption
behavior as function of increasing gasoline content is expected.

Measurements
Indolene 50E clear (standardized test gasoline, premium octane rating) and 87RON gasoline
were mixed in different ratio’s with ethanol (>99.98% pure) and were diluted in a 1/10 ratio
to prevent loss of spectral information. The setup which was used consists of a Varian Cary
500 spectrometer and quartz cuvettes with an optical pathlength of 1 mm.
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Figure 3: The absorbance behavior for different gasoline/ethanol mixtures

The result for both types gasoline is included in figure 3. Two suitable absorption
features are present, at 240 nm and at 265 nm, whereas the rest of the UV spectrum is flat
at no significant absorption. The absorption behavior of 87RON mixtures resembles the one
with Indolene 50E gasoline. This can be considered as positive since the octane rating of
both fuels differ strongly, 87RON vs. 98RON, and an insensitivity for this variable is advan-
tageous in the final application. The optical absorbance as function of gasoline content is
plotted to investigate the relation between both.
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Figure 4: The absorbance as function of gasoline content at two different wavelengths:
λ = 240nm and λ = 290nm for the Indolene and 87RON mixtures

It follows from figure 4, that the relationship between gasoline content and optical
absorbance is linear, and the slope between both varies depending on the used wavelength. In
other words, the optical absorbance has different sensitivities to gasoline content, depending
on the used wavelength. A saturation effect occurred in the absorbance measurements for
a gasoline fraction of 70% and beyond at and around a wavelength of 265 nm. Therefore,
the wavelength 290 nm was chosen instead, to plot the optical absorbance as function of
the gasoline fraction.

Implementation Method
A spectral measurement on three optical channels centered at 240 nm, 265 nm, and 290
nm could be utilized as a gasoline estimator. A Linearly Variable Optical Filter (LVOF) type
micro-spectrometer is proposed. The LVOF is composed of two reflectors separated by a
cavity, which depth determines the transmission wavelength. The resolution is determined
by both the reflectivity and the cavity depth. The detector array can be implemented using
integrated UV enhanced photo-diodes. Advantages of LVOF-microspectrometer designs are
the CMOS compatibility, robustness and high spectral resolution when operated over a rel-
atively narrow band. Therefore, a sensor system based on multiple-LVOFs centered around
the intended spectral channels is promising for this application.

1. Light source

2. Sam
ple cell

4. D
etector array

3. LVOF

Figure 5: Schematic overview of the sys-
tem using LVOF

Figure 6: The LVOF on top of a detector
array

Conclusion
Two different gasolines were used to investigate the effect of gasoline content in bio-fuel on
the optical absorption. It was found that there is a reproducible linear absorption behavior
between both. Furthermore, the octane content and the summer/winter grade had a neg-
ligible influence on the spectral behavior. An implementation technique based on a LVOF
based spectrometer was proposed. A LVOF-microspectrometer system in the range 320-350
nm has already been designed for a different application. [A. Emadi, Linear-Variable Optical
Filters for microspectrometer application, 2010]
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B
MATLAB CODE

B.1. MEDIUM APPROXIMATION

B.1.1. THE FUNCTION MAXWELL-GARNETT

%Maxwell Garnett

% INPUTS:
% eps_base: dielectric constant of base material;
% eps_incl: dielectric constant of inclusion material;
% vol_incl: volume portion of inclusion material;
% OUTPUT:
% eps_mean: effective dielectric constant of the mixture.

function [eps_mean] = MaxwellGarnettFormula(eps_base, eps_incl, vol_incl)

small_number_cutoff = 1e-6;

if vol_incl < 0 || vol_incl > 1
disp(['WARNING: volume portion of inclusion material is out of range!']);

end
factor_up = 2*(1-vol_incl)*eps_base+(1+2*vol_incl)*eps_incl;
factor_down = (2+vol_incl)*eps_base+(1-vol_incl)*eps_incl;
if abs(factor_down) < small_number_cutoff

disp(['WARNING: the effective medium is singular!']);
eps_mean = 0;

else
eps_mean = eps_base*factor_up/factor_down;

end

B.1.2. CODE TO GENERATE COMPARISON PLOTS

%Validity check linear model according to Maxwell Garnett
% Author: Luke Middelburg
% Date: 18-11-15
% Mixture: Ethanol (Base)/Gasoline(inclusion) (i.e. E85)

% input arguments
e_base = 24.3; %permittivity ethanol
e_incl = 2; %permittivity gasoline

y = linspace(0, 0.5, 11); %inclusion fraction
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e_mean_mg = size(11); %mean according to maxwell garnett
e_mean_lin = size(11); %mean according to linear model
e_mean_error = size(11); %error in percentage from maxwell garnett

for c = 1:11

e_mean_mg(c) = MaxwellGarnett(e_base, e_incl, y(c));
e_mean_lin(c)= (y(c)*e_incl) + ((1-y(c))*e_base);

end

e_mean_error=(e_mean_lin-e_mean_mg)./(e_mean_mg)*100;

figure(1)
plot(y, e_mean_error)
xlabel('Inclusion fraction')
ylabel('Error [%]')
title('Percentual error Lin.model w.r.t. Maxwell-Garnett')

figure(2)
plot(y, e_mean_mg)

hold on
grid on

plot(y, e_mean_lin)

xlabel('Inclusion fraction')
ylabel('Epsilon mean')
title('Epsilon as function of inclusion (gasoline) fraction in ethanol')
legend('Maxwell-Garnett', 'Linear 1st order approx.')

B.2. CODE TO READ OUT THE IMPEDANCE ANALYSER

% Author: Johan Vogel
% Edited by: Luke Middelburg
% Script to sweep and read out data from Agilent 4294A Impedance Analyzer
% based upon the generic Visa code http://www.mathworks.com/matlabcentral
% fileexchange/28887-capturing-a-waveform-from-an-agilent-oscilloscope-
%over-a-standard-visa-interface
% for more machine commands, have a look in the 4294A Programming Manual

% Make sure to have installed and configured Keysight Connection Expert
% before running this code.
%% Interface configuration and instrument connection

visaObj = visa('agilent','TCPIP0::192.168.2.10::5025::SOCKET');% Insert the
%right IP adress of the machine
visaObj.InputBufferSize = 100000;
visaObj.Timeout = 5;% This should be long enough to transfer all measurement
%data. 5 seconds was enough for 201 sweep samples
visaObj.ByteOrder = 'littleEndian';
fopen(visaObj);

fprintf(visaObj,'TRGS BUS');%Trigger via LAN

%%
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% Trigger
fprintf(visaObj,'*TRG');
pause(25) % Pause during sweep time

% Get frequency vector freqs
outp=query(visaObj,'OUTPSWPRM?');
freqs=str2num(outp);

% Get measured data
outp=query(visaObj,'OUTPDATA?');
bla=str2num(outp);
Imp=bla(1:2:end)+i*bla(2:2:end);

G = real(Imp)./(abs(Imp).^2);
Cp = (-imag(Imp))./((abs(Imp).^2)*2*pi.*freqs);

save(['E85G15W0_' datestr(now,'yyyy-mm-dd HHMMSS') '.mat'], 'Cp', 'G', 'freqs', 'Imp');

%% Delete objects and clear them.
fclose(visaObj);
delete(visaObj);
clear visaObj;





C
S11 - DIELECTRIC RELAXTION

This appendix is referred to by the dielectric relaxation section from chapter 2. Below the mea-
sured S11 parameter is shown as function of frequency, which ranges from 200 MHz up to 14 GHz.
The influence of water is clearly visible.
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Figure C.1: The measurement results of the measurements with the impedance analyzer at Process and Energy De-
partment
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D
ACCURACY IN CP - G CALCULATION

To get an idea of the accuracy of the impedance analyzer used for these measurements, the accu-
racy was calculated according to the datasheet of Agilent 4294A. The total error is dependent on
D, also called the dissipation factor. This factor is defined as:

DF = t an(δ) = Re Z

|ImZ | (D.1)

Assume now that we calculate the accuracy of this conductivity measurement at a frequency
f=102.9kHz for the mixture self-mixed E85. The obtained dissipation factor: DF=0.145. This im-
plies the first calculation method of figure D.1.

The calculation of E is dependent on multiple settings and quantities during the measure-
ment, like the oscillator level, the measurement bandwidth, the DC-bias range, the applied fre-
quency and the magnitude of the measured impedance. To get a idea about the calculation, the
figures D.2 and D.3 are included for completeness.

The eventually calculated E is equal to:

E = 0.83+ (
5.103mΩ

22.07kΩ
+25nS ·22.07kΩ) ·100% = 0.885[%] (D.2)

Following formula 1 in figure D.1:

G ±0.885 ·
p

1+0.1452

0.145
= 6.16[%] (D.3)

For the parallel capacitance, the following value is obtained:

C p ±0.885 ·
√

1+0.1452 = 0.894[%] (D.4)

Figure D.1: Accuracy in measured G, source: Data sheet Agilent 4294A
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Figure D.2: source: Data sheet Agilent 4294A

Figure D.3: source: Data sheet Agilent 4294A
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