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Multi-Probe Sensor for Water Content Analysis of Liquid Biofuels

. . . . . *
Florian Sparmal', Bayan Tallawil’ 2, Eric Georgin?, and Pierre Sabouroux!’

Abstract—A multi-probe sensor for water content analysis, in liquid biofuels, by using reflection
and transmission measurements in microwave frequencies range, is proposed in this letter. As
preliminary step and for a better understanding, the measurements were carried out with ethanol/water
mixtures, which mimic bioethanol applications, at room temperature. In order to study water/alcohol
mixtures, each of them was characterized using classical techniques like open ended coaxial probe or
reflection/transmission coaxial line, before being tested in multi-probe sensors. At the end, the multi-
probe sensor aims to be implemented in-line production in order to perform diagnosis of water in liquid
biofuels.

1. INTRODUCTION

Liquid biofuel, such as bioethanol, is a sustainable source of energy that can be used in truck engines,
heating systems, etc. To optimize the energy efficiency [1] of biofuel combustion and to limit greenhouse
gas emissions [2], it is important to know the water content in these biomaterials. Ideally, this
measurement should be done in-line, in real time, and continuously, enabling a perfect monitoring
of a production line [3]. Within the framework of the European BI OFMET" project, based on the
study of solid and liquid biofuels in an industrial environment, this microwave method for the in-line
determination of the water content of liquid biofuels is therefore developed. This sensor uses several
probes located around a metal tube filled with the Material Under Tests (MUT). It is possible with
this geometry to mimic a production line in which biofuels circulate.

The main objective of this study is to find the threshold of the water content in biofuel like
mixtures [4]. The tested materials are mixtures of ethanol and water [5]. With this multi-probe sensor,
electromagnetic waves are emitted through the MUT. It is also possible to analyze the reflection on each
probe and the transmission between two selected probes. A difference in reflection and transmission
responses between the mixtures [6] is due to the dielectric contrast between the permittivities of water
and ethanol [7,8]. Therefore, before testing the multi-probe sensor, it is necessary to verify the existence
of a dielectric contrast in these mixtures. A series of dielectric measurements were carried out on different
ethanol/water sample mixtures to evaluate this dielectric contrast [9, 10]. This dependence between the
permittivity value and the water content justifies the study of our multi-probe sensor.

2. DIELECTRIC PERMITTIVITY MEASUREMENTS OF LIQUID MIXTURES

Dielectric permittivity is an intrinsic value that defines the interaction between electromagnetic waves
and a material. Among classical techniques used in the literature [11] to measure dielectric parameter,
an open ended coaxial probe (SPEAG DAK 3.5%) and a coaxial propagation line (EpsiMuScoaxial
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cell) are used in this work. Both cells are used with a Vector Network Analyzer (VNA, ANRITSU
MS2038C).

The open-ended coaxial cell is based on a capacitive model [11]. When the probe is in contact with
a material, it changes the overall capacitance value of the equivalent circuit. The open ended coaxial
probe is set directly inside the liquid to be tested [12]. The permittivity values are calculated from the
reflection coefficient measurement (Fig. 1(b)). For the second method, the coaxial propagation line,
the sample material under test (MUT) is positioned in a sample holder between two dielectric washers
(Fig. 1(a)) [14,15]. From the S-parameters (reflection and transmission) measurements, the method of
Nicolson and Ross [13] is applied to calculate the permittivity value.
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Figure 1. (a) Coaxial reflection/transmission cell (EpsiMu), (b) open ended coaxial probe (SPEAG
DAK 3.5) and schematized measurement set-up, including the VNA.

With these two methods, we characterize some liquids: pure demineralized water, pure ethanol, or
any mixtures of these liquids. It is important to be able to use two different technics for ensuring the
reliability of our dielectric measurement.

For safety and health reasons, we test our approach with liquids such as demineralised water and
ethanol (MERCK, Ethanol 96%, EMSUREY Reag. Ph Eur) instead of using liquid biofuels such as
bioethanol. The water content of the different mixtures is between 4% and 20% with steps of 4%. The
measurements were carried out at room temperature (25°C) and over a frequency band between 100 MHz
and 5000 MHz. The real dielectric permittivity measurements of the different mixtures obtained with
the two measurement techniques are shown in Fig. 2.
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Figure 2. (a) Dielectric measurements with coaxial transmission line method, (b) dielectric
measurements with the open-ended coaxial probe method.
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Both results confirm the dependence of the real part of the permittivity of the ethanol/water
mixture on the water content [16]. Thus, the propagation conditions of the electromagnetic waves in
the sensor will be modified as a function of the water content: on one hand for the propagation between
two probes and also on the other hand for the adaptation of a probe to the material.

3. MULTIPLE PROBE SENSOR: METHOD AND VALIDATION

3.1. Measurements Setup

The principle of this multi-probe sensor (Fig. 3) is based on a circular metal tube (50 mm diameter)
around which several coaxial open ended probes are positioned on its periphery. Thanks to his design,
it could be almost directly inserted into a production line.

Probe 6
Probe 1 Probe 5
MUT:
Ethanol / H,0O
Reflection Transmission
; Probe 2 Probe 4
Probe 3

Figure 3. Schematic multi-probe sensor.

In order to enable all probes combination measurements, a switching matrix (Mini-Circuits Switch
Matriz ZTVX 8-12) and a VNA are coupled to the multi-probe sensor as shown in the figure below
(Fig. 4).

Figure 4. The complete measurements setup with the sensor.

3.2. Samples Preparation and Treatments of Measurements

All ethanol/water mixtures were made from an initial ethanol solution: ethanol 96% (Ethanol 96%
EMSURE®) Reag. Ph Eur). Thus, all results were obtained with the same mixture for the two technics
of dielectric characterization (the coaxial line (Fig. 2(a)) and the open coaxial probe (Fig. 2(b)) and the
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Figure 5. (a) Transmission between two close probes, (b) transmission with ethanol content at
2000 MHz.

multi-probe sensor technic (Figs. 5(a)/(b)). The frequency range is [100 MHz, 5000 MHz|. The water
content range is between 4% and 20%.

4. RESULTS AND DISCUSSION

The main objective of this study is to define the water detection threshold with the multi-probe sensor.
Five mixtures with water content between 20% and 4% with 4% steps have been tested. In other words,
this corresponds to mixtures of 80%, 84%, 88%, 92%, and 96% of ethanol. The variation of transmission
between two adjacent probes (Fig. 5(a)) is maximum around 2000 MHz (Fig. 5(b)).

For the reflection parameter (Fig. 6(a)), the variation is significative up 3000 MHz. Thus, for
example, the variation of the reflection value versus ethanol content is shown at 4000 MHz (Fig. 6(b)).
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Figure 6. (a) Reflection on the probe number 1, (b) reflection with ethanol content at 4000 GHz.
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With this multi-antenna system, in this case of 6 antennas, we have several determinations of the
same parameter like reflection. This redundancy increases the accuracy or decreases the error bar, of
the measurement of the target parameter: the water content of the biofuel.

In the same context, the transmission measured between two given antennas will increase the
accuracy of this measurement, but also provide information about the homogeneity of the material
under test.

5. CONCLUSION

In this work, a multi-probe sensor is studied for in-line and real-time determination of water content
in homogeneous liquids as alcohol or other. A prototype has been developed and tested. This
method is based on the measurement of reflection and transmission coefficients through probes. This
electromagnetic characterization is related to the dielectric sensitivity of liquids as a function of water
concentration. The first study was carried out with mixtures of water and ethanol in a frequency range
between 100 MHz and 5000 MHz. The results obtained with liquid mixtures allowed not only to evaluate
the detection thresholds of water content but also to diagnose the homogeneity of the material under
test. As further steps, we plan to implement this sensor in a production line to have a means of diagnosis
in line and in real time, of presence of water in a liquid biofuel.
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