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Abstract: In process industries, the measurement of void fraction is considerably important for
sustainable operations. The erroneous calculation of void fraction is inevitably be the cause of many
industrial accidents such as loss of coolant accidents in reactor operations, sweet corrosions in sub-sea
oil and gas pipelines and an in-efficient process control of chemical plants. Keeping in view the
importance of measuring the void fraction, a non-invasive, experimental study was conducted by using
Electrical Capacitance Tomography (ECT) technique and differential pressure (AP) technique on a co-
current vertical gas-liquid flow in a bubble column. A series of experiments were performed by
regulating the flow rates of air and deionized water in a co-current bubble column to investigate the
flow regime and void fraction. The flow characteristics were physically investigated by using visual
instruments. In all the experiments air was used as a gas phase following the superficial velocity range
of 0.00218 - 0.03 m/sec and deionised water as a liquid phase using the superficial velocity range of
0.00425 - 0.034 m/sec. The estimation of void fraction in a bubble column via AP method shows the
influence of superficial gas velocity on void fraction as a linear function which agrees with the void
fraction obtained from ECT measurements. The ECT measurement of void fraction also compared with
photographic technique. It has been found from the analysis that the measurements generally follow the
increasing trend of void fraction with an increase in superficial gas velocity.

Key words: Differential pressure, electrical capacitance tomography, two-phase bubble flow, void
fraction.

INTRODUCTION

A two-phase flow is one of the most common flows in nature as well as in industrial applications; it covers
gas-solid, liquid-liquid, solid-liquid and gas-liquid flows. Among these, the gas-liquid flows can be encountered
in wide variety of industrial applications including boilers, distillation towers, chemical reactors, oil pipelines,
nuclear reactors, etc. The measurement of two-phase flow parameters such as flow regime and void fraction is
considerably important and plays an important role in operational safety, process control and reliability of
continuum processes (Dong, F. et al, 2003). In process industries, the measurement of void fraction is
considerably important for sustainable operations. It largely affects the mass flow rate of gas and liquid in a two-
phase flow. The erroneous calculation of void fraction is inevitably be the cause of many industrial accidents
such as loss of coolant accidents in reactors, sweet corrosions in sub-sea oil and gas pipelines and an in-efficient
process control of chemical plants. The customary approach for two-phase flow measurement separates the two-
phases first and then measures the mixture as individual components. These methods are not favorable as they
may result in the disruption of incessant industrial processes (Dong, F. et al., 2003; Ahmed, W.H., 2006). Due to
these limitations, a non-invasive, experimental study was conducted by using Electrical Capacitance
Tomography (ECT) and differential pressure (AP) technique on a co-current vertical gas-liquid flow in a bubble
column.

Void fraction is one of the most important parameter to characterize the hydrodynamic behavior of two-
phase dispersion system in a bubble column. The void fraction is a dimensionless quantity and is often termed as
“holdup or fraction” in two-phase flows. It is defined as the ratio of the volume of that phase to the total volume
of the pipe (Corneliussen, S. Et al., 2005) or can be defined as the fraction occupied by the gas phase in the total
volume of a two- or three-phase mixture in a bubble column (Tang, C., 2006).

MATERIALS AND METHODS

The study is based on the assessment and analysis of experimental results obtained through a two-phase air-
water bubble flow experiments carried out on an ECT sensor which is performing as a co-current bubble
column. This installation of ECT sensor is being done on the two-phase test rig in the department of Electrical
and Electronic Engineering, in Universiti Teknologi PETRONAS, Malaysia.
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Scope:

This research scope includes a design and construction of an experimental test rig for two-phase air-water
bubble flow by using in-house facilities. This laboratory scale equipment is used to generate the phenomenon of
void fraction in an ECT sensor (i.e. co-current bubble column) and its subsequent measurement and analysis by
using the ECT technique and differential pressure measurements. Later, series of experiments were performed
for the analysis of physical parameters of two-phase flow:

1.  Experimental Setup:

The test section consists of an Electrical Capacitance Tomography (ECT) sensor (0.41 m in length) installed
vertically on the test rig. The height of the test rig is about 1.5 m. The test section (i.e. ECT sensor) is made up
of Perspex material which helps in visualization of an air-water flow entering the column. The column is
connected with inlet and outlet % diameter PVC piping network to allow dynamic flow of air and deionised
water. The ECT sensor consists of a ring of 12-electrodes (which are separated from each other by small gap) on
its outer periphery. It is connected with the data acquisition system which is then connected with a control
computer by the built-in ECT software. There are two types of control valves i.e. (parallel type and rotary type)
that are also installed on the test rig for the adjustment of air and water flow rates. The test rig was also equipped
with a differential pressure transmitter for flow measurements. In order to generate the bubble flow regime
several efforts have been done to get uniform sized bubbles. A multiple-orifice equally spaced nozzle has been
installed at the bottom of the column with total seven (1 mm diameter each) holes on its surface to generate
uniform bubbles. A schematic of an experimental test setup is shown in Figure 1.
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Fig. 1: Schematic of an Experimental Setup.

1I. Experimental Procedure:

At the start of each experimental run, the electrical connections from the sensors to the data acquisition unit
were checked along with the inspection of pressure tappings and temperature probes. After performing the
checks, air is pumped via compressed line through a rotameter and enters the sensor from the bottom. The
deionised water (with conductivity continuously measured according to the temperature) is supplied from a
pump and is regulated by a bypass line and the hand valve. The deionised water flows into the bottom part of an
ECT sensor (i.e. co-current bubble column) and mixed with the compressed air before entering into the test
section of the sensor. The air and deionised water flow is controlled by means of air and water rotameters
respectively. The air-water mixture flows out from the upper part of the column and returns to a separate water
reservoir through a '2” diameter PVC pipe. A series of static and dynamic experiments were performed on the
test rig by using online calibration procedure. During these experiments, the ECT sensor was connected with the
piping loop by using connectors. The test section was initially pressurized with air, followed by deionised water
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by opening the parallel and rotary hand valves. The differential pressure of the system was noted by using
differential pressure transducer installed at the system. As a result of these experiments, different kinds of
bubble flow regimes were identified and tested by varying the flow rates of air and deionised water accordingly
as shown in Table 1.

Figure 2 shows the typical tomographic images to the corresponding flow rates. The ECT images were
produced using the linear back-projection (LBP) reconstruction algorithm. This offer fast processing time in
comparison with other algorithms; however, it does produce qualitative, rather than quantitative, images. The
images represent the cross-sectional phase distribution inside the sensor.

Table 1: Bubble Flow Regimes.

Bubble Flow Regime Air Velocity Deionised water Velocity
Discrete Low Low
Dispersed Low to intermediate Higher
Coalesced Intermediate Low

0.16m

{c) Air — 2.5LPM and Water- 3LPM {d) Air — 3LPM and Water- 4LPM

|o T — 1]

Fig. 2: Tomographic Images and Flow Pattern.

111. Voidage Calculation From ECT Measurements:

The term “voidage” can be defined as the percentage of the volume of the sensor occupied by the higher
permittivity material. The volume of the sensor is the product of the cross-sectional area of the sensor and the
length of the measurement electrodes. The overall voidage of the contents of ECT sensor can be calculated by
using the normalised pixel values in the reconstructed ECT image (Donthi, S.S., 2004). All voidage values
obtained from the ECT system are based on the assumption that the voidage is 100%, when the sensor is full of
the higher permittivity material and is zero when the sensor is full of lower permittivity material.

The computer reconstructs the image of the cross-section of the pipe using the 66 capacitance
measurements and thus, the void fraction can be obtained by using the gray level of the reconstructed image.
After image reconstruction, the concentration ‘c” of two-phase flow can be calculated by using equation (1)
(Huang, Z. et al., 2003):

M A
C=Zj
= )]

where, A4 is the total cross-sectional area of the pipe, 4, = éx K/_is the area of the / pixel, P is the number of
P J

pixels. Thus the void fraction (4,) of two-phase flow is [Huang, Z.]:
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A, =(1=¢)x100% 2

1V. Estimation of Void Fraction From Delta-P Measurements:

The scope of this research has also included differential pressure technique for the estimation of void
fraction in air-water co-current bubble column. This technique was applied on the vertical test section of the test
rig between two different pressure measuring ports. The measurement of void fraction by pressure difference
method is simple, reliable, non-invasive and economical.

Figure 3 indicates the differential pressure setup for evaluation of void fraction (holdup). Assuming one-
dimensional isothermal flow, steady-state, constant cross-section, negligible mass transfer between the gas and
liquid phases and constant properties in a cross-section and the flow can be modeled as a pseudo-homogenous
two-phase mixture.

Tang, C. et al., (2006) proposed a following expression for vertical gas-liquid co-current flows to determine
void fraction in a bubble column which will also be used in the current study to determine it by using equation
(3) (Tang, C., 2006):

A, = _ A 3)
pPeAh

Where, 4p is the difference of static pressure between two sensors placed at a distance h, % is the distance
between the tappings, g is the acceleration due to gravity, p is the density and 4, is the void fraction.

L

I

Flow
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Fig. 3: Schematic of the Differential Pressure Method Arrangement.

V. Void Fraction Calculation by Using Photographs:

Based on the knowledge of volumetric void fraction, this current study also calculated the void fraction by
using the photographic technique that is estimated by using the equation as shown below (Thome, J.R., 2004-
2009):

14

A, =5 4)
VT

Where:

V =—m’ xn

)
¢ is the volume of gas phase Vi=mxl is the total volume of the cylinder r is the radius of

the bubbles 7, is the average number of bubbles present in cylinder and / is the length of electrodes.
RESULTS AND DISCUSSIONS

Void Fraction Calculation Using Normalised Pixels:

The void fraction can also be calculated by using the normalised pixel values in the reconstructed ECT
image. In the case of calculation from image pixels, this is done by using the equation (1) and (2). Figure 4
shows the result for void fraction obtained from image pixels based on different flow rates of air and keeping
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deionised water at constant. At lower flow rate of water the void fraction values were not stable. The range of
void fraction obtained from pixels lies in between 0.001 > o > 0.012.

0.006

| —=— Water 4LPM | =

0005 4 /

0.004

0.003

0.002

0.001 A /

0.000 T T T T T T T T T
15 0 5 3.0 35

Air Flow rate (LPM)
Fig. 4: Void Fraction Calculation Using Image Pixels at Q,, =4 LPM.

Void Fraction (-)

Void Fraction Calculation by Using Delta-P:

The following section covers the results obtained for the void fraction calculation from the differential
pressure transducer. The superficial gas velocity has found to be a critical parameter which affects the void
fraction significantly. In order to test out this phenomenon, the superficial gas velocity was varied in the range
of 1.31 cm/sec to 3.05 cm/sec. The results shown in Figure 5 are from experiments that were run over a series of
air and deionised water flow rates and Table 2 contains the measured values. The graphical analysis shows that
as the superficial gas velocity (U,,) increases, the discrete-dispersed bubble flow regime starts to develop and
the void fraction reaches its maximum value, keeping the superficial liquid velocity (U as constant. The
multiple orifice nozzle ensures a uniform gas distribution, so the regime is homogenous at superficial gas
velocities lower than 3 cm/sec. This is indicated by the linearity of A, versus Us,.

Table 2: Void fraction measurement using AP.

Uq/ Uy (m/sec) 0.0131 0.0174 0.0218 0.0262 0.0305
0.0131 AP (Pa) 3150.904 3095.75 2992.325 2978.54 2930.272
A() 0.055315 0.07185 0.102859 0.106992 0.121463
0.0218 AP (Pa) 3171.6 3099.9 3019.9 2992.325 2957.16
A() 0.04911 0.070606 0.094591 0.102859 0.113402
0.0305 AP (Pa) 3199.2 3123.33 3047.5 3001.3 2975.1
A() 0.040835 0.063582 0.086316 0.100168 0.108023
0.14
—8— U =0.0131 m/sec
0-13 1 —— U =0.0218 m/sec .
0.12 U, = 0.0305 m/scc /
L ]
0.11 4 / »
Z 010 - /
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Fig. 5: Void Fraction for an Air-Water System Using AP.
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Figure 6 shows the effect of superficial gas velocity on the void fraction and the observations are in good
agreement with the results of other investigations (Akita, K., 1973), thus verifying the validity and effectiveness
of the measurement technique. The void fraction is initially a linear function of the superficial gas velocity,
typical of the homogenous bubble flow regime. It can be observed from other researchers’ (Jin, H. et al., 2007),
(Akita, K., 1973) findings that with increase in superficial gas velocity a point is reached where the transition to
other flow regime occurs (i.e. a heterogeneous regime).
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Fig. 6: Comparison of Void Fraction Values as a Function of U,, with Other Studies.

Estimation of Volume Void Fraction Using Photograph:

The experimental results of void fraction in upward vertical air-water bubble flow were measured from the
test section for void fraction measurement and flow visualization. The variations of the void fraction with air
and deionised water flow rates for upward vertical flow were established from using the equation as mentioned
in equation (4) and shown in Figure 7. It can be observed that low air flow rate caused rapid increase in void
fraction while void fraction increase gradually with increasing air flow rate. The void fraction for the bubble
flow regime for the current experimental setup ranges from 0.02 <1, <0.12.
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Fig. 7: Void Fraction for an Air-Water System Using Photographic Technique.

Comparison of ECT, AP and Photographic Void Fraction Measurements:
This section covers the comparison between the void fraction measurements obtained from ECT, AP and
Photographic methods. Table 3 shows the results based on different flow conditions of air and deionised water.
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Table 3: Measurements of Void Fraction Using ECT, AP and Photographic Technique.

Techniques Water Flow Air Flow rate (LPM)
Rate (LPM) 1.5 2 2.5 3 3.5
ECT 1 0.0009 0.008 0.0082 0.0099 0.0122
AP 1 0.068 0.084 0.115 0.119 0.127
Photograph 1 0.0222 0.05 0.063 0.0854 0.091
ECT 2 0.0029 0.0059 0.0063 0.0107 0.0114
AP 2 0.051 0.078 0.109 0.113 0.122
Photograph 2 0.036 0.0661 0.083 0.1043 0.10795
ECT 3 0.0023 0.0028 0.0042 0.0045 0.0053
AP 3 0.045 0.068 0.09 0.105 0.113
Photograph 3 0.031 0.0674 0.0779 0.092 0.0954
ECT 4 0.0008 0.0017 0.0031 0.0045 0.0055
AP 4 0.037 0.059 0.086 0.101 0.111
Photograph 4 0.039 0.0728 0.0875 0.0896 0.1008

Based on the measurements mentioned in the Table 2, the graph has been plotted in Figure 8 (a)-(d) to
compare their relationship and observe a trend of the measurements. It can be seen from the plots that they all
follow the increasing trend and limiting the range of void fraction from 0 > a > 0.14 for the bubble flow regime
in a 0.0493 m inner diameter and 0.41 m length bubble column.

As it can be seen from the figure that the ECT follows the lowest range of void fraction because the flow
rates for air and deionised water used in this experimental rig are in limited range. If the higher range of flow
rates would be used than this measurement span for ECT void fraction could be improved.
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Fig. 8: Void Fraction Comparison of ECT, AP and Photographic Techniques.
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Comparison between Measured and Calculated Void Fraction:

Figure 9 shows a plot between the measured values (obtained from delta-P) and calculated values (obtained
from Drift-Flux model defined by [Zuber, N.]) of void fraction. The relation between the two relatively shows a
good agreement. On applying polynomial regression the correlation coefficient R* was 0.972 and the maximum
average percentage error lies within 20% which is tolerable. The results shown in the Figure 9 are from the
experiments that were run over a series of air and deionised water flow rates. Their relationship can be defined
by a 2™ order polynomial expression.

Y=Ay+ A;x + Ax’ )

Where, Ay, A; and A4, are the coefficients of the polynomial whose values are given as:
o A4,=0.03672
e 4,=0.03143
e A4,=4.77861

0.11 H

Y =0.036724H0.03143 X+4.77861 X 1
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Fig. 9: Comparison of Measured vs. Calculated Void Fraction Values in a 49.3mm Inner Diameter Vertical
Column at Different Gas Flow Rates.

Conclusion:

It is a common practice to use the normalised capacitance data for image reconstruction which is obtained
from raw data measurements. The average void fraction of the ECT sensor was calculated using the normalised
pixel values obtained from ECT images. The measurements obtained from these were in good agreement with
our reference measurement obtained using AP. The estimation of void fraction using the differential pressure
measurements was found to be increasing with increase in superficial gas velocity. The gas void fraction was
initially a linear function of the superficial gas velocity, typical of the homogenous bubble flow regime. Both the
methods follow the similar trend with respect to the increase in air flow rates. This study has also estimated the
volume void fraction using the photographic technique in a vertical upward column. It was also analysed and
validated from this technique that void fraction is a linear function of superficial gas velocity. On lower gas flow
rate it shows a rapid increase in void fraction while, on higher gas flow rate the change in void fraction becomes
steadily.
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