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Abstract: An electrical capacitance tomography (ECT) sensor is an array capacitive sensor that is
sensitive to the medium of the measured object and can be widely used in oil, natural gas, machinery
and other industrial fields to solve the problem of multiphase fluid object parameter detection in
industrial processes. However, ECT sensor uniformity defects need to be addressed. Aiming at the
problem that the non-uniform electrode spacing angle affects the characteristics of the measured value
of the actual ECT sensor, a method for compensating the measured value of the ECT sensor based on
the assumption that the geometric factor is invariant is proposed. The simulated measurement value
in the case of the tube and the measurement value of the actual sensor in the case of an empty tube
and a full tube are to compensate the measurement value of the actual ECT. Experiments show that,
without compensation, non-ideal sensor monitoring has large error, and, after compensation, it has a

good effect and can be expected to perform satisfactorily in practical use.

Keywords: electrical capacitance tomography; sensor; uniformity; error; measured value compensation

1. Introduction

The hydraulic system and lubrication system of oil, natural gas and mechanical equip-
ment and other pipelines or the fluid in the box are typical oil-water or gas—-water two-phase
flow objects. The fluid is often mixed with a variety of solid particles, and the phase in-
terface is random. This makes the multiphase flow form complex and changeable, so the
precise measurement, accurate calculation and effective prediction of its flow parameters
and flow patterns have always been the focus and challenge of scientists and engineers in
this field [1]. In recent years, the measurement method based on the capacitance method
has been applied to the detection of two-phase flow parameters in oil and natural trans-
portation pipelines and mechanical equipment. It has the characteristics of non-invasive
and non-interfering flow field [2,3]. Among them, electrical capacitance tomography (ECT)
technology is a kind of capacitance method. Its image can not only be used to realize
the visual monitoring of the fluid in the pipe but can also be used to calculate the phase
holdup [4-6], so the application prospects are significant.

In the late 1980s, Professor M. S. Beck of the University of Manchester Institute of Tech-
nology and his research team took the lead in researching industrial process tomography
technology, and, in 1988, took the lead in developing the first device for detecting two-phase
flow parameters. This electrical capacitance tomography (ECT) system was composed of
an eight-electrode array [7]. Subsequently, a research group composed of the University of
Manchester, the University of Leeds, the Morgan City Energy Technology Center of the US
Department of Energy and some small- and medium-sized enterprises have conducted a
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great deal of research on the system, sensor optimization and application of capacitance
tomography [8-10]. At the same time, Chinese universities and research institutes have
also successively carried out research in this field. Tsinghua University, Tianjin University,
Xi’an Jiaotong University, Institute of Engineering Thermophysics, Chinese Academy of
Sciences and North China Electric Power University have all made breakthroughs in sensor
electrode optimization, circuit design, reconstruction algorithms and industrial applica-
tions [11-13]. Wang Huaxiang [14,15], Liu Shi [16], Huang Zhiyao [17], Wang Baoliang [18],
Hu Hongli [19-21] and other teams have devoted themselves to the research and develop-
ment of electrical tomography technologies, such as electrical resistance tomography (ERT)
and ECT, for many years and have conducted in-depth research in sensor design, signal
acquisition, field sensitivity analysis and image reconstruction algorithms.

Since the introduction of ECT technology, researchers in many fields have studied its
application. Among them, the application of ECT in multiphase flow parameter detection
is one of the most active academic directions. In the following industrial occasions, the
applications of ECT are widely studied: oil pipelines [22], wet gas separators, pneumatic
powder conveying systems, gas/solid cyclones, circulating fluidized beds [23-30], fluidized
bed dryer, etc. ECT-based multiphase flow parameter detection technology forms can be
divided into two categories: (1) pure ECT-based detection technology, which only uses data
obtained by ECT sensing or ECT images for multiphase flow parameter detection; (2) based
on the technology of joint detection of ECT and other sensors (such as ultrasonic, differential
pressure, capacitance, conductance sensors, etc.), this type of technology combines the
advantages of ECT and other sensing technologies to realize the fusion measurement of
multi-sensing information.

The ECT sensor is the key and core of the multiphase flow parameter measurement
method based on ECT technology [31]. Practical applications show that ECT sensors
are limited by many factors, such as process, cost and specific engineering requirements.
There is a deviation between the geometric parameters of the actually manufactured ECT
sensor and the design value, and, sometimes, this deviation may be very significant.
When this non-ideal ECT sensor is used for imaging, the reconstructed image is not
necessarily completely wrong. Usually, the pixel value in some areas of the image is
too large, and the pixel value in some areas is too small. It may not be satisfactory for
visual monitoring. However, such deviations can make flow pattern identification based
on ECT measurements seriously erroneous because the geometrical deviations in the
machining change the statistical characteristics of the measurement vector. However, the
above problems of the ECT sensor have not been studied in depth.

In view of the above-mentioned scenario, this paper proposes a correction method for
the measured value vector when there is a large deviation between the actual geometric
parameters of the ECT sensor and the design value so as to ensure that the identification
of flow patterns based on ECT measurements can be carried out smoothly. This study can
not only provide a measurement correction method for researchers interested in ECT but
also provide a more reliable technical tool for researchers working in flow dynamics and
microfluidics.

2. Analysis of the Source of Geometric Inhomogeneity of ECT Sensor

This article takes an example of an ECT system for a natural gas pipeline. In this
application, the sensor pipeline is required to be corrosion-resistant, wear-resistant and
able to withstand high pressure. Therefore, when making the sensor, the tube is designed
as PEEK material. In terms of sensor forming technology, two implementation schemes are
designed in this paper:

2.1. Flexible Circuit (FPC) Process

First, the FPC patch of the ECT sensor electrode is pre-manufactured by the flexible
circuit (flexible printed circuit, FPC) technology; then, the polyetheretherketone (PEEK)
column material is processed by the cutting process to form the sensor pipe; finally, the
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FPC electrode patch is attached to the cut PEEK pipe. The main part of the ECT sensor
finally formed by the FPC process is shown in Figure 1.

Figure 1. ECT sensor machined with FPC electrode process and cut PEEK pipe process.

2.2. Sputtering Process

First, a cutting process is used to process the PEEK column material to form the sensor
pipe, and the electrode groove is cut out on the sensor pipe; then, a layer of copper is
completely sputtered on the cut sensor pipe; finally, the copper layer outside the electrode
groove is removed by grinding to form electrode. The main flow of ECT sensor fabrication
by sputtering process is shown in Figure 2.

(c) sensor body

(b) Grinding to remove the copper layer outside the electrode area

Figure 2. The main process of manufacturing ECT sensor by sputtering process.

Both of the above two sensor forming solutions have the advantages of mass produc-
tion, simple process and strong achievability. Among them, the FPC process is simpler,
but there may be problems of air bubbles, warpage and looseness when the FPC electrode
sheet is glued to the sensor pipe, and the processing method needs to be optimized. The
sputtering process is relatively complicated, but it can overcome the above-mentioned
shortcomings of the FPC process. In addition to this, both processes have a common
disadvantage—the electrode spacing angle may not be consistent: in the FPC process, the
width of the FPC electrode sheet may not be exactly the same length as the pipe perimeter;
this is because the PEEK column is being cut when forming a pipe, so the outer diameter
of the actually processed pipe is larger than the design value and there will be a gap after
the FPC electrode sheet is finally matched with the pipe (see Figure 1). This will result in
uneven electrode spacing angle.

The sensitivity coefficient matrix of ECT is calculated numerically. At this time, the
geometric model of the sensor is ideal: the electrode size is strictly consistent, and the
electrode spacing is strictly equal. Obviously, such a strictly symmetrical structure makes
the measured values of the sensor have obvious rules: when the sensitive area of the sensor
is filled with a uniform medium or a rotationally symmetric medium at any angle, the same
relative position (including adjacent, spaced n electrodes, relative positions) measurements
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are exactly equal. This paper defines this property of the sensor as the homogeneity of
the sensor.

However, the actual manufacturing process often cannot make the sensor geomet-
rically strictly symmetrical. In this case, non-uniformity will be manifested: even for a
homogeneous medium or a symmetrical medium distribution, there is a large difference
between the measured values of the sensor at the same relative position. Through practice,
it has been found that this non-uniformity of the sensor may lead to errors in the identifica-
tion of flow patterns based on the measured value vector because this non-uniformity will
lead to the statistical characteristics between the elements of the measured value vector and
the ideal situation presenting a major difference.

3. Measured Value Compensation of ECT Sensor Based on the Assumption of
Invariant Geometric Factor

The measured values of the ECT sensor have obvious statistical characteristics, which
are expressed as the standard deviation of each relative position measurement subset
and the difference of the nth-order moment, which can be used for the construction of
flow pattern characteristics. A “relative position measurement subset” of an ECT sensor
measurement vector refers to a set of measurements of excitation—detection pairs that have
the same spatial positional relationship. For the 12-electrode ECT sensor, this “spatial
positional relationship” has six kinds of spatial positional relationships: adjacent, spaced
n electrodes (n =1, 2, ... ,4) and relative. For example, measurements C; ; belong to the
adjacent measurement subset, C; 3 belong to the interval 1 electrode measurement subset
and Cj ¢ belong to the opposite measurement subset. According to this rule, it is not difficult
to conclude that the relative measurement subsets each contain 6 elements, and the adjacent
and spaced n-electrode subsets each contain 12 elements. The set of measured values of the
electrode pairs in these six positional relationships is denoted as P,,,n =1,2,...,6.

3.1. ECT Sensor Measurement Value Representation

Due to the excitation of our ECT system being an AC voltage source, the next equations
will be demonstrated in phasor form. For ECT sensors, the measured value of sensor
excitation pair i-j can be expressed as:

. .2 1 .
Ci,j:Pi,j/VE:—V*/aQ ¢E; - ds M
E 790

Here, the concept of effective dielectric constant is introduced. The effective dielectric
constant is defined here as: for any dielectric constant distribution, according to the integral
median theorem, there is an effective dielectric constant €= e(p), pEE)Qj as a constant, such that:

'5/ Ei-ds:/ ¢E; - ds @)
8Qj 0Q);

]

At this point, e becomes a constant g, which can be removed from the integral sign of
Equation (1). The electric field E; is proportional to the amplitude of the excitation voltage,
so the capacitance value shown in Equation (1) is a certain value. In fact, this is consistent
with common sense: the capacitance value of a two-terminal capacitor is only related to its
geometry and internal fill medium, not the excitation source. It should be noted that, for the
same dielectric constant distribution ¢, for different excitation—detection pairs, the effective
dielectric constant € is different; this phenomenon is obvious because the expressions for
the electric field E; and the boundary d(); excited by different excitation—detection pairs
are different. Therefore, the effective conductivity function in Equation (2) needs to add
subscripts (i, j) to emphasize this phenomenon and rewrite Equation (2) as:

'5/ Ei-ds:/ ¢E; - ds @)
8Qj 0Q);

]
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The geometric factor A;; is introduced, which is defined as follows:
1 .
ij=—=—/[ Ei-ds (4)
Vg /09
The Equation (1) can be rewritten as
Cij = €ijAij ©)

Equation (5) shows that the capacitance measurement value of the sensor arbitrary
excitation—detection pair i-j is proportional to the effective dielectric constant in the sensitive
area of the sensor, and the proportionality coefficient is the geometric factor described in
Equation (5).

When the excitation—detection pairs i-j act on the effective dielectric constants 'ev}/ jand
’512/ j in turn, the capacitance values between the electrode pairs i-j are set to be C}, j and CE i
respectively. It is assumed that the change in the medium does not change the original electric
field, so, when the electrode pair i-j acts on the effective dielectric constants '511-, j and '512-, j in turn,
it is considered that the geometric factor A;; does not change. According to Equation (5), there

is a proportional relationship between the capacitance values C} j and C? It

2 =2 . =2
Ci’]- B si,jAl,] B & ‘
cl.&A; &, (©)
i,j i,j ) i,j

3.2. ECT Sensor Measurement Value Compensation

Now, consider the case of sensor inhomogeneity. For a non-uniform ECT sensor,
the capacitance value, effective dielectric constant and geometric factor between its elec-
trode pairs i-j have all changed. For the two exact permittivity distributions of ¢; and
€7, the set of measurements of an ECT sensor with non-uniform electrode separation an-

gle (i.e., the actual fabricated sensor) are assumed to be {Cil,j 1<i<N-1i<j<N }

and {Ciz,j

trode pairs i-j is 'ev},j and E%j, respectively. In contrast, for the two exact spatial permittivity

1<i<N-1i<j<N }, respectively; its effective permittivity between elec-

distributions of €1 and ¢;, the measured value sets of the ECT sensors with completely

consistent electrode spacing angles are, respectively, {C}]* 1<i<N-1i<j<N } and

2%
{
pairs i-j are, respectively, 5}}‘ and '5%’]‘ Please notice that the superscript “*” does not mean a

1<i<N-1i<j<N } ; the effective dielectric constants between its electrode

complex conjugate but just a symbol to distinguish different variables. Therefore, according
to (6), for the measurement values of the above two sensors, there should be an identity
relationship as described in Equation (7):

2 2
Cii _ A
2% T [ 1332
Ci,; lr] Si;
1 =1
= kA @)
* e
Ci,j Z/] si,j
A o Aij
kiy = ar

ij

where A; j and A7; are the geometric factors of the actual and the ideal sensor, respectively.
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Now, complete the following variable definitions:

2

A
k.2 ~;J
Eij
g2 (8)
Klx 2 Gj
L,

el
1]

and Equation (7) can be transformed into

Cl A K
2* - 1*~1*
Cij l] Kijcij 9
ct gl ) ©)
ij AT
Czl,j* ,]~1*
CZ 1
Then, the proportion of Cz* and Cl* can be deduced as
2.l 2 2% 1
iy S S SN a g (10)
CZ* Cl* Cl Cl* kl* L]*
i,j ij

In Equation (10), k?j is defined as the distortion coefficient, which represents the
proportional relationship between the actual sensor measurement value and the ideal
sensor measurement value. It is assumed that the medium change does not change the
original electric field, so it can be considered that the distortion coefficient k?j of the ECT
sensor described by Equation (10) is a fixed value.

If superscript 1 and superscript 2 of designated € and €*, respectively, refer to the
equivalent dielectric constant when the sensor is empty (filled with air) and full (filled with
water), the distortion coefficient k j can be rewritten (from Equations (8) and (10)) as:

1 =~ * f f f ex
D _ ki,j _ £i,j / Si/] _ C / C j _ Ci ']Cl'] (11)
1] 1% e [ gex e e* fx
kpooEEr GGl cd

In Equation (11), the variable superscript e and f refer to the situation of empty pipe and
full pipe, respectively. Similar to the procedure expressed as Equation (12), for a measured
value, the distortion coefficient kPj can then be used to correct the sensor measurement:

m m* m m* ex Cm
ij D D L] "L
Ce / Ce* k Ce kl] Ce* = Czr,I]l* = kD-C? (12)
1,] 71,

where the variable superscript m refers to the distribution of a medium that is not empty or full.

Although Equation (12) indicates how to use k to compensate the measured value,
the calculation is slightly cumbersome and may lead to over-compensation. Although the
actual sensor is heterogeneous, the error between its geometric parameters and the ideal
value is still within a small range, so it is assumed that the electric field energy storage of
the actual sensor and the ideal sensor is equal. Further, it is assumed that, when the sensor
energy storage is equal, the ratio of the sum of the elements in each measurement value
subset P, of the two sensors to the sum of the whole set is equal, and the following (13) can
be available:

e
C G
Jj __ (ij)ePn
o = - ~avg(kj;|
Siltijer, o p, S ¥l (i, )Py
s ce (13)
cx i i
) __ (ij)ePn
Tx =Ty o~ an( )
i L(i,j)ep, (l_’D)%PnC, ] (z J)EPn
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where: P,—a relative position measurement subset of ECT sensor measurement value
vector,n=1,2,...,6; avg(-)—average calculation. The average distortion coefficient of the
measurement subset can then be used to correct the sensor measurement:

L Gy oy i

m¥ _ (i,j)€Pn (i,j)€Pn
1,] kpn(v ')Zep Cie/]-
Pt (14)
1%
2 2 8,
P, — 1
8L e

Equation (14) shows how to use the empty and full tube measured values of the ECT
sensor obtained by simulation to correct the measured values of the actual sensor.

4. Simulation Experiment Verification

First, in COMSOL Multiphysics®, the simulation model of 12-electrode ECT sensor is
established. The simulation model parameters of sensing are set according to the actual
sensors, and the parameters are listed in Table 1. The schematic diagram of the finally
established simulation model is shown in Figure 3.

Table 1. Parameter settings of fully uniform ECT sensor simulation model.

Parameter Description Symbol Numerical Value
Inside diameter of sensor pipe Rp 25 mm
Sensor tube wall thickness Dp 3 mm
Thickness of insulating filler layer D; 10 mm
Relative dielectric constant of
. € 3.7
pipe wall p
Relative dielectric constant of insulating filler & 1
Sensor electrode length Lp 125 mm
Sensor electrode coverage angle o 26°
Electrode spacing angle B 4°
Sensor excitation voltage Vg 1V

(a) Section dimension of sensor simulation model

25mm 125mm

1\ i
1 0m.m~|<—>|

(b) Dimension of front view of sensor simulation model

Figure 3. Schematic diagram of geometric parameters of sensor simulation model.
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Then, the simulation model of electrode spacing angle non-uniformity is established.
When the simulation model of uneven spacing angle is established, the position of electrode
1 in Figure 3a remains unchanged, but the spacing angle between adjacent electrodes
changes randomly: the change amount is [-0.2(3, 0.23] (i.e., [-0.8°, 0.8°]). Starting from
electrode 1, the spacing angle between electrode i and its subsequent electrode is recorded
as ;. Table 2 lists the sensor model with uneven electrode spacing angle ; value. For
sensors with uniform and non-uniform electrode spacing, except for the difference in
spacing angle, the other parameter settings are completely the same.

Table 2. Electrode spacing angle parameter of heterogeneous ECT sensor.

Spacing Numerical Spacing Numerical Spacing Numerical
Angle Value Angle Value Angle Value
B1 4.0999° Bs 3.7165° Bo 4.1944°
B2 4.1515° Be 4.3528° B1o 3.8251°
B3 3.6833° B7 3.9397° B11 3.9477°
Ba 3.9912° Bs 3.9815° Bi2 3.9799°

In the above two sensor models, three media distributions, namely central flow, annu-
lar flow and laminar flow, are respectively set, as shown in Figure 4. During the simulation,
laminar flow, central flow and annular flow are, respectively, set for the homogeneous and
non-homogeneous sensors, and 5 phase holdups are taken as samples for each medium.
The geometric parameters of medium distribution used for simulation are shown in Table 3.

(a) central flow (b) annular flow (c) laminar flow

Figure 4. Schematic diagram of simulation object field setting of heterogeneous ECT sensor.

Table 3. Setting parameters of non-uniform ECT sensor simulation object field.

Medium Parameter

Distribution Control Parameters Description Value/mm
Central flow Ry Water column radius 25,7.5,12.5,17.5,22.5
Annular flow Tw Water ring thickness 25,75,12.5,17.5,22.5
Laminar flow Hy, Water layer height 9,17,25, 33, 41

Figure 5 shows the waveforms of the measured values of a sensor with a completely
uniform electrode spacing angle, a non-uniform sensor and a non-uniform sensor after
compensation when the medium distribution is set to the center flow.

Figure 6 shows the waveforms of the measured values after compensation of the
sensor with completely uniform electrode spacing angle, the sensor with non-uniform
electrode spacing angle and the sensor with non-uniform electrode spacing angle when the
medium distribution is set to the annular flow.
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10 20 30 40 50 60

(a) Waveform of measured value of uniform sensor

10 20 30 40 50 60

(b) Measured value waveform of non-uniform sensor
2.5 = giis

10 20 30 40 50 60

(c) Measured value waveform after compensation

Figure 5. Waveforms of measured values before and after center current compensation.

! Rt
: feher :
10 20 30 40 50 60

(a) Waveform of measured value of uniform sensor

L - f
10 20 30 40 50 60

(b) Measured value waveform of non-uniform sensor

(c) Measured value waveform after compensation

Figure 6. Waveforms of measured values before and after annular flow compensation.

Figure 7 shows the waveforms of the measured values after compensation of the
sensor with completely uniform electrode spacing angle, the sensor with non-uniform
electrode spacing angle and the sensor with non-uniform electrode spacing angle when the
medium distribution is set to laminar flow.
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(a) Waveform of measured value of uniform sensor
35

10 20 30 40 50 60

(b) Measured value waveform of non-uniform sensor

35

3

5

2k
1.5

1

0.5

Hd ; |

10 20 30 40 50 60
(c) Measured value waveform after compensation

Figure 7. Waveforms of measured values before and after laminar flow compensation.

Note that the last three peak points in Figures 5-7 correspond to the measured values
of the three excitation detection pairs formed by adjacent electrodes. Therefore, theoretically,
for symmetric flow patterns (annular flow and central flow), the three capacitance values
should be completely equal. It can be seen that the law of the measured value of the sensor
after compensation is more consistent with the law in theory, which indicates that the
difference between the sensor waveform and the ideal sensor waveform is reduced after
the compensation of the measured value.

The relative mean square error is calculated for the waveforms before and after com-
pensation in Figures 5-7 and the waveforms of the uniformity sensor, and the results are
presented in Table 4. The calculation method of relative mean square error is as follows:

[C-C|

RMSE — | — 12 5 100% (15)
1€l

where: C—capacitance measurement value vector of non-uniform sensor; C*—measurement
value vector of completely uniform sensor corresponding to C.

Table 4. The relative mean square error between the measured value of the non-uniform sensor
before and after compensation and the measured value of the fully uniform sensor.

Sample No.

Ul QW N =

Central Flow RMSE/% Annular Flow RMSE/% Laminar Flow RMSE/%
Before After Before After Before After
Compensation  Compensation  Compensation  Compensation = Compensation = Compensation
7.51 0.56 5.75 1.96 7.05 1.81
7.56 0.54 6.83 0.97 6.80 1.47
7.69 0.52 6.86 0.34 6.73 1.32
7.98 0.57 7.05 0.05 6.64 1.01
8.73 1.34 7.04 0.04 7.05 1.16
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It can be seen from Table 4 that, before the measurement value compensation, the
relative error between the measured value and the ideal value of the non-uniform sensor
for the central flow, annular flow and laminar flow samples reaches 8.73%, 7.05% and
7.05%, respectively (samples 1 and 5). After compensation, the above relative errors are
suppressed to 1.34%, 0.05% and 1.81% (sample 1)/1.16% (sample 5), respectively. After
the compensation of the measured value, the relative error between the measured value
and the ideal value of the non-uniform sensor is less than 2%, and the minimum is 0.04%
(annular flow sample 5). Therefore, the measured value compensation has a good inhibition
effect on the influence of sensor heterogeneity. The data in Table 4 prove the effectiveness
of the measured value compensation method proposed in this paper.

5. Conclusions

In view of the measurement deviation of the ECT sensor caused by manufacturing and
other reasons, the measurement value compensation method of the ECT sensor based on
the assumption of invariable geometric factors proposed in this paper solves the problem
of actual measurement error. The experiment proves that the SVM flow pattern classifier
trained by the simulation data can effectively recognize the flow pattern of the measured
data after the compensation of the measured value. Among the three flow patterns, the
recognition rate of the annular flow and the central flow is as high as 100%, and the
recognition rate of the laminar flow is as high as 93.75%. This provides a feasible solution
for the accurate measurement of the multiphase flow pattern in the industrial field, and
also opens a broad space for the application of ECT sensors in the field of mechanical
equipment. At the same time, the relationship between the manufacturing accuracy of the
ECT sensor and its measurement accuracy, ECT sensor materials and so on will become the
research focus in the future.

Sensors analysis of different parameters involving two-phase flow can be constructed
into volumetric analysis modelling [32]. Furthermore, in future implementation, one
may use extreme learning algorithms [33,34] to identify interesting flow structures based
on the sensing technique. The measurement of flow using sensors may be improved
based on research using computational fluid dynamics simulation [35-37]. In particular,
advancement in flexible operative instruments may be necessary as sensing of the flow
parameters may have limitations.
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