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Abstract— In this paper the modeling and the design of a
microwave sensor is proposed for real-time fuel quality
monitoring, with particular regard to water-in-fuel
measurement.

A mechanical and fluid-dynamic dimensioning has been
performed, evaluating the stiffness, the robustness of the
sensor structure and the pressure field acting on it.
Furthermore, an electromagnetic study is carried out to
verify the validity of the physical measurement principle.
The procedure adopted involves the modeling of the sensor
in CAD and the simulation of its behavior. The sensor,
based on microwave transmittance, is attractive because of
its simplicity and foreseeable low cost.

Keywords—microwave measurements; fuel quality; water
contamination; material characterization; coaxial transmission
line; real-time monitoring; transmittance.

l. INTRODUCTION

The fuel system consists of tank, pump, filter and injectors or
carburetor, and has the function of bringing fuel to the engine
when necessary. Each component must work perfectly to ensure
optimal performance and reliability. The fuel should lubricate
precision components and cool metal surfaces that operate under
friction conditions so that the engine operates reliably. Water is
the worst contaminant that affects engine operation. Therefore,
fuel control is part of maintenance operations to extend the life
of the engine, optimizing performance, preventing breakdowns
and reducing fuel consumption and harmful atmospheric
emissions.

Their deterioration may be caused by the use of poor-quality
fuel. Water is the main contaminant that affects the quality of
fuel, both in the automotive field [1], [2] as well as in the field
of aerospace [3], [4]. Water causes the reduction of lubricating
properties, the reduction of engine power, the growth of
microorganisms, influences the combustion process, the wear
and corrosion of the power system, including feed pumps,
filters, injectors and pipelines. In particular, in aircraft, ice
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formation may occur on the supply filters which would lead to
failure or collapse of the engine supply system [5], [6]. Water
contamination can occur in different ways: during filling of the
fuel tank; from vapor condensation; or from a source of
contaminated fuel during the refueling process. In the
automotive field, the EN 590 standard [7] prescribes the
characteristics that fuel must have to be sold in the European
Union and in many other European countries, while in the
aerospace field, the specifications are indicated in the ASTM
D1655 standard [8]. The maximum allowable water limit in the
fuel is within a range of 200 to about 500 ppm for the
automotive field while it is strictly 300 ppm for the aircraft
field. Furthermore, the chemical-physical characteristics of fuel
varies with the region of origin of the crude oil. Therefore, we
must consider different limits in the rest of the world [9].

As prescribed by ISO 12937 [10], water concentration
measurements in fuel are executed by the Karl Fischer titration.
While for aircraft, ground control techniques are used, such as
coalescence filter or water separation methods [11]. However,
these techniques have the limitation of being performed in the
laboratory and therefore cannot provide online monitoring.

In this work, which is based on preliminary results shown in
[12], we illustrate the mechanical and electromagnetic design
of a microwave sensor for detecting water contamination. It
allows online monitoring of the attenuated transmission signal
in a guiding structure, which will indicate the presence of a
deviation from the value of the dielectric constant of the diesel,
and therefore the presence of water that exceeds the limit
imposed by the standards.

This paper is illustrated as follows: Sec. Il is an overview of
measurement techniques used to measure the dielectric constant
of a medium; in Sec. 111 the principle of operation of the sensor
is illustrated and its geometry defined; while in Sec. IV the
mechanical, fluid-dynamic and electromagnetic modeling of
the sensor is carried out, as well as its allocation.

Il. REVIEW OF MEASUREMENT TECHNIQUES
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Important requirements of the intended measurement system
are that it should work in-line, during engine operation, be of
small size and low cost. It may complement other on board
diagnostic systems[13]-[16]. A great variety of measurement
systems have been developed to ensure quality and reliability
of aerospace components. [17]-[22].

There are two potential families of measurement methods
which can be used for online fuel quality monitoring: optical
techniques and microwave techniques. Other methods, based on
capacitive and resistive sensors, are only able to detect water
presence; in addition, corrosion of sensitive parts in contact
with the fuel can occur, because it has a very aggressive
chemical nature, which makes them unsuitable for in-line
monitoring and poses difficulties to the use of electrochemical
sensors.[23]-[28]

Optical measurements (e.g. spectrophotometry, fluorescence
spectroscopy, etc.) present evident difficulties in the calibration
of an extremely low detection threshold as the one required by
previously described standards. However, the literature on
water absorption spectra is very large [29]-[32]. In general, an
optical system consists of a source and a detector which
measures the absorption spectrum of the analyzed sample and
extracts the information to be sent to the Engine Control Unit
[34], [35].

On the other end, microwave techniques permit to measure an
important  parameter associated with electromagnetic
propagation, namely the complex permittivity of the
propagation medium [36]-[38]. In particular, Time Domain
Reflectometry (TDR) is a technique based on the analysis of the
signal traveling along a transmission line and reflected by a
generic load [39]-[40].

The permittivity of the medium affects how the signal will be
reflected, attenuated and transmitted between a source and a
receiver. Many factors such as read-out rate, accuracy,
convenience, and material shape and form are important in
selecting the most appropriate measurement technique. The
most used microwave measurement techniques are: open ended
probe, transmission line, resonant cavity and free space, with
applications that span radar, environmental monitoring and
medical imaging [41]-[49]. These measurement techniques are
different and each one has advantages and disadvantages
compared to the others, moreover, it is often difficult to
determine which method of measurement may perform better
for a given material sample, because this choice depends on
several factors, such as the nature of the dielectric material to
be measured, the frequency of interest, and also the degree of
precision required. Often, electromagnetic properties of media
can be measured by means of waveguide transmission lines and
coaxial lines [50]-[54].

The most prevalent type of transmission line is the coaxial
transmission line. It consists of a cylindrical conductor
concentric with a hollow external conductor where, as is the
case of this paper, a liquid can circulate inside. It is therefore
possible to monitor the behavior of the various interfaces
present along the propagation path in order to locate the
different discontinuities of the medium and measure the
physical-chemical characteristics of the substances (dielectric
constant, electrical conductivity, possible presence of
emulsions, sediments, dispersions etc.). Coaxial transmission
lines are compact in size, and present low loss and low
dispersion, making them a suitable structure for the design of
microwave circuits.

Generally, the calculation of the dielectric parameters is
performed by measuring the S-parameters of the network under
examination [55]. For the characterization of the contaminants,
in the laboratory, a Vector Network Analyzer can be used to
measure transmitted and reflected waves, from which the
scattering parameters are subsequently processed to obtain
complex permittivity [56]-[61]. The same principle of
measuring the transmitted power is at the basis of the
conception of the in-line sensor proposed in this work.

I1. SENSOR CONCEPT

The sensor is designed for the automotive field, with the aim of
monitoring the quality of the diesel in real time. It is foresaw to
house the sensor in the pipes of the power supply system. The
innovative aspect of this sensor is the ability to exploit the diesel
as an element that flows inside the sensor itself and, during its
passage, measure microwave attenuation. In this way, the
presence of water can be detected and, if the system is
appropriately sized, conditioned and calibrated, water content
can be measured. A transmission measurement method has
been chosen as it appears the simplest and most economic
technique, because of the availability of very low-cost
integrated circuits for the generation of the stimulus signal, and
the use of a simple sensor with an envelope threshold detector
for the measurement of the attenuated signal, which can be part
of a small and low power embedded system [62]. The threshold
detector may be useful, in particular, to provide an alert around
a programmable level of the signal envelope. The most suitable
guiding structure is certainly the coaxial one that guarantees the
maximum fringing of the EM field in the analyte and,
consequently, the maximum sensitivity.

Currently, the proposed methodology has been simulated with
diesel fuel in the following conditions: a signal frequency range
from 2 GHz to 8 GHz, the variation of the water concentration
in the diesel according to the limits imposed by the EN590
standard and the variation of the radius of the core of the coaxial
structure.

a. Preliminary geometry



Sensor geometry is shown in Fig.1. Preliminary sizing was
defined by imposing a characteristic impedance Z, of the
transmission line equal to 50 €, using the following equation:
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where &, is the relative dielectric constant of diesel equal to 2.1,
D is the inner diameter of the shield equal to 4.5 mm and d is
the diameter of the core. The diameter of the shield is imposed
by the size of the power supply system piping. From this
equation we have obtained an initial value of the core diameter,
according to which we have designed spacers that support the
core within the shield, as shown in Fig.1.

b. Selection of materials

The operating environment has specific characteristics such as
temperature range, presence of vibrations, shocks and corrosive
elements. These environmental and working aspects play an
important role when choosing a material for this application.
Hence one of the critical steps in the design process is the
selection of materials. Materials must have good or excellent
electrical, mechanical and environmental performance,
particularly good electrical conductivity, machinability and
ductility, good stability and tensile strength to withstand
mechanical influences, good stress relieving, hardness and
reasonable price [63],[64].

Fig. 1. Preliminary geometry of the coaxial structure. In the
upper figure, shielding has been removed.

Regarding the conductive part of the guiding structure,
common materials on the market are copper, stainless steel and
aluminum. Copper is one of the most commonly used metals
for conducting electrical signals and is preferred to stainless
steel which is more difficult to process than the former. Copper

and aluminum offer good corrosion resistance and good
breaking strength. The final choice, however, relies on copper,
due to its versatility and its ability to be used in copper-copper
welding without the use of a filler material.

To minimize the housing space and get an electric length such
as to observe the attenuation of the signal, the axial length of
the sensor has been fixed at 100 mm.

As for the spacers, they must guarantee good corrosion
resistance, good mechanical resistance and minimum signal
attenuation. As seen in the preliminary design, they will not
have to occupy much free volume. The spacer will be stuck to
the core and glued to the shield. The separation between core
and shield is guaranteed by three equidistant fins and arranged
in a polar way around the core to minimize the space occupied
by the spacer, as shown in Fig. 2.

e

Fig.2. Spacer geometry.

The following materials are commercially available:
polyethylene (PE), polytetrafluoroethylene (PTFE), PEEK (or
polyether-ether-ketone), polyphenylene oxide (PPO) and
silicone rubber. The final choice will be between PE and PTFE,
because in addition to their good workability and discrete
mechanical properties, they have a dielectric constant very
similar to that of diesel. The latter is a necessary condition to
avoid significantly disturbing the propagation of the stimulus
signal.

V. SIMULATION AND RESULTS

In this section we have modeled the sensor by studying the
mechanical resistance, the stiffness, the fluid dynamic load and
the electromagnetic validation of the physical measurement
principle. The sensor must evaluate the attenuation of the
signal, in terms of power, due to the different dielectric constant
of the water with respect to the diesel. It was decided to evaluate
the dielectric constant because it is an important indicator of the
quality of diesel oil. When this differs from the standard value
it can indicate the presence of contaminants, such as water.

a. Mechanical Design



In the multi-physics simulation, the sensor was modeled
considering the core suspended in the shield, thanks to three
spacers, two at the ends and one at the centerline. The spacers
were constrained at the spacer-core and spacer-shield interfaces
while the shield was externally constrained. The acting loads
are the weight of the same physical structure and the fluid
dynamic load of the diesel fuel flow, in terms of pressure. The
simulations were conducted by comparing the materials listed
in the previous section and it was verified that under static
conditions, the maximum deflection that the core undergoes is
negligible, of the order of nanometers, as shown in the Fig.3. In
the same way, the velocity profile that is generated inside the
structure does not cause excessive local pressure peaks,
particularly in the areas of connection between spacers and
cores. Also, in this case the deformations of the spacers have
orders of the nanometers, as shown in Fig.4. When varying the
radius among feasible values, we obtained, in general,
increasing deflections of the core that remain, however, of the
same order of magnitude, as shown in Table 1.

s
0

Total displacement (mm)

0 L'}

Fig.3. Displacement field of the core.
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Fig.4. Displacement field of the spacer.

RADIUS OF CORE (mm) MAXIMUM CORE DEFORMATION

(nm)
1.00 0.79
1.35 1.35
1.70 1.92
2.05 2.29
2.40 2.43
2.75 2.28
3.10 1.90
3.45 2.33
3.80 2.82
4.15 3.36
4.50 3.94

Tab. 1. Maximum core deformation depending on its radius.

After comparing the static strength of the critical elements of
the guiding structure, core and spacer, we have identified in the
copper and polyethylene, respectively, the materials suitable for
the development of the sensor, as shown in Table 2 and 3. For
the materials compared, the maximum deflection arrow of the
core is always very low. Copper is also chosen because of its
greater electrical conductivity and the lower price. The same
considerations apply to spacers. The thinning of the material,
the dielectric constant and the price are evaluated. Polyethylene
is the best choice.

COPPER ALUMINUM STAINLESS
STEEL
POISSON 0.34 0.35 0.27
COEFFICIENT
DENSITY [kg/m®]] 8960 2700 8000
YOUNG MODULE 120000 70000 2000000
[MPa]
ELECTRIC 59.6*106 37,7*10° 1,45%10°
CONDUCIBILITY
[S/m]
PRICE LOW HIGH HIGH




MAXIMUM
DEFLECTION OF 86.6 44.7 46.5
THE CORE [nm]

Tab. 2. Comparison of materials for the core.

PE PTFE PEEK PPO SILICO
NE
RUBBE
R
POISSON 0.42 0.45 0.38 0.38 0.48
COEFFICIENT
DENSITY 930 2200 1320 1060 1100
[kg/m*]]
YOUNG 1000 400 360 250] 50
MODULE
[MPa]
DIELECTRIC 2.3 2.1 3.3 2.7 2.9-4
CONSTANT
PRICE LOW VERY VERY HIGH LOW
HIGH HIGH
MAXIMUM
THINNING OF | 0.04*107? 0.11 938 0.17 0.79
THE SPACER
[nm]

Tab. 3. Comparison of materials for the spacer.

b. Electromagnetic Design

Subsequently, the electromagnetic analysis of the sensor has
been refined. In Fig.5 it is highlighted that the structural
characteristics of the system under test invite decidedly to use
coaxial structures, since they ensure the maximum fringing
field EM near the core and, consequently, the maximum
sensitivity. The electromagnetic simulation was conducted by
fixing a power to the input port equal to 1 W.

r_core=2,2 fraq=6=9 Elactnc fie'd module (vim)

Fig. 5. Module of the electric field in the coaxial structure
with pure diesel dielectric, at f= 6 GHz.

Simulations where performed by using COMSOL Multiphysics
software in order to find the relation between critical sensor

parameters and sensitivity. For the preliminary simulations, it
was decided to adopt a very simple mathematical model to
express the relative dielectric constant of the analyte as a
function of the water concentration:

Eeff = (ew —ep)p + &p 2

where g, = 2.1 is the relative dielectric constant of pure diesel,
&w = 80.4 is the relative dielectric constant of water and p is the
concentration of water in the analyte. Unfortunately, there are
not many data on tan & which, therefore, has been neglected to
the first approximation. This approximation should not
invalidate the simulations given that, in practice, extremely
small water concentrations will be measured which affect
negligibly tan §. It is expected, in any case, that tan & grows
with p, therefore, the sensitivity of the system should at least
improve taking into account dielectric losses.

Multiparametric simulations were performed, essentially by
varying three parameters: the frequency of the stimulus signal,
f, the thickness of the core, r;, and the concentration of water
in the fuel, p. The first two are operational parameters, while
concentration is the independent variable of the problem under
analysis. The geometric constraints are the diameter of the
shield, dimensionally equivalent to the conduct in which the
sensor will be housed, of about 5 mm and the length of the
coaxial transmission, of 100 mm. Fig. 6 shows the results of the
simulations performed at f = 6 GHz, for different values of the
radius of the core r;. From these results, it is clear that
attenuation increases for larger radii.

§21 - Transmission coefficient

Fig. 6. Transmission coefficient for different values of core
radius ;.

Moreover, we have verified that with the increase of the
frequency of the stimulus signal, with the same radius,
sensitivity increases, hence sensor detectivity may be tuned.
This can be useful because, although the standards set a
maximum limit of water, this limit will vary according to the
geographical area of origin of the diesel, as shown in Fig.7.
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Fig. 7. Transmission coefficient for different values of
frequency of the stimulus signal.

Considering both the electromagnetic modeling and the fluid-
dynamic modeling, we conclude that a small core radius is
advantageous. This choice is strengthened by the fact that the
size of the core determines the weight and bulk of the line.
Obviously to minimize the weight and mass of the coaxial
transmission line and decrease attenuation, we should reduce
the radius as much as possible. However, there are lower limits
on core radius as regards manufacturability, power carrying
capabilities, and safety. Indeed, for lower radii the
electromagnetic field increases within the coaxial line, which
can lead to breakdown of the dielectric due to ionization, a
dangerous condition. For these reasons, we have chosen, for the
dimension of the core, a radius equal to 2.2 mm, which gives a
maximum field of about 3 k\V/m.

With that value, high fringing on the core and good sensitivity
are achieved, as shown in the Fig.7. In the graph, the linearity
of the transmission coefficient is appreciated up to the
maximum permissible concentration of water in diesel
according to standards, i.e. not exceeding 0.25 g/kg, namely
250 ppm, as required by the standards. Mechanically, the
stiffness of the structure is guaranteed by the arrangement and
the geometry of the spacers that, thanks to the core size, occupy
only a small portion of space between shield and core.

For in-line integration, the sensor needs stimulus, conditioning
and read-out devices to be installed directly on it. The
maximum sensitivity configuration shows an excellent linearity
of the transmission coefficient with respect to the water
concentration in ppm, with sensitivity:

AS,q 06 mdB (3)
Ap ppm

A Ap of 50 ppm produces a variation of S21 equal to 0.03 dB,
which is appreciable if the sensor is appropriately conditioned
and calibrated.

V. SENSOR ALLOCATION

For the design of the connection geometry of the coaxial system
to the fuel piping and to a printed circuit board there are several
methods such as soldering, crimping or a separable connection
method (e.g. press fit attachment). Two solutions have been
foresaw. The first involves the construction of two holes in the
shield, respectively at the two ends of the core (Fig. 8). The
entrance to the fuel stream is provided from a hole, while in the
second one is the exit. The second solution involves the flexion
of the conducting core at its ends. In the latter case, the ends of
the core will be guided externally via two T-connectors, while
fuel enters the sensor trough an opening along its axis.

Fig. 8. Coaxial Connector Design: Hole-drilling.

We choose the first solution, i.e. to divert the flow rather than
the electromagnetic waves, because otherwise the behavior of
the new bended core geometry could affect the extent of the
attenuation. Also, the bending processing to be applied to the
core could affect the stiffness of the guiding structure.

Through fluid-dynamic simulations based on the Arbitrary
Lagrangian Eulerian (ALE) we verified that the pressure drops
losses that the sensor produces inside a pipe with a typical diesel
flow rate is about 1500 Pa. Figure 9, 10 and 11 show the pressure
upstream and downstream of the sensor housing, the velocity
field and the maximum deflection occurring on the core.
Deflection is negligible, in the order of magnitude of
nanometers. The new configuration maintains a very low
deflection of the core, of about 6,07 nm.

In the inlet section of the flow, the maximum pressure is 90000
Pa while in the outlet section is about 80900 Pa, with a pressure
loss of a little over 9000 Pa.
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Fig.10. Velocity field inside the sensor connect to the fuel
pipe.

total displacement (um)

Fig.11. Displacement field inside the sensor connect to the fuel
pipe.

Finally, we improved the sensor connection to the diesel fuel
system through two sleeves. The sleeves may be welded to the
pipe of the supply system, equipped with additional holes. In
particular, it is obtained that if flaps, suitably oriented, are used,
there is a flow entering the sensor at a lower speed and therefore
the stress, which the flow can generate to the core in its input,
is reduced, while at the output, a flap oriented in the opposite
direction, minimizes pressure drop losses caused by the

presence of the sensor opening. The losses considered in the
design take into account both the losses distributed along the
sensor as well as the ones concentrated on inlets, edges and
variations in the flow passage section. Through the simulations,
we estimate that in the improved design these losses are at a
level of about 1000 Pa, which is considered acceptable. Full
details the of velocity field and pressure field generated by the
presence of the guide vanes are shown in Figs. 12 and 13.

Alfa=80°, Beta=80"° - Pressure (Pa)

Fig.12. Pressure field in the final configuration.

Alfa=80°, Beta=80" - Velocity (m/s)

o

Fig.13. Velocity field in the final configuration.

VI. CONCLUSION

Fuel characteristics are important to ensure that the engine
operates reliably; so, a sensor able to monitor fuel in real-time
and to detect anomalies in the fuel is proposed. The sensor is
based on transmission at microwave frequencies inside a
coaxial transmission line appropriately sized.

In this paper a study to optimize the geometry of sensor is
carried out in order to verify the rigidity and strength of the
guiding structure and the corrosion resistance of the system.
This is achieved by choosing copper and polyethylene,
respectively for the core and spacers. The material of the core
has excellent electrical conductivity and good mechanical
strength. The material of the spacers avoid signal reflection and
permits to support the core in the shield, minimizing the core
deflection and taking up less volume with a suitable geometry.

It has been verified by simulations that introducing into the
sensor fuel with a different water contents, i.e. a different
permittivity, microwave attenuation changes with a sensitivity
of 0.6 mdB/ppm at 6 GHz.



The results show that the sensitivity increases with frequency,
while core size is a compromise between electromagnetic
performance and manufacturability. Tuning of sensitivity may
be useful in order to work in different geographical area, since

the

chemical nature of the fuel changes with respect to

production place.

Future developments will concern the design of the electronics
and manufacturing of the sensor and the test of diesel specimens
with emulsified water.
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