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Abstract

Electrical Capacitance Tomography provides the opportunity to visualize the
contents of a process of many applications such as pipeline and obtain information on the
flow configuration. Multiphase flow is an extremely complex field of fluid mechanics; the
characteristics of the operations of many equipment in different areas of industry such as
oil and power generation are determined by the nature of flow of two phase or multiphase.
In this study, a twin plane Electrical capacitance tomography (ECT) electrode was
designed, fabricated and used to image and characterize oil/gas flow in 67 mm pipe. The
experiments were carried out in inclinable facility in the Department of Chemical
Engineering at Nottingham University, UK. Conditions used are gas superficial velocities
of 0.05 to 5.52 m/s and liquid superficial velocities of 0 to 0.54 m/s. The cross-section
averaged void fraction and its variation in time were measured using electrical capacitance
tomography. Also, Probability Density Functions are demonstrated and the structure
velocity of flow is presented as well. In this project, Bubbly, slug, and churn flow
configurations was observed. In addition, high speed video images of flow were obtained
simultaneously and compared with tomographic images of the ECT system.

Keywords: Main subjects: Electrical Capacitance Tomography, Void Fraction,
Probability Density Function
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1. Introduction

Research in the field of multiphase flow is of high importance from engineering and economical point
of view to improve safety, reliability, sustainability, efficiency and significant decreasing maintenance
frequency of multiphase flow application; for example the petroleum and chemical industry Azzopardi
(2006). Hence, as stated, multiphase flow study has become a very important topic to industry. Most of
the work in this field began by using non-tomographic techniques in vertical flow. Identification of two
phase flow patterns have been studied by a number of researchers such as Wallis (1969), Spedding and
Kang (1982), Mishima and Ishii (1984), Hewitt and Hall-Taylor (1970), McQuillan and Whalley
(1985), Bilicki and Kersten (1985) and Azzopardi (2006).This has provided considerable amount of
knowledge about the behaviour of multiphase flow in these particular situations. However, no
complete description of the structure of two-phase flow has been achieved. The literature review
reveals that enormous amount of work has been done to predict the distribution of the phase about the
flow; but, few work has been reported regarding tomographic techniques, in past few years; some of
tomographic techniques and sensors such as x-ray tomography, magnetic imagine, ultrasonic system
electrical tomography etc. have been used to make graphical representations of cross-sectional flows
and have successfully developed into powerful instruments for study flow configurations, Gamio et al.
(2005); he showed that the ECT offers a non intrusive efficient technique for imagine mixtures of
electrically non conducting substances, going on further to state; it is the most promising application
for visualization of gas-liquid flows. Hasan et al (2007) showed that ECT can also show great
capability for visualization of two—phase liquid-liquid flows. More recently, Szalinsky et al. (2010)
have reported insightful detail of two-phase flow applying advanced instrumentation on different gas-
liquid mixtures, for vertical flow. Abdulahi et al. (2011) reported data for two-phase flow
characteristics at 10 degrees from both horizontal and vertical, while Abdulkareem at al. (2011)
reported data for inclined for the whole range of inclination angles. Also, recently L. A Abdulkareem et
al (2013) has successfully used ECT for identification flow pattern in inclined risers. This paper brings
together insightful data for different two phase flow parameters, such as void faction, structure velocity
and frequency using tomographic technique; which is electrical capacitance tomography.

2. Flow Facility

All experiments were conducted in inclinable facility at the University of Nottingham / UK.
Previously, many researchers in multiphase flow field have carried out their experiments and studies in
this facility L A Abdulkareem et al (2013), (2011), (2011), Geraci et al. (2007) and Hernandez Perez et
al. (2008), Thiele et al. (2008). Figure (1) shows the photo of the rig consists of an inclinable 6 m long
and 67 mm internal diameter. For this work the pipe was mounted vertically. The fluids used were air
and silicone oil. The liquid was taken from liquid storage tank, and air was taken from compressor. The
conditions and the range of the gas and liquid superficial velocity were selected very carefully in order
to produce bubbly, slug and churn flow patterns. The outlet of the pipe is connected to a cyclone
separator where air is released to atmosphere and the liquid is returned into the storage tank.
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Figure 1: photo of the Flow Facility

3. Fluids Used
For this research; two fluids have been used at atmospheric conditions. The Table (1) below shows the
summary of physical properties of the fluids used in this study.

Table 1:  Fluids Used in the Project

Parameter Air Silicone oil Unit
Relative permittivity 1 2.7 -
Density 1.224 925 kg/m3
Viscosity 0.018 5.25 mPa-s

4. Electrical Capacitance Tomography

Electrical capacitance tomography system that was used in this study has been described and used
previously by Hassan and Azzopardi (2007) for liquid-liquid flow; whereas later Azzopardi et al.
(2008). Figure (2) shows a picture of the ECT. It is consists of 8 electrodes, the sensor has been
mounted externally around the pipe, as the pipe wall material is non-conducting. The measurement
electrodes are 35 mm long and 25 mm wide each. The ECT contains two measuring planes. The
distance between centres of two measuring planes is 89 mm. ECT sensor was designed and
manufactured using photolithography flexible technique on printed circuit (PCB) at the University of
Nottingham.
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Figure 2: Photo of the Electrical Capacitance Tomography (ECT)

5. Results and Discussion
5.1. Flow Configurations

Several flow patterns can be observed during the operation of a two phase flow in in oil industry. In
this study, various flow patterns such as bubbly, slug and churn flow were observed with the aid of
high speed video camera at a different liquid and gas superficial velocities. The flow pattern is of
paramount importance to characterise the two-phase mixture, as most models and correlations are
developed for a particular flow pattern. Figure (3) shows the typical visual representation of flow
patterns observed in the present project. As can be seen, at the low gas superficial velocity, the flow is
characterised by bubble of different sizes moving up in liquid continuum. This flow identified and
called bubbly flow. By turning up the gas flow rate more the flow is characterised by slug flow which
approximate to the pipe diameter followed by non-aerated liquid slugs. As gas superficial velocity
increases more; churn flow was appeared.

Figure 3: High speed camera footages of the flow for different flow pattern; a-bubbly, b- cup bubble, c- slug
flow and d- churn flow

Bubbly Flow Slug Flow Churn Flow
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5.2. Void Fraction

One of the most general parameter that can be used to qualitatively describe a two-phase mixture is the
mean void fraction. Therefore, flow identification based on the analysis of void fraction was carried out
by Jones and Zuber (1975); the void fraction of output signals of ECT obtained at different flow
conditions and are presented in Figure (4), the figure shows and demonstrated the void fraction
increases when the superficial velocities of gas is increases. In addition, one of the most common
methods of flow pattern identification is the Probability Density Function (PDF) method. It has been
used by several authors Costigan and Whaley (1997) for vertical flow. Application of the PDF method
to the cross-sectional averaged data of electrical capacitance tomography output has been determined
and plotted. Figure (5) shows, a typical example of the flow patterns observed in this study.

Figure 4: Main Void Fraction as Function of Gas Superficial Velocity for Different Oil Superficial Velocity.
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5.3. Frequency

As stated above, in oil industry in particular pipelines different flow configuration occur at different
flow conditions. This intermittent behaviour can be characterized by the structure dominant frequency.
In Figure (6), the dominant frequency is plotted as function of gas superficial velocity. This dominant
frequency has been determined by applying the Power Spectrum Density (PSD) technique. Details can
be found in Azzopardi (2006). The figure shows there are three zones which are related to the change
in flow pattern with increasing gas superficial velocity.

Figure 6: Dominant Frequency as Function of Gas Superficial Velocity for Different Oil Flow Rates.
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5.4. Structure Velocity

Structure velocity of flow has been calculated using cross correlation technique, and plotted against
mixture velocity of flow, detail of the calculation can be found in L A Abdulkareem (2011). Figure (7)
demonstrated that the structure velocity increases as a linear function of the mixture velocity, which is
sum of oil superficial velocity and gas superficial velocity. Also, the correlation proposed by Nicklin et
al. (1962) been used to calculate the structure velocity for slug flow and compered with present work
data. As can be seen, from the figure the initiation of deviation from Nicklin equation shifts to higher
velocity gas with increasing superficial velocity of oil.

Figure 7: Structure as Function of Mixture Velocity (Usl+Usg); for Different Oil Superficial Velocities and
Correlation of Nicklin (1962).
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5.5. Data Validation and Reconstruction Images

As stated above footages using high speed video camera have been made and synchronised with
collection of (ECT) measurements, Figure (8). The video footage are satisfactory enough to identify
general slug flow from bubbly flow, however the imaging quality does not give much information
about the inside shape of the slug. For instance, a side camera has obvious difficulties to differentiate
between a near annular flow and a proper slug flow, because the camera can only look at the side of the
flow-pattern. Instead of the higher resolution available with the tomographic system.

Figure 8: Visualization of ECT and high speed image for slug flow in vertical pipe.

Video Ime ECT Image

Figure (9) shows the images obtained when a slug formation passes the electrical capacitance
tomographic sensor and side view recording of the slug shape in vertical plan along the axis of the
pipe. It is clear from the (ECT) image that slug is moving from the centre to the side of pipe. Side
video recording are not accurate enough to visualize phenomena of slug formation; the video picture
from the side of the pipe has been done merely to confirm the results from the electrical capacitance
tomography sensor. By looking very carefully at certain frames and enhancing their contrast it is
possible to support the observations made regarding the shape of slug formation. The imaging part of
the project has been kept to validate the results of the flow pattern identification.



Characterization of Oil / Gas Flow Pattern in Vertical Pipes using
Electrical Capacitance Tomography 167

Figure 9: Estimated Sliced View of Slug Flow a- Electrical Capacitance Tomography (ECT) Images (Left) ,
b- High Speed Camera Picture (Right).

Tavlor Bubble

Liquid Slug Region

6. Conclusion

It can be concluded that the Electrical Capacitance Tomography technique has been successfully
employed in the measurement of flow parameters in vertical pipes. ECT has the capability to measure
structure velocity of flow non-intrusively, and it is able to show detailed void fraction of flow.
Probability Density Function (PDF) plot is in agreement with proposal by Jones and Zuber (1975).
Also, from PDF plots and high speed camera footages three flow patterns (bubbly, slug and churn)
have been observed. The significance of dominant frequency of flow was established with
identification of flow configuration on frequency versus gas superficial velocity. In addition, the
equation suggested by Nicklin et al (1962) for structure velocity of flow is in reasonable agreement
with experimental results of this project.
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