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INDUCTIVE CONDUCTIVITY CELL FOR WATER SALINITY MONITORING
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Abstract: In this paper we describe an inductive sensor
constructed as a double transformer, to be utilized to meas-
ure the water salinity in the sea and estuaries. The sensor
uses two toroidal cores. Each core is provided with one
single winding. The windings have equal number of turns.
The electromotive forces developed in the water give rise to
electrical currents which act as the secondary currents of one
transformer and the primary currents of the other. Therefore,
the relation between the voltage applied to the primary cir-
cuit and the voltage in the secondary depend on the conduc-
tivity of the water.
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1. INTRODUCTION

The salinity of the water on the open sea or inside estuar-
ies, where the salty tide meets the fresh water current, may
be measured by using conductivity sensors because the
electric conductivity is directly related to the salt content in
the water.

The growing attention on environmental issues fuelled the
necessity of developing sensors to monitor the water quality.
The need for permanent operation of the measurement appa-
ratus poses a maintenance problem related to the continuous
growing of biological organisms and to the continuous
deposition of inorganic materials which foul the equipment
and degrade the acquired data.

The utilization of nude electrodes is especially vulnerable
to fouling, because the conductance between electrodes is
very sensitive to the depositions on their surface.

The inductive sensors present the advantage of a non-
direct contact between the sensor elements and the medium
under test [1-3]. Therefore this type of sensors has been used
in non-destructive tests to detect internal flaws inside me-
chanical structures [4], in non-invasive tests in biomedical
applications [5] and in water conductivity assessment [1].

The basic principle involved in the inductive sensors con-
sists in the presence of eddy currents induced in the interior
of the body under test and due to the time variation of the
magnetic flux originated by the electric currents imposed in
a primary coil. The intensity of these currents is related to
the electric conductivity of the medium and there is a corre-
lation between the electrical parameters that can be assessed
and the medium conductivity. In our sensor the electric
current in the water provides the magnetomotive force nec-
essary to magnetize a second ferromagnetic core, inducing a

voltage in the secondary winding which is correlated to the
conductivity of the water.

2. SENSOR DESIGN

The sensor structure is shown in Fig. 1. Two toroidal
cores of amorphous iron are mounted together as shown in
Fig. 1. Each core is provided with one winding of 20 turns.
This assemble is immersed in the aqueous solution. A plas-
tic container is used to delimit the lines of current inside the
water, preventing the influence of strange objects on the
measuring process. Therefore all the current in the water is
enclosed by the plastic container. However, the container is
provided with some apertures to let the water flow through
the cell. The expected lines of current are depicted in the
Fig. 2.
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Fig. 1 Cell structure: two cores with one winding each
inside a plastic container.
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Fig. 2 Lines of current embracing the two toroids inside the
plastic container. The dimensions are in millimeters.
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The cell will work in an alternate sinusoidal regime.
However, the resistance of the water path may be calculated



assuming stationary fields, if the depth of penetration & in
the water is much greater than the cell dimensions for the
maximum frequency of operation. Considering the maxi-
mum frequency as fya =50 kHzand o =5 S/m we
obtain using (1), a value for the depth of penetration of the
order of one meter. This will guarantee that the depth of
penetration of the electromagnetic field in the salty water
will always be greater than the dimensions of the sensor, for
the entire range of the conductivities to be measured.
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2.1. Sensor Modeling

M

The finite element method was used to estimate the con-
figuration of the electric field induced inside the cell. As
shown in the previous section the current field can be de-
termined as in the dc-regime. Equipotentials and lines of
current were determined using this method. The lines of
current are shown in the Fig. 3. These results allow the de-
termination of the water resistance and of the cell constant.
This modeling shows that the resistance R, of the water

path may be written in the form,
K
Ry == @)
o
where K¢ is the cell constant, which only depends on the

geometric shape. In our case and for the linear dimensions
presented on the Fig. 2 the value Kc=110 m™' was obtained.

Fig. 3 Current lines obtained using the finite element method.

The electric circuit represented in Fig. 4 is useful to pre-
view the electric behavior of the presented sensor. However
in this scheme the dispersion of the magnetic field lines and
the resistance of the wire windings are neglected. The effect
of parasitic capacitances is not taken into account.
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Fig. 4 Sensor schematic circuit: Ry represents the
resistance of the water circuit.

The circuit represented in Fig.4 has an equivalent as rep-
resented in Fig.5. The first transformer is represented by the
electric circuit as seen from the primary (the winding of 20
turns) and the second transformer as seen from the secon-

dary (20 turns output). In this equivalent circuit Z repre-
sents the impedance of the 20 coils around one toroidal core.
It was verified by measurement that, at the frequency of
50 kHz, the impedance Z presented an important real part
with an angle of losses greater than n/4 . However, the fre-
quency of 50 kHz was chosen because the sensibility in-
creases with frequency. It was also verified that the imped-
ance Z did not present important variations for input ampli-
tude voltage variations between 5 and 10 volt.
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Fig. 5 Equivalent circuit of the double transformer sensor.

With this model it was possible to preview the behavior
of the sensor when it was driven by a constant voltage
source or when it was driven by a constant current source.
For a voltage of imposed constant amplitude applied to the
input transformer the expected output voltage phasor will be

- = Z
Uout =U; (©)
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A close examination of the expression (3) shows that the
expected sensitivity of the output voltage to the water resis-
tance Ry, varies largely in the range of measurement:
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Being the range of the conductivity measure-
ment (100 mS/m <o <5 S/m), and taking the equation (2)

into account, the corresponding values of the water resis-
tance Ry will be in the interval (1.1 kKQ > Ry, >22 Q) . For

Z =(3.2£37°) k& and |Jjy| =1V, the sensitivity given by
(4) will be in the interval

(4)
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6,54x107% < : <9,64x107 VIQ (5)

The sensitivity of the output voltage to the conductivity
o , also for unitary input voltage, will be given by

|dgout|_|dljout dRW|
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which corresponds to the interval
725 Waut | 4 mV/(S/m) . @)

These results show that the expected absolute errors in-
herent to the sensor are of the same order of magnitude, for
low or high conductivities, but quite different in relative
value. Therefore a special attention must be taken when
projecting the electronic circuitry associated to the detection
of the sensor output voltage.



The sensor is driven by a sinusoidal oscillator working at
f=50 kHz and rms output voltage of U,,=10 V. The compo-
nents in phase and in quadrature of the sensor output voltage
were measured separately. For a circuit with the topology of
that shown in Fig.5, and for the values of Z and U, re-

ferred above, the output sensor voltage components will
vary with Ry as shown in the Fig.6.
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Fig. 6 Cell output voltage. The upper curve is the component in
phase and the lower curve the component n/2 out of phase with the
sensor input.

3. EXPERIMENTAL CHARACTERIZATION

The cell was characterized in a bath of salty water by us-
ing an automated set-up previously developed [6]. The cells
were tested varying the frequency and the temperature, in
baths of different salinities. Some of the obtained results are
presented in Fig.7. These results show the dependence of the
trans-impedance on the frequency, and were used to select
the final frequency of operation for the prototype.
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Fig. 7 Cell transimpedance as a function of frequency and temperature.
The measurements correspond to a solution with conductivity of
43 mS/m at 20.0 °C.

Fig.7 shows clearly that the sensitivity increases with the
frequency. These measurements were carried out in a bath
with conductivity lower than the minimum conductivity of
the measurement range. For this low conductivity value it
was possible to separate the curves measured for different
temperatures, and confirm the theoretical law of variation
with the temperature.

G(T)ZG(TO)X[I-i-OL(T —TO)] (8)
It was obtained for a the value of a=2.2%/°C. This result
allows that the conductivity measured values, for the sake of

comparison, are converted to the same reference tempera-
ture.

4. BASIC ELECTRIC CIRCUITRY

In Fig.8 we represent a block diagram of the constructed
circuitry for driving the sensor and to measure the output
voltage, obtaining the components in phase and in quadra-
ture with the input. For this purpose we utilized two inte-
grated multipliers which incorporate low-pass filters neces-
sary to extract the amplitudes of those components.
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Fig. 8 Block diagram of the circuitry to obtain the components in
phase and n/2 out of phase with the sensor input voltage.

The experimental values, obtained by using the set-up
described in Fig. 8 are presented in Fig. 9 and show that, for
the lower values of water conductivity, the output voltages
are small. However the experimental points are in good
agreement with the theoretical curve, presented above in
Fig. 6.
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Fig. 9 The two components of the output voltage as a function of
the water resistance Ry. In phase experimental values are marked with
triangles and squares represent the quadrature component.

In Fig. 10 we present the experimental values of water
conductivity as a function of the expected values, for a set of
points marked with squares. These experimental points were
obtained comparing, for a given value of water resistance
the experimental values of the measured output voltages to



the values which were expected from the theoretical model
presented above.
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Fig. 10 Comparison of the obtained values of water conductivity to
the theoretical values expected from the presented model.

4. CONCLUSION

An inductive conductivity cell to measure the electrical
conductivity of the salty water was modeled, constructed
and characterized in our laboratory. A number of these sen-
sors will be placed in the river Tagus estuary near Lisbon.
The array of sensors will work autonomously. Each sensor
will be provided with a microprocessor to automate the
measuring process and to control the transmission of data to
a central point where the collected information will be proc-
essed. A second phase of this work is now in development.
Meanwhile, a more complete characterization and compari-
son with other conductivity cells is underway.
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