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ABSTRACT

Velocity is one of the crucial parameters in the multiphase flow especially gas-liquid two-phase flow.
Electrical capacitance tomography (ECT) offers robust, inexpensive, non-invasive and non-intrusive
techniques in quantifying multiphase flow phenomena. This paper demonstrates methods to estimate
average axial velocity by using a novel approach by means of single plane ECT sensor. The proposed
method has been compared with a high-speed camera. Based on the three specific cases, all methods
successfully estimate the axial average velocity with maximum percentage error is 3.431%.

Keywords: Electrical Capacitance Tomography, Single plane, Velocity Measurement

1. Introduction

There are huge numbers of industrial operations that involved with contacting gas and solid phases such as
petrochemical, power generation, biocatalysts, separations, and food processing. Up till now, they are no universal
technique to dismantling the complexity of this flow behavior. One of the crucial parameter to interpret this type of flow
is velocity in order to design an effective and efficient cost in particular industrial processing. Among possible technique
for estimating velocity are particle image velocimetry, tracer, simulation, and tomography. One kind of interesting
measurement technique with non-invasive and non-intrusive in collecting information data is tomography technique
specifically electrical based. This measurement offers a unique technique to solve the complexities of the internal
structure of an object without invading it [1]. The most mature electrical tomography among other modalities in industrial
application is electrical capacitance tomography (ECT) [2].

Basically, ECT technique reconstructed the electrical permittivity of the close domain containing dielectric properties
of materials from the electrical capacitance data collected at all pairs of the electrode. A single electrode is excited by
AC voltage at one time which so-called transmitter electrode while the rest which are receiver electrodes are kept at
ground potential and at the same time, the displacement currents are computed. For N electrode number, its contain m =
N(N - 1) independent measurements. This measurement type is called the low-Z scheme [3]. The measurement principles
of an ECT system for 8 electrodes can be seen in Figure 1.
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Figure 1. Measurement principle of an ECT with § electrodes.
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In calculating capacitance between the electrodes, Poisson equation was applied which is given by:
V:[er)Ve,(r)]=0 (1)

where g(r) is the relative permittivity, ¢,-j (l') is potential at a position (r) and V is the divergent operator. The charge

on the receiving electrode j when electrode i being the source, Q;; can be calculated by using Gauss’s law:

0, =— §e()Veg,(r).dr 2)

rcly

where I is an area of the total capacitance for electrode ij. Then, the capacitance between excite and measure electrode,

cij can be calculated as follow:

¢, = —Vi § £(r)Vg,(r).dr 3)

ij rcly

where Vj; is the potential difference between the i and j electrodes. This equation also is known as forward problem where
the capacitance is calculated based on permittivity distribution and conversely inverse problem where permittivity
distribution is calculated from capacitance data [1, 4, 5, 6]. ECT successfully applied on the fluidized bed in defining
solid concentration and finding optimal conditions [7].

Usually, velocity technique by tomography mainly focused on dual plane cross-correlation method to determine
the time delay in the time domain next to calculate average velocity. In this work, a new non-invasive method was
introduced to calculate the average vertical velocity by means of single plane ECT.

2. Velocity Measurement by ECT
2.1 Current Approaches

Commonly, cross correlation frequently studied especially in signal processing to find the similarity of two sequences
as a function of time. Tomography applied this technique on the dual plane of electrodes which sets placed at an
appropriate distance, then the data can be correlated to measure the average velocity. Classical cross-correlation function,
R, between capacitance measurement Ci(f) and C»(f) at downstream and upstream plane at a particular time (7)
respectively is defined as follow [8]:

R, (z)=lim %Lf C.(1)C, (¢ +7)dt )

where 7 is the time delay between two capacitance measurement and 7 is the sampling time. In another word, R, ,(7)

can be specified as for how much similarity of both capacitance measurements while C»() is shifted in time by 7. The

cross-correlation function reaches the maximum value when 7 =7, and this delay is estimation transit time of solid

between two planes. Average axial velocity, V' can be calculated by using the distance between two sensors, L and
estimation transit time as follow:

V=— (5)

Equation (1) can be written in discrete form as below:

R,(7)= EC] (HC,(t+7) (6)

This method is called signal to signal (STS), which raw capacitance between upstream and downstream capacitance
measurement is cross-correlated.
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2.2 A New Approach

This paper introduced a new method by means of a single plane to calculate the average axial velocity. The
advantages of this method than current approaches were only a single plane is needed, fast calculation, without any costly
software for analyzing and no image reconstruction involved. The concept is based on calculating the total time of raw
capacitance value from ECT system which above the boundary set and dividing with the electrode length to gain the
average axial velocity. To achieve this purpose, ECT sensor should design as closest to earth screen for both ends to
eliminate any 3D effect. Average axial velocity can be calculated as follows:

yo=de (7)

where, Le. is electrode length and A¢ is total time of raw capacitance value which above the boundary set and can be
calculated as below:

At =t, -, )

where ¢; and ¢, are the starting time when the capacitance measurement is higher than boundary set and ending time when
the one of capacitance data before lower than boundary set respectively. The boundary set is capacitance measurement
when low permittivity material is fully occupied in ECT sensor. The rough idea is shown in figure 2. The drawbacks for
this system is fast ECT system is needed to capture every each capacitance changes through the sensor.
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Figure 2. Total time determination

3. Experimental Set-up and Condition

3.1 ECT Sensor Design

The sensor was designed with inner wall diameter, /D = 46 mm and it’s thickness, Ax = 2 mm by the acrylic pipe.
The sensor is made for two planes with each plane consists of 8 square measurement electrodes while dimension is 16
mm x 100 mm and connected to ECT system via coaxial cable at the top and discharge resistor IMQ at the bottom. The
angle between two neighboring electrodes is 45°. To reduce external noise, three earthed screens was applied which are
an outer screen (185 mm x 140 mm) to prevent interference especially external noise, two axial screens (157 mm x 20
mm) at both ends of measurement electrodes to reduce external noise and 3D effect and radial screens (2 mm x 104 mm)
to reduce the standing capacitance between two adjacent electrode pairs [2]. Figure 3 shows the structure of an ECT
sensor design.
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Figure 3. Measurement sensors structure

3.2 Experimental Conditions and Method

The calibration for Cij of low capacitance value was carried out under the condition of only air at room temperature,

T, = 298K (25°C) for all the electrodes pairs. The calibration for le of high capacitance value with PMMA pellets at

the 7, and volume, ¥, = 5.94 x 10 m? inside the pipe which fitted with ECT sensor for all the electrodes pairs was
performed. After completing the calibration process, the PMMA pellets were discharged from the bottom of the pipe.
PMMA ball was set at three different locations which are case 1 in the middle of column (0,0,0,0°), case 2 with the same
length between sensor and center position, (-7,7,0,135°) and case 3 which is near to pipe wall, (-14,14,0,135°).

By using the low-Z scheme, the ECT system setting up to inject 16 Vp-p and 160 kHz signal for all electrode
transmitter to measure the capacitance value for all the electrodes pairs. The normalization capacitance C,-j,t is calculated
based on the measured capacitance value as below:

_ C. —Ct
Cpu=—2 ©)
’ Cz'j _Cij

C it is equal to 0.00 and 1.00 when fully occupied with air and PMMA pellet in pipe respectively. Specifically,

for case 1, C26’t is considered while C24’, for case 2 and C23,t for case 3 to determine time lag in line average vertical

velocity for both dual and single plane of ECT sensor. All the experiments are repeated at least three times and the average
value is presented in this reports.

Figure 4. Position of PMMA ball
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4. Results

Figure 5 shows the relationship between normalized capacitance measurement with elapsed time of average vertical
velocity by means of ECT single plane sensor for case 1,2 and 3 with 7, =0.171, 0.236 and 0.382 m/s respectively. One

pair of normalized capacitance measurement is selected for each case to further analysis which is C26 forcase 1, C,,

for case 2 and C23 for case 3. This pair was chosen as more sensitive compared to the rest. The dashed line in the graphs

represents the boundary set which is only air occupied in the vertical pipe as describe in figure 5. The behaviour of
normalized capacitance measurement is a similar pattern to dual plane ECT results which gradually increasing at the
beginning until reached the maximum peak at the mid of sensor length then gradually decreased until reach the end of
the sensor. The calculation just started after the normalized capacitance measurement is higher than boundary set as #;
while stop counting the elapsed time when the one last before the measurement is lower than boundary value as #,. The
maximum time lag can easily be counted by using Equation 9 as aforementioned before. Table 1 shows the time delay
estimation for velocity measurement by single plane ECT sensor.

Table 1. Time delay estimation by single plane ECT sensor.
Time delay, Az, (s)

V, (m/s) Case 1 Case 2 Case 3
0.171 0.636 0.585 0.580
0.236 0.440 0.420 0.426
0.382 0.248 0.263 0.268

4.1 Average Vertical Velocity

Velocity estimation by single plane ECT sensor was quantitatively compared with velocity captured by a high-speed
camera for case 1,2 and 3 for validation purpose. Three velocities calculated by a high-speed camera are 0.171, 0.236
and 0.382 m/s. Figure 5 shows a plot of average vertical velocity by means of single ECT plane. The line at both left and
right edge on each plot functionally to show how the velocity calculation by ECT to a high-speed camera diverge.
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Figure 5. Average axial velocity by single plane ECT sensor
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Figure 6. Time lag calculation by means single plane ECT electrode. (—) is normalized capacitance value when PMMA ball is crossing ECT sensor and (---)

is a boundary set as stated in Figure 2.
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5. Conclusion

Non-invasive velocity measurement for the gas-solid two-phase flow was done by using single plane ECT sensor.

Single plane ECT system measurement has its own capability in determining velocity without using any expensive
commercial mathematical software. This method used a simple assumption which time delay is equal to total elapsed
time above boundary set. These studies show both single plane ECT sensors accomplished to measure the average axial
velocity. This pilot study can be used in industrial application not limited to gas-solid two-phase flow exclusively.
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