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Abstract: Electrodes are basic components of C*D (capacitively coupled contactless conductivity
detection) sensors, and different electrode structures (the configuration pattern or the electrode ge-
ometry) can lead to different measurement results. In this work, the effects of electrode geometry of
radial configuration on the measurement performance of C*D sensors are investigated. Two geo-
metrical parameters, the electrode length and the electrode angle, are considered. A FEM (finite
element method) model based on the C*D method is developed. With the FEM model, correspond-
ing simulation results of conductivity measurement with different electrode geometry are obtained.
Meanwhile, practical experiments of conductivity measurement are also conducted. According to
the simulation results and experimental results, the optimal electrode geometry of the C*D sensor
with radial configuration is discussed and proposed. The recommended electrode length is 5-10
times of the pipe inner diameter and the recommended electrode angle is 120-160°.

Keywords: capacitively coupled contactless conductivity detection; electrode geometry; radial con-
figuration; conductivity measurement

1. Introduction

The capacitively coupled contactless conductivity detection (C*D) method is an ef-
fective conductivity detection method for fluidic analysis and measurement [1-4]. Com-
pared with traditional contact conductivity detection methods, the electrodes of the C*D
sensor are not in direct contact with the measured fluid. Hence, some unfavorable influ-
ence of contact conductivity detection methods (such as the electrode polarization and the
electrochemical corrosion) can be avoided [1-5]. Due to its advantages, the C*D method
has attracted many researchers’ attention and made considerable development since it
was proposed [1-4]. Figure 1a illustrates the typical construction of a C*D sensor. As il-
lustrated, a C*D sensor consists of an AC source, an excitation electrode, a pick-up elec-
trode, an insulating pipe and a signal process unit. The excitation electrode and pick-up
electrode, which are connected with the excitation source and the signal process unit re-
spectively, are attached to the outer wall of the pipe. Figure 1b shows the equivalent cir-
cuit of the C*D sensor, where R, represents the equivalent resistance of the fluid, €; and
C, represent the coupling capacitances and C,, represents the stray capacitance. When
an AC voltage is applied on the excitation electrode, the current is measured on the pick-
up electrode, and then the conductance of the fluid between the two electrodes can be
obtained.

There are two kinds of electrode configuration patterns of C*D sensor, the tubular
configuration and the radial configuration, as illustrated in Figure 2 [1,4,6-8]. The tubular
configuration is the most commonly used electrode structure of C*D sensor. For this con-
figuration, the fluid is measured in the axial direction of the pipeline. The sensor with
tubular electrodes can obtain a large and stable signal, which helps the improvement of
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detection performance [6,9]. Through decades of sustained development, C*D sensors
have been studied by many researchers and are mostly employed for detection in capillary
electrophoresis (CE) and microchip electrophoresis (MCE) (the inner diameter of the pipe
is always less than 0.5 mm) [1-4,10]. In these fields, the tubular configuration can meet the
measurement requirement well. Therefore, most of the published works focus on the ap-
plication of the tubular configuration, while there are few on the radial configuration. Re-
cently, the potential of applying C*D to non-electrophoretic fields has been mined and the
pipe scale has been extended beyond the original capillary or microchannel (the inner
diameter of the pipe is larger than 1 mm) [1,5,9,11-13]. To realize satisfactory measure-
ment performance, both the ratio of the tubular electrode length to the pipe diameter and
the ratio of the tubular electrodes distance to the pipe diameter are usually large enough
(larger than 5 or even 10) [2-4,9,14,15]. The ratios are acceptable for pipes with smaller
inner diameters. However, with the increase of the pipe diameters, the ratios will result
in large electrodes and large sensor sizes, which may cause inconvenience in arranging
and applications. This is one of the reasons why the research works and the applications
of C*D sensors with the tubular configuration are limited in the pipes with larger inner
diameters [1,4-6,9,16].
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Figure 1. C*D sensor: (a) The typical construction; (b) The equivalent circuit.
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Figure 2. The C‘D sensor with different electrode configurations: (a) Tubular configuration; (b) Radial configuration. No-
tation: For the tubular configuration (as illustrated in (a)), a pair of cylindrical electrodes is attached around the pipe. For
the radial configuration (as illustrated in (b)), a pair of concave electrodes is attached to the pipe oppositely.

Radial configuration provides another effective application for C*D. Radial configu-
ration is more compact than tubular configuration so it is applicable for normal-scale (mil-
limeter or tens of millimeter scale) pipes and can avoid the aforementioned defects of the
tubular configuration [5,9,17]. Furthermore, for sensors with radial configuration, the
fluid is measured in the radial direction of the pipeline. This characteristicis different from
the tubular configuration and means the detection areas and the obtained information of
the two configurations are different. The detection area of the tubular configuration is the
pipe area between the two electrodes and the obtained information is the average conduc-
tivity of a section of fluid in the pipe, while for the radial configuration, the detection area
is the pipe area covered by the two electrodes, and the obtained information is the fluid
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conductivity in the cross-section of the pipe and embodies the features of the fluid cross-
section. Despite these advantages, the radial configuration pattern receives little attention
in the research field of C*D [3,5,6,17], and is usually adopted in the research works on
capacitance sensors [18-21]. Accordingly, to exploit the potentials of radial configuration,
more relevant research should be undertaken.

Researchers have made great efforts to the design of C*D sensors, such as optimiza-
tion of the sensor structure [1-3,14,15,17,22] and improvement of the measurement circuit
[1,7,16,23-25]. The selection of the electrode structure, i.e., the configuration pattern and
the geometry (geometrical parameters) is a key point [1-3,9,14,15,17,18,22,26]. The design
of electrodes is a basic process for detection and an attractive research aspect for research-
ers [14,15,17,22]. For a certain configuration pattern, the electrical field distributions are
determined by the geometry of electrodes. Therefore, the geometry of the electrodes can
affect the response of the C*D sensor, and hence affect the measurement result. Unfortu-
nately, the research works on the design of the electrode geometry for radial configuration
are limited, and the geometry can only be designed empirically. In order to fill this tech-
nique gap, the electrode geometry of radial configuration needs more research works.

The effects of electrode geometry design of radial configuration on the measurement
performance of the C*D sensor are investigated in this work. Both simulation analysis and
practical experiments are carried out. The length and the angle of electrodes are consid-
ered. A simulation model of the C*D sensor with radial configuration is developed and
used for the conductivity measurement. The relationship between the conductivity and
the output of the C*D sensor is acquired. With different electrode geometry, different
measurement results are obtained. According to these simulation results, the measure-
ment performance of the C*D sensor is analyzed and contrasted. A group of C*D sensors
with different electrode geometries are fabricated and conductivity measurement experi-
ments are conducted. Then, comparison between the simulation results and the practical
experimental results is carried out. Finally, the optimal electrode geometry of radial con-
figuration is discussed and proposed according to the research results.

2. Simulation

The sectional view and lateral view of the C*D sensor with radial configuration are
illustrated in Figure 3, where d represents the inner diameter of the pipe, D represents the
outer diameter of the pipe, ¢ represents the angle of the electrodes and L represents the
length of the electrodes. The two electrodes are placed right against one another. Obvi-
ously, the geometry of the electrodes depends on the electrode length L and the electrode
angle 6. To investigate the effects of the electrode geometry on the measurement perfor-
mance of the C*D sensor, simulation analysis is carried out.

Pick-up L
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Pipe
—
Flow Direction
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Figure 3. Views of the radial configuration: (a) The sectional view; (b) The lateral view.



Sensors 2021, 21, 4454

4 of 16

2.1. FEM Model of the C*D Sensor

A 3D model based on the finite element method (FEM) is developed to study the
electrical field and hence to calculate the conductance of the measured fluid. The model is
developed and calculated by the software COMSOL Multiphysics 5.5 (COMSOL Inc.,
Stockholm, Sweden). Electrical field interface is used and the problem is to solve the equa-
tion of continuity, which can be expressed in the frequency domain as:

V- ((a(x, v,z) + j2nfe e (x,y, Z))V(p(x,y, Z)) =0, (x,y,z) €Tl )

where o(x,y,z), &(x,y,z) and ¢(x,y,z) are the distribution functions of the conduc-
tivity, relative permittivity and electrical potential respectively, ¢, is the permittivity of
vacuum, f is the excitation frequency, j is the imaginary unit, V is the Hamiltonian op-
erator and II is the model domain. In this equation, ¢(x,y,z) is the dependent variable.

In the C4D sensor, one of the electrodes is connected with the excitation source, and
the other is connected with the virtual ground. Therefore, the potentials of the excitation
electrode and the pick-up electrode in the FEM model are set as constants ¢, and 0, re-
spectively. This can be expressed as:

(p(x'y' Z) = @o, (x,y,z) S Fl (2)

(p(x,y,z) = 0: (xvy:Z) € FZ (3)

where I} and I, arethe boundaries of the excitation electrode and the pick-up electrode,
respectively.

Because of the existence of the reactive component, the impedance (including both
real part and imaginary part) is actually calculated in the model. While the sensor is work-
ing, the current passing through the pick-up electrode can be calculated:

=] Jdr, @

where J is the conduction current density and J = —oV¢. Then, the impedance can be
calculated by Ohm'’s law:

z,=0 "2 g 1 jx, ©)
where R, and X, present the real part and the imaginary part of the impedance, respec-
tively.

The developed FEM model consists of the pipe, the C*D sensor and the external en-
vironment. The main domain of the model is shown in Figure 4. The external environment
is full of air. The inner diameter d and outer diameter D of the pipe are 7.5 mm and 10 mm,
respectively. In the pipeline, the solutions with conductivity ranging from 0.04 mS/cm to
10 mS/cm are simulated. Table 1 lists the properties of the model components. The prop-
erty of the pipe wall is set to be similar to quartz glass, i.e., the conductivity is 0 and the
relative permittivity is 4.2. There are two electrodes attached to the outer wall of the pipe
and the material of the electrodes is set as copper. One of the electrodes is supplied with
the excitation voltage and the other is grounded. The amplitude of the excitation voltage
is set as 5 V and the determination of the frequency is separately discussed in the later
sections. The conductivity and relative permittivity of the external air are 0 and 1, respec-
tively. The relative permittivity of the solutions is 78. Tetrahedral quadratic elements are
used as the mesh mode of the FEM model. Figure 5 shows the distributions of the electrical
potential and the electric field around the electrodes from different views.
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Figure 4. The main domain of the FEM model.

Table 1. The properties of the model components.

Components Materials Conductivity Relative Permittivity
(mS/cm)
pipe wall quartz glass 0 42
electrodes copper 5x 108
external air air 0 1
fluid solution 0.04~10 78

Figure 5. The FEM model: (a) The top view of the distribution of the electrical potential; (b) The
sectional view of the distributions of the electrical potential and the electric field lines.
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As shown in Figure 5b, besides the area of the detection pipe, the electric field lines
are also distributed in the external air and pass through the external air from the excitation
electrode to the pick-up electrode. These electric field lines can be regarded as a stray ca-
pacitance in parallel with the detection path. Thus, the equivalent circuit in the simulation
analysis can be illustrated as Figure 6, where C, represents the stray capacitance.

CP
|l
I
(Jin C] Zx CZ IO

~@-HoH—

Figure 6. The equivalent circuit in the simulation analysis.

2.2. Simulation Results
2.2.1. Effects of the Excitation Frequency

The choice of the excitation frequency in the simulation deserves consideration. The
excitation frequency will affect the value of the obtained impedance. Therefore, the effects
of the excitation frequency are investigated. With the FEM model, the real part and the
imaginary part of the impedance can be obtained and the simulation results for different
excitation frequencies are shown in Figure 7. The curves of 400 kHz, 600 kHz, 800 kHz
and 1 MHz are respectively given.

1,000 -10,000 4
= f=400kHz T TV
500 4 —e— f = 600kHz
4— = 800kHz 15,000 A A A4
—v—f=1MHz
= 600 @
. F
E_ ;20,000— —oeeoe oo 0o o o oo
= ©
© J £ R
e ) = f= 400kHz
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-25,000 4 —A— f = 800kHz|
200 - —v—f=1MHz
04 -30,000 4 r
0 2 4 6 8 10 0 2 4 6 8 10 12
Conductivity (mS/cm) Conductivity (mS/cm)
(a) (b)

Figure 7. Simulation results for different excitation frequencies: The dependence of (a) the real part of the impedance; (b)
the imaginary part of the impedance.

The impedance results indicate that the absolute values of both parts will decrease
when the conductivity increases. The absolute value of the imaginary part is much larger
than that of the real part. Obviously, the imaginary part is mainly contributed by the cou-
pling capacitance. Therefore, the imaginary part is nearly constant when the conductivity
of the solution is high enough. The capacitive reactance of the solution will have effect
when the conductivity is low enough, which leads to the slight variation in the imaginary
part. The variation of conductivity is mainly reflected in the value of the real part. There-
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fore, the real part of the impedance is extracted for the measurement. Meanwhile, the re-
lationship between the conductance G, and the conductivity ¢ is studied, and the con-
ductance can be expressed as:

Gy =5 (6)

Figure 8 shows the relationship between the measured conductance G, and the con-
ductivity o for different excitation frequencies. From all the results, it can be seen that
the differences in the imaginary part of the impedance between different frequencies are
significant. The values of the real part (also conductance) between different frequencies
are almost the same and their differences are mainly found at low conductivity. The dif-
ferences result from the reactive component of the measured fluid, which cannot be ne-
glected at low conductivity.

0.25 4

0.2

0.15 4 —=8— f = 400kHz
—o— f =600kHz
—a— f = 800kHz

—v—f=1MHz

0.1

Measured conductance (S)

T T T T T
0 2 4 6 8 10

Conductivity (mS/cm)

Figure 8. Simulation results for different excitation frequencies: the relationship between the meas-
ured conductance and the conductivity.

Corresponding research is also carried out by experiments, and the discussion can be
found in Section 3.2.1. Based on the simulation and experimental results, 1 MHz is
adopted as the excitation frequency in the simulation and in experimental research on the
effects of the electrode length and angle.

2.2.2. Effects of the Electrode Length

The electrode length of the radial configuration (i.e., the L shown in Figure 3b) deter-
mines the size of the detection domain along the axis direction of the pipe. With the de-
veloped FEM model, the effects of the electrode length on the measurement performance
of C!D sensor are investigated. By changing the electrode length in the FEM model, dif-
ferent measurement results can be obtained. The curves describing the relationships be-
tween each part of the measured impedance and the conductivity of the solution are di-
verse. As such, the real part and the imaginary part of the impedance are investigated
respectively. Figure 9 shows the simulation results for different electrode lengths (taking
the inner diameter of the pipe d as the reference, setting L/d = 2, 4, 6, 8 and 10) when the
electrode angle 6 is fixed to 120°.
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Figure 9. Simulation results for different electrode lengths: The dependence of (a) the real part of the impedance; (b) the
imaginary part of the impedance; (c) the measured conductance on the conductivity of the solution when 6 = 120°.

Figure 9c shows the relationship between the measured conductance and the con-
ductivity for different electrode lengths. It can be seen that the measured conductance is
nearly linear with the conductivity of the solution, and with the increase of the electrode
length the sensitivity (i.e., AA—?) of the measurement increases.

2.2.3. Effects of the Electrode Angle

Because the two electrodes are placed opposite each other for the radial configuration,
the electrode angle of the radial configuration (i.e., the 8 shown in Figure 3a) can also be
regarded as the gap width between the two electrodes, and the larger the angle, the shorter
the gap width. Therefore, the electrode angle is also a main parameter that can determine
the detection domain. Similarly, the effects of the electrode angle on the measurement
performance of the C*D sensor are investigated by the FEM model.

The FEM model is used to obtain the simulation results for different electrode angles
(60°,90°,120° and 150°). Figure 10 shows the simulation results when the electrode length
L=45mm,i.e., L/d=6.
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Figure 10. Simulation results for different electrode angles: The dependence of (a) the real part of the impedance; (b) the
imaginary part of the impedance; (c) the measured conductance on the conductivity of the solution when L/d = 6.

Figure 10c shows the relationship between the measured conductance and the con-
ductivity for different electrode angles. All relationships are also nearly linear and with
the increase of the electrode angle the sensitivity of the measurement will also increase.
Further, the improvement of sensitivity by increasing the electrode angle will be greater

when the angle is larger.

3. Experiments

3.1. Experimental Setup

To validate the effectiveness of the simulation results, practical experiments were
carried out. A group of C*D sensors with radial configuration were fabricated. The copper
foils (the thickness is 0.30 mm) are used as the electrodes and contact of the electrodes
with the pipe wall is realized by an acrylic modified epoxy adhesive. Table 2 lists the ge-
ometry parameters of all the C*D sensors used in the experiments.

Table 2. The geometry parameters of all the C*D sensors.

Electrode Length L (mm) L/d Electrode Angle O (°)
Sensor 1 15.00 1.93 120
Sensor 2 40.00 5.15 120
Sensor 3 60.00 7.73 120
Sensor 4 40.00 5.15 80
Sensor 5 40.00 5.15 160




Sensors 2021, 21, 4454

10 of 16

=

2,000

1,500

Real part (Q)
3
8

500

With these sensors, conductivity measurement experiments were conducted. The re-
lationship between the output of the C*D sensor and the conductivity of the measured
solution was obtained. The layout of the experimental setup is illustrated in Figure 11,
which consists of a syringe pump, a C*D sensor and a data acquisition and processing unit.
KCl solutions with different conductivities ranging from 0.04 mS/cm to 10.00 mS/cm were
used as the measured fluid. The reference conductivity of the solution was measured by
a commercial contact conductivity meter (FE38-Meter, Mettler Toledo Inc., Zurich, Swit-
zerland). The KCl solutions were driven into the pipe by the syringe pump (Syringe Pump
Model 33, HARWARD Apparatus Inc., Holliston, MA, USA). The inner diameter 4 and
the outer diameter D of the insulating pipe were 7.76 mm and 10.26 mm, respectively. A
signal generator (CA1640-02, RIGOL Technologies Inc., Suzhou, China) was used to gen-
erate the AC excitation source. The voltage of the excitation source was set as 10.0 Vpp.
An analog phase sensitive demodulation (APSD) unit was introduced to obtain the total
impedance (both the real part and the imaginary part), and more detailed information
about APSD is available in [5]. The KCI solutions were prepared with deionized water,
the conductivity of the deionized water was 5.5 X 107> mS/cm and the relative permit-
tivity was around 78. The temperature during the experiments was about 22.0 °C.

I S R e S—
Syringe pump Pipeline

Data

D — Waste liquid

acquisition =

tank —

Data processing

Figure 11. The layout of the experimental setup.

3.2. Experimental Results
3.2.1. Effects of the Excitation Frequency

Similar to the simulation analysis, experiments were conducted to investigate the ef-
fects of the excitation frequency on the measurement and hence to determine the excita-
tion frequency used in the following experimental study. Figure 12 shows the experi-
mental results of conductivity measurement of KCl solution under different excitation fre-
quencies (400 kHz, 600 kHz, 800 kHz and 1 MHz).
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Figure 12. Experimental results for different excitation frequencies: The dependence of (a) the real part of the impedance;
(b) the imaginary part of the impedance; (c) the measured conductance on the conductivity of the solution; (d) the con-
ductance results with conductivity within the corresponding upper limit.
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It can be seen that there exists significant difference in the values of imaginary part
of the impedance for different frequencies. For the real part, the difference is minor. Figure
12c shows the results of measured conductance. As shown, the measurement performance
deteriorates at high solution conductivity and there is an upper limit of the conductivity
measurement. Furthermore, it can be found that the upper limit decreases with the de-
crease of the excitation frequency, which is unfavorable for the measurement of high con-
ductivity. At high conductivity, the real part of the fluid impedance is too small and is
covered by the imaginary part so the measurement is limited. A high excitation frequency
can help alleviate this problem. Figure 12d shows the results with conductivity within the
corresponding upper limit for different frequencies and the curves are also similar. Above
all, a higher excitation frequency is suitable for the measurement in this conductivity
range. In addition, to ensure a proper working frequency for the electronic components,
1 MHz is selected for the experiments.

3.2.2. Effects of the Electrode Length

Sensors 1, 2 and 3 are used to investigate the effects of the electrode length. Figure 13
shows the experimental results. It can be seen that the absolute values of both parts of the
impedance decrease with the increase of the conductivity of the solution. Furthermore,
the absolute value of the imaginary part is much larger than that of the real part due to
the existence of the coupling capacitances. For different electrode lengths, the obtained
impedances are different. The larger electrode length results in smaller absolute values of
both parts. The results are similar to the simulation results.
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Figure 13. Experimental results for different electrode lengths: The dependence of (a) the real part of the impedance; (b)

the imaginary part of the impedance; (c) the measured conductance on the conductivity of the solution when 8 = 120°.
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The relationship between the measured conductance and the reference conductivity
for different electrode lengths is given in Figure 13c. According to the results, it can be
found that the curves are different for different electrode lengths and the curve linearity
for L/ 4 = 193 is worse than that of the other two curves. Meanwhile, comparing the
results obtained from different electrode lengths, a larger electrode length can result in

higher measurement sensitivity. This is also in accord with the simulation results.

3.2.3. Effects of the Electrode Angle

Sensors 2, 4 and 5 are used to investigate the effects of the electrode angle. Figure 14
shows the experimental results. The experimental results are also similar with the simu-
lation results. It can be seen that the larger electrode angle results in smaller absolute val-
ues of both parts of the impedance. Figure 14c shows the results on measured conductance.
As shown, the sensitivity increases with the increase of the electrode angle.
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Figure 14. Experimental results for different electrode angles: The dependence of (a) the real part of the impedance; (b)
the imaginary part of the impedance; (c) the measured conductance on the conductivity of the solution when L/d =5.15.

4. Discussions

Generally speaking, the simulation results are in agreement with the experiment re-
sults. The measured conductance increases with the increase of the solution conductivity
in both simulation and experiments for the C*D sensor with radial configuration. Consid-
ering different electrode geometry, the results of a larger electrode length or a larger elec-
trode angle display higher sensitivity of conductance measurement according to both the
simulations and the experiments.

According to the results, selecting a larger electrode length and a larger electrode
angle could be the criterion to realize better measurement performance when designing
the C*D sensor with radial configuration. However, a longer electrode means more occu-
pation, which deviates from the advantages of the radial configuration. Therefore, the
electrode length should not be too long. According to the results, the recommended elec-
trode length is 5-10 times of the pipe inner diameter. For electrode angle, the upper limit
is 180°. However, when it is set near 180°, some unpredictable influence from the external
environment may emerge and the fabrication will be more difficult. As such, it is neces-
sary to reserve a certain margin for electrode angle and we recommend an electrode angle
of 120-160°.

It's worth mentioning that there also exist slight differences between the simulation
results and experimental results because of the difference between simulation and exper-
iment and the non-ideal factors in the experiments. The relationship between the meas-
ured conductance and the conductivity obtained by simulation is strongly linear while the
linearity of the relationship obtained by experiments is not good at high conductivity. This
difference may result from the non-ideality of the practical experimental environment.
The measured value of the real part is small and its variation to the conductivity is tiny at
high conductivity. For practical experiments, the useful signal is small and will be covered
by the noise, i.e., the SNR (signal to noise ratio) is low. For simulation, the noise is not
considered. Further, the differences between the real parts of the simulation and the prac-
tical experiments are small, while for imaginary parts the differences are relatively large.
In a C*D sensor with radial configuration, the imaginary part is determined by the cou-
pling capacitances, the stray capacitance and the capacitive component of the measured
fluid. The coupling capacitances are determined by the relative permittivity and the thick-
ness of the pipe wall. In simulation, the thickness and the relative permittivity are fixed.
In practical experiments, although the thickness and the relative permittivity of the pipe
wall are almost same as the simulation, the external environment also influences the cou-
pling capacitances. Additionally, the influence of the adhesive between the electrodes and
the pipe on the coupling capacitances should also be considered. The above phenomenon
also indicates that the C*D sensor with radial configuration has potential for measurement
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of permittivity [17,27]. Notably, some research has monitored the permittivity of the mix-
ture of ethanol and gasoline, and hence implementing the determination of the ethanol
content of gasoline with a sensor has a similar structure [27].

5. Conclusions

Radial configuration is one of the effective configurations for C*D sensors and few
research works on it have been reported. Different from tubular configuration, radial con-
figuration is more compact, because the electrode length and the electrode distance of
tubular configuration are always set as 5-10 times of the inner pipe diameter. Thus, with
the increase of the pipe diameter, the detection area of a tubular C*D sensor will be 15-30
times of the pipe inner diameter. For a radial C*D sensor, the detection area is 5-10 times
the pipe inner diameter. Hence, it is suitable for the large pipe. Its geometry design is a
significant research aspect. In this work, the effects of the electrode geometry on the per-
formance of C*D sensors with radial configuration are investigated. Electrode length and
electrode angle are the considered geometry parameters. The research is carried out by
both simulation and experiment.

A FEM model based on the C*D method is developed to implement the simulation
analysis. By this model, conductivity measurement is conducted with different electrode
geometry. The relationship between the measured conductance and the reference conduc-
tivity is obtained. The relationship displays good linearity and indicates that the measured
conductance increases with the increase of the conductivity. For different electrode geom-
etry, the results are different. The effects of the electrode geometry on the measurement
performance are analyzed and discussed by contrasting these results. It can be found that
a larger electrode length or electrode angle will result in larger measured conductance and
higher measurement sensitivity and is beneficial for the measurement. Conductivity
measurement experiments of KCI solutions are also conducted. The experimental results
are in agreement with the simulation results. According to the results of both simulation
and experiments, the design criterion is concluded. Considering the practical applications,
setting the electrode length as 5-10 times of the pipe inner diameter and the electrode
angle as 120-160° is recommended for the design of C*D sensors with radial configuration.

This work focuses on the investigation of the effects of electrode geometry on the
performance of the sensor and the determination of the optimal electrode geometry. Ex-
cept for this aspect, many other factors, such as the effects of the coupling capacitance, the
stray capacitance, the material of the pipe and so on, are also worth considering for the
research or application of radial configuration. These can be the basis for further work
upon the radial configuration.

Author Contributions: Conceptualization, Z.H.; methodology, Z.H., B.W. and ].H.; software, Q.H.
and Y.J.; validation, Q.H., Y.J. and J.H.; formal analysis, Q.H., Y.J. and J.H.; investigation, Q.H., Y.].
and J.H.; resources, Z.H.; data curation, Q.H., Y.J. and ].H.; writing —original draft preparation, Q.H.
and Y.J.; writing—review and editing, B.W., H.J. and J.H.; visualization, Q.H. and Y.].; supervision,
Z.H.; project administration, H.J.; funding acquisition, H.J. All authors have read and agreed to the
published version of the manuscript.

Funding: This work is supported by the National Nature Science Foundation of China No. 61573312.
This work was also supported by the Project of State Key Laboratory of Industrial Control Technol-
ogy (Zhejiang University, Hangzhou, China) (Grant No. ICT2021A09).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to protection of intellectual property.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2021, 21, 4454 15 of 16

References

1.  Hauser, P.C,; Kuban, P. Capacitively coupled contactless conductivity detection for analytical techniques—Developments from
2018 to 2020. J. Chromatogr. A 2020, 1632, d0i:10.1016/j.chroma.2020.461616.

2. Pumera, M. Contactless conductivity detection for microfluidics: Designs and applications. Talanta 2007, 74, 358-364,
doi:10.1016/j.talanta.2007.05.058.

3. Opekar, F; Tma, P.; Stulik, K. Contactless impedance sensors and their application to flow measurements. Sensors 2013, 13,
27862801, doi:10.3390/s130302786.

4. Kuban, P.; Hauser, P.C. 20Th Anniversary of Axial Capacitively Coupled Contactless Conductivity Detection in Capillary
Electrophoresis. TrAC Trends Anal. Chem. 2018, 102, 311-321, d0i:10.1016/j.trac.2018.03.007.

5. Huang, J.; Sheng, B; Ji, H.; Huang, Z.; Wang, B.; Li, H. A New Contactless Bubble/Slug Velocity Measurement Method of Gas-
Liquid Two-Phase Flow in Small Channels. IEEE Trans. Instrum. Meas. 2018, 68, 3253-3267, d0i:10.1109/TIM.2018.2877825.

6. Kuban, P.; Hauser, P.C. A review of the recent achievements in capacitively coupled contactless conductivity detection. Anal.
Chim. Acta 2008, 607, 15-29, doi:10.1016/j.aca.2007.11.045.

7.  Zheng, S.; Nandra, M.S; Shih, C.Y.; Li, W.; Tai, Y.C. Resonance impedance sensing of human blood cells. Sens. Actuators A Phys.
2008, 145-146, 29-36, d0i:10.1016/j.sna.2007.10.047.

8.  Gas, B,; Demjanenko, M.; Vacik, J. High-frequency contactless conductivity detection in isotachophoresis. J. Chromatogr. A 1980,
192, 253-257.

9. Ji, H; Chang, Y.; Huang, Z.; Wang, B; Li, H. A new contactless impedance sensor for void fraction measurement of gas-liquid
two-phase flow. Meas. Sci. Technol. 2016, 27, 124001, doi:10.1088/0957-0233/27/12/124001.

10. Kuban, P.; Hauser, P.C. Contactless conductivity detection for analytical techniques: Developments from 2016 to 2018.
Electrophoresis 2019, 40, 124-139, doi:10.1002/elps.201800248.

11.  Yang, H,; Liu, S. Measuring Method of Solid-Liquid Two-Phase Flow in Slurry Pipeline for Deep-Sea Mining. Thalassas 2018, 34,
459-469, d0i:10.1007/s41208-018-0093-y.

12. Zhu, H.T.; Chen, Y.; Xiong, Y.F.; Xu, F.; Lu, Y.Q. A flexible wireless dielectric sensor for noninvasive fluid monitoring. Sensors
2020, 20, 174, doi:10.3390/s20010174.

13. Ji, H; Li, Z,; Wang, B.; Huang, Z.; Li, H,; Yan, Y. Design and implementation of an industrial C4D sensor for conductivity
detection. Sens. Actuators A Phys. 2014, 213, 1-8, doi:10.1016/j.sna.2014.03.024.

14. Kuban, P.; Hauser, P.C. Fundamental aspects of contactless conductivity detection for capillary electrophoresis. Part I:
Frequency behavior and cell geometry. Electrophoresis 2004, 25, 3387-3397, doi:10.1002/elps.200406059.

15. Ttma, P.; Opekar, F.; Stulik, K. A contactless conductivity detector for capillary electrophoresis: Effects of the detection cell
geometry on the detector performance. Electrophoresis 2002, 23, 3718-3724, doi:10.1002/1522-2683(200211)23:21<3718::AID-
ELPS3718>3.0.CO;2-U.

16. Tejaswini, KK.; George, B.; Kumar, V.J.; Srinivasan, R.; Sudhakar, T. A Capacitive-Coupled Noncontact Probe for the
Measurement of Conductivity of Liquids. IEEE Trans. Instrum. Meas. 2019, 68, 1602-1610, doi:10.1109/TIM.2019.2890921.

17.  Novotny, M.; Opekar, F.; Stulik, K. The effects of the electrode system geometry on the properties of contactless conductivity
detectors for capillary electrophoresis. Electroanalysis 2005, 17, 1181-1186, doi:10.1002/elan.200403232.

18.  Ahmed, W.H. Capacitance sensors for void-fraction measurements and flow-pattern identification in air-oil two-phase flow.
IEEE Sens. ]. 2006, 6, 1153-1163, doi:10.1109/JSEN.2006.881390.

19. Demori, M.; Ferrari, V.; Strazza, D.; Poesio, P. A capacitive sensor system for the analysis of two-phase flows of oil and
conductive water. Sens. Actuators A Phys. 2010, 163, 172-179, d0i:10.1016/j.sna.2010.08.018.

20. Ji, H,; Li, H.; Huang, Z.; Wang, B.; Li, H. Measurement of gas-liquid two-phase flow in micro-pipes by a capacitance sensor.
Sensors 2014, 14, 22431-22446, d0i:10.3390/s141222431.

21. Xie, C.G,; Stott, A.L.; Plaskowski, A.; Beck, M.S. Design of capacitance electrodes for concentration measurement of two-phase
flow. Meas. Sci. Technol. 1990, 1, 65-78, doi:10.1088/0957-0233/1/1/012.

22. Mark, J.J.P.,; Coufal, P.; Opekar, F.; Matysik, F.M. Comparison of the performance characteristics of two tubular contactless
conductivity detectors with different dimensions and application in conjunction with HPLC. Anal. Bioanal. Chem. 2011, 401,
1673-1680, doi:10.1007/s00216-011-5233-7.

23. Kang, Q.; Shen, D.; Li, Q.; Hu, Q.; Dong, J.; Du, J.; Tang, B. Reduction of the impedance of a contactless conductivity detector
for microchip capillary electrophoresis: Compensation of the electrode impedance by addition of a series inductance from a
piezoelectric quartz crystal. Anal. Chem. 2008, 80, 7826-7832, doi:10.1021/ac800380g.

24. Huang, Z,;Jiang, W.; Zhou, X.; Wang, B.; Ji, H.; Li, H. A new method of capacitively coupled contactless conductivity detection
based on series resonance. Sens. Actuators B Chem. 2009, 143, 239-245, d0i:10.1016/j.snb.2009.08.032.

25. Do Quang, L.; Bui, T.T.; Hoang, A.B.; Van Thanh, P.; Jen, C.P.; Chu Duc, T. Development of a Passive Capacitively Coupled
Contactless Conductivity Detection (PC4D) Sensor System for Fluidic Channel Analysis toward Point-of-Care Applications.
IEEE Sens. ]. 2019, 19, 6371-6380, doi:10.1109/JSEN.2019.2908179.

26. Devia, F.; Fossa, M. Design and optimisation of impedance probes for void fraction measurements. Flow Meas. Instrum. 2003, 14,
139-149, doi:10.1016/50955-5986(03)00019-0.

27. Opekar, F.; Cabala, R.; Kadlecovd, T. A simple contactless impedance probe for determination of ethanol in gasoline. Anal. Chim.

Acta 2011, 694, 57-60, d0i:10.1016/j.aca.2011.03.038.



Sensors 2021, 21, 4454 16 of 16

Short Biography of Authors

Qiang Huang was born in Yichun, China, on 3 March 1997. He received the B.Sc. degree from Tian-
jin University, Tianjin, China, in 2019. He is currently working toward the M.Sc. degree in the Col-
lege of Control Science and Engineering, Zhejiang University, Hangzhou, China. His research inter-
ests include automatic instrument and detection technology.

Junchao Huang was born in Hangzhou, China, on 31 March 1993. He received the B.Sc. degree
from China University of Petroleum, Qingdao, China, in 2015. He received the Ph.D. degree from
Zhejiang University, Hangzhou, China, in 2020. He is currently a Post-doctoral Researcher in the
College of Control Science and Engineering, Zhejiang University, China. His research interests in-
clude detection technology and automatic equipment.

Yandan Jiang was born in Jinhua, China, on 14 February 1992. She received the B.Sc. degree from
Zhejiang University of Technology, Hangzhou, China, in 2013 and the Ph.D. degree from Zhejiang
University, Hangzhou, China, in 2019. From October 2017 to October 2018, she worked as a visiting
Ph.D. with the Department of Electronic and Electrical Engineering, University of Bath, Bath, UK.
She is currently an Associate Researcher with the College of Control Science and Engineering,
Zhejiang University, China. Her research interests include automation instrumentation, multi-phase
flow measurement techniques, process tomography and biomedical imaging.

Haifeng Ji was born on 26 October 1973 in China. He received his master degree from Shandong
University of Technology in 1999 and his Ph.D. degree from Department of Control Science and En-
gineering, Zhejiang University, in 2002, respectively. Now he is working in Zhejiang University as
an Associate Professor. His interesting research includes measurement techniques, automation
equipment, information processing of complex process system, multiphase flow measurement in
mini-/microchannel.

Baoliang Wang was born in Zibo, China, in 1970. He received the B.Sc. and M.Sc. degrees from the
Shandong University of Technology, Jinan, China, in 1992 and 1995, respectively, and the Ph.D. de-
gree from Zhejiang University, Hangzhou, China, in 1998. From 1998 to 2001, he was a Lecturer
with the Department of Control Science and Engineering, Zhejiang University. From 2002 to 2003,
he was a Research Associate with the City University of Hong Kong, Hong Kong. From 2002 to
2013, he was an Associate Professor with the Department of Control Science and Engineering,
Zhejiang University, where he is currently a Professor with the College of Control Science and Engi-
neering. His current research interests include process tomography, motion control system, and mi-
Croprocessor system.

Zhiyao Huang was born in Hangzhou, China, on 22 October 1968. He received the B.Sc., M.Sc., and
Ph.D. degrees from Zhejiang University, Hangzhou, China, in 1990, 1993, and 1995, respectively.
From June 1995 to August 1997, he was a Lecturer with the Department of Chemical Engineering,
Zhejiang University. In September 1997, he became an Associate Professor with the Department of
Control Science and Engineering, Zhejiang University, and in 2001, he was appointed as a Profes-
sor. Currently, he is a Professor with the College of Control Science and Engineering, Zhejiang Uni-
versity. He is also a permanent staff of the StateKey Laboratory of Industrial Control Techniques.
His current interests include automation instrumentation and multi-phase flow measurement.




	1. Introduction
	2. Simulation
	2.1. FEM Model of the C4D Sensor
	2.2. Simulation Results
	2.2.1. Effects of the Excitation Frequency
	2.2.2. Effects of the Electrode Length
	2.2.3. Effects of the Electrode Angle


	3. Experiments
	3.1. Experimental Setup
	3.2. Experimental Results
	3.2.1. Effects of the Excitation Frequency
	3.2.2. Effects of the Electrode Length
	3.2.3. Effects of the Electrode Angle


	(b)
	(a)
	(d)
	(c)
	4. Discussions
	5. Conclusions
	References
	Short Biography of Authors

