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Abstract: This work proposes a method to distinguish between various flow patterns in a multiphase
gas–liquid system. The complete discrimination between different flow patterns can be achieved
by mapping the corresponding frequency and statistical parameters. These parameters are usually
obtained from further analysis conducted on the signal data of the utilized sensor. The proposed
technique is based on establishing interrelationships between these parameters, namely the mean (m),
the standard deviation (σ), power spectral density (PSD), the width of the characteristic frequency
peaks (∆ƒ), the skewness (γ1) and the kurtosis (γ2). Therefore, a relatively simple electrical capacitance
sensor with two electrodes was designed and implemented on a two-phase flow apparatus with a
circular pipe. The experimental operating conditions comprised of different combinations of air–water
superficial velocities at three inclinations (i.e., horizontal, upward 15◦ and upward 30◦). This research
discusses in specific the analysis underlying flow patterns identification method and the rationale
for selecting the proposed approach. The results showed that some parameters found to be more
valuable than others such as m, σ and ∆ƒ. Besides, combining two sets of these statistical graphs
which are (a) σ vs. ∆ƒ with ∆ƒ vs. m (or ∆ƒ vs. total power), (b) ∆ƒ vs. total power with γ1 vs. σ
(or γ2 vs. σ), and (c) σ vs. m with ∆ƒ vs. m (or ∆ƒ vs. total power), allowed all flow patterns field to
be identified clearly at all inclinations. It is therefore concluded that for any gas–liquid multiphase
flow system, the reported approach can be used reliably to discriminate between different generated
flow patterns.

Keywords: capacitance sensor; flow pattern; multiphase flow; air–water; frequency analysis; statistical
analysis; capacitance signal; liquid-gas
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1. Introduction

1.1. Multiphase Flow Systems

A wide ranges of interfaces are possible in a system that depends on two types of flow
(i.e., multiphase system: gas–liquid flow, gas–solids flow, or liquid–solids flow), due to the exceptionally
great quantity of flow formations inside the pipe or the fluidized bed. These interfaces and flow
formations manifest themselves as the typical flow regimes or patterns [1–3]. In addition, there are
three significant features of those multiphase flow systems, which are (a) the flow regimes/patterns,
(b) liquid/gas/solids holdup (including its time-dependent holdup fluctuations), and (c) pressure drop
(including its time-dependent pressure fluctuations). These characteristics, especially the holdup
and the pressure fluctuation, are largely influenced by the generated hydrodynamic of the system
and its corresponding flow patterns/regimes. Henceforth, the developed hydrodynamic status is
a crucial characteristic of any multiphase flow system. A strong comprehension and correctly
predicting the generated flow are tremendously essential for many multiphase flow aspects, such as the
pipelines/fluidized-bed design, calculating pressure-drop/holdup, and for numerical studies. However,
it is very difficult and complex to estimate and compute multiphase flow discrete phenomena due
to the artefact of several variables. These variables are the heat and mass transfer, and the interfaces
present among any two types of phases and its corresponding slippage [4–6]. Moreover, there are
many operating variables that can affect the hydrodynamics of a multiphase flow system such as
(1) the pipe cross sectional area and arrangement, (2) superficial velocities, (3) direction and angle of
inclination, and (4) the physical features of the utilized fluids and particles (solids size, liquid/gas/solids
density, liquid/gas viscosity and the surface tension) [7–11]. The focus of this study will be on the
gas–liquid multiphase flow system. Generally, in the research literature, several different flow patterns
in the horizontal flow are observed. These flow patterns are discrete bubbles, elongated bubbles, slug,
slug-churn, annular, and stratified flow, except plug flow [9,10]. In the upward flow inclination, all
the abovementioned flow patterns are observed including plug except stratified flow pattern [10,12],
whereas in the downward flow inclination, due to the gravity effect, only stratified flow is observed [10].
Therefore, the real time prediction and distinguishing between all flow patterns by the utilization
of measurement devices are very significant. This can support engineers in the industrial field and
academic researchers to calculate and optimize the hydrodynamics status, the variables of the system,
and predict the generated flow patterns.

1.2. Flow Patterns Identification Techniques

There are many well investigated techniques for identifying the flow patterns [10,13–26].
Researchers in the field have used image post-processing methods to (a) categorize different flow
formations and (b) measure the intermittent flow pattern velocities [13–15,27]. High speed camera
images were usually used to study the rise of an air bubble and its generated field in a still liquid,
and therefore, discriminate between different flow patterns by using an active photochromic dye
technique [28]. Others also suggested this method to measure the size/shape of the bubbles as well as
calculating the bubble rising velocity [6,29]. Such approach can be only accurate and valid for low flow
rate operating conditions. This is because at high superficial velocity, the flow becomes more chaotic
and even if the flow pattern can be identified, however, the flow velocity is more difficult to calculate.
The main advantage of image post-processing methods is that they can positively differentiate among
all the flow regimes. Yet, the implementation of image post-processing method in the actual multiphase
system is expensive, time consuming and difficult to use in the industry.
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Other techniques which were developed for multiphase flow pattern identification are the electrical
capacitance [10,20,22,25,30,31], optical fiber probes [32], hot film anemometers [33], and conductive
probes [6,34–37]. The focus and the approach explored in the current study is on the electrical capacitance
technique. The electrical capacitance sensor is suitable because it provides values of the phase’s field and
distribution around the pipe cross-section (or core visualization), gives an instantaneous distribution
of the flow pattern, and measures the gas/liquid holdup [9,10,17–20,22,23,25,26,30,31,36,38].

A typical electrical capacitance sensor comprises of two to sixteen electrodes around the
circumference of a pipe, parted by small gaps. The capacitor and its signal are usually influenced
by the disturbance of the electromagnetic fields inside the pipe and the linking wires of the utilized
electrodes. The factors affecting the signal can be reduced through optimizing the capacitor shield
and reducing the connecting wire as much as applicable [39]. It was reported that the accurate visual
formation obtained from a capacitance sensor is influenced by the size and the number of the electrodes.
In addition, by minimizing the area between the electrodes, the ratio of the capacitance value to its
produced noise can be fundamentally reduced. Thus, a proportional relation was observed between
the sensitivity of the capacitor and the electrodes’ conduct region, indicating that the measurements
of the electrical capacitance that were captured from all potential pairs of electrodes can provide a
method to reconstruct images of the electrical filed generated by any flow pattern inside the pipe.

Many inherent disadvantages were observed when a tomography method was used [17,24], (1) the
distortion of the reconstructed images, (2) a high acquisition system for the measured data is required,
and (3) to capture and reconstruct representative visualization from blaring and distorted data, an
instantaneous iteration method is also required. The measurement system of electrical capacitance
sensors (with more than two electrodes) is typically comprised of a purpose-built multiplexer, an
effective resistance analyzer (or impedance) and a processer with a monitor to reconstruct the images [26].
A capacitor comes in many arrangements such as a plate with double helix configuration, multiple
helixes, four concave plates, circular shape capacitors, parallel plates, and concave or staggered concave
plates [10,16,40]. The performance of the capacitance depend on many factors, including (a) the
electrode length [21], (b) the shape and the quantity of the electrodes [16,38], (c) the capacitor insulator
structure, (d) the physical conditions of the medium inside the pipe (including the temperature of the
fluid/gas), and (e) the unwanted stray capacitance due to the wire connection between the capacitance to
the multiplexer [20,41]. In addition, many different studies that were conducted on capacitance sensors
concluded that the accurateness of the capacitance measurements is high when the relation between
the length of the electrode (Le) and the pipe outer diameter (dout) was Le/dout ≥ 1 [18,23]. Most of the
recent studies investigated the performance of more than two electrodes, however, such configuration
is expensive and requires regular calibration and other related equipment as mentioned above.

For a concave two electrodes capacitance, Elkow et al. (1996) conducted a performance-based
comparison study on two capacitance sensors which are a concave plate and a helical plate.
They reported that the helical sensors had many disadvantages, including irregular response, reduced
sensitivity and degraded shielding. However, all these limitations can be eliminated by the utilization
of a concave capacitor [19]. The accuracy and sensitivity of the concave capacitor with two electrodes
can be improved by designing the electrodes to have the same length. Thus, the irregularity of
the produced electrical field is reduced, and the nonlinearity of the measurement is removed [19].
In addition, a couple of measures and configurations can be applied to eliminate the stray of the
capacitance produced by the communication between its electronic components including: (1) making
the space between the capacitor’s electrodes and its shield large enough, (2) also this distance has to be
relative to the parting length between the electrodes of the capacitance sensor [36]. Stott et al. (1985)
compared between an internal and external concave two electrodes sensor in a multiphase flow system.
It was concluded that the external capacitance prediction was within 10% of the experimental results
and higher than that of the internal capacitance [42]. Additionally, a specific advantage of the two
electrodes capacitance is that it is very sensitive to low gas concentration in comparison to the available
options such as gravimetric and nucleonic instruments. In addition, it can be used for both gas/liquid
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concentration measurements, however, with some limitations [16,43]. It must be noted that the concave
two electrodes sensor suffers from lower resolution when compared to more than two electrode
sensors; it cannot construct tomography images (as known tomography images cannot be obtained
with less than eight electrodes [17,24]), and it has high uncertainty in void fraction measurement
(i.e., especially for post-intermittent flow regimes) when comparted with sensors that have more than
two electrodes [44,45]. These limitations of the two electrodes capacitance were also observed by
Beck et al. (1985) and described in their work. They stated that such capacitance can only be utilized
to determine the gas holdup in a system with less than 15% gas concentration when it was tested
on a horizontal test section [43]. This is understandable since it is well known that such capacitance
could not accurately measure the gas/liquid concentration [44,45]. However, it can be very useful for
time-dependent signal fluctuation analysis in identifying different generated flow patterns [16,45–47].

Early work by Gerates and Borst (1988) stated that two electrodes cannot detect local void
fraction with high accuracy for mixed flow patterns. This is because the flow patterns at the higher
end of the intermittent flows are characterized by frothy slugs and a comparatively lengthy axial
extension of the flow pattern. Accordingly, high uncertainty in void fraction predictions are observed.
However, it can successfully be used for flow pattern identification if further analysis is conducted on
the time-dependent output signal of the capacitance [45]. Later, Canière et al. (2008) utilized a two
electrodes capacitance sensor which was tested on a small diameter pipe on a horizontal multiphase
flow setup. The time-dependent output values, along with its resultant variance and frequency, were
found to be very useful for conducting further analysis and can be used as a flow pattern detection
tool [47]. In another recent work, Salehi et al. (2017) stated that if the main aim of using the capacitance
is only the measurement of gas/liquid holdup, the ring-shaped capacitance is favored. On the other
hand, for flow patterns detection, capacitance with a concave shape (such as that of two electrodes) is
ideal, owing to its high sensitivity to the generated flow patterns [46]. There are many solid research
works used and have validated the usefulness of such sensors in multiphase flow [16,17,19,21,24,42–49]
for time-dependent single fluctuation (capacitance or voltage values) to identify different flow patterns.
However, these studies are limited in inclinations and in the tested range of the experimental variables
(i.e., the range of gas–liquid superficial velocities). Therefore, additional investigation is necessary to
shed a light on the usefulness of a simple two electrode capacitance for flow pattern detection in term
of frequency and statistical analysis.

1.3. Frequency and Statistical Analysis

Enhanced understanding of a multiphase flow in gas–liquid or gas–solids system for flow
pattern/regimes classifications can be achieved by performing a systematic investigation on the
frequency and statistical data. These frequency and statistical data can be obtained from one of
the following time-dependent signals: (1) the capacitance signal [50,51], (2) gas/liquid void fraction
signals [52], (3) pressure fluctuation signals [51,53,54], (4) impedance probes and non-intrusive
sensors [55,56], and (5) optical method [51]. These statistical parameters which were captured from the
instantaneous signals are the mean (m), standard deviation (σ), skewness (γ1) and kurtosis (γ2) [53,54].
In a gas–solids two-phase flow, Bai et al. (1996) considered the conventional pressure sensors and its
time-dependent fluctuations in a fluidized bed with single riser to characterize various fluidization
regimes. They stated that the solids volume fraction and its fluctuation correspond to a certain regime
which reflects the status of the system [57]. In addition, Leu and Wu (2000) used the standard deviation
(σ) obtained from the fluctuations of the pressure to estimate the minimum superficial velocity of
mixed fluidized bed [58]. Also, the combustion region in a gas–solids fluidized bed can be determined
by further analysis of the pressure signals [59].
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In a gas–liquid multiphase flow system, it was found that distinguishing between different
flow patterns can be achieved by capturing the variation of the output signal as a function of
time. The typically used parameters are the output of the signal, the power spectral densities (PSD),
histograms, and probability density functions (PDF) [50,51]. In addition, due to the complex phenomena
observed in gas–liquid systems, the hydrodynamics of such systems can be additionally investigated
by the useful information extracted from the PSD dominant values that were obtained from fast Fourier
transform (FFT) technique [2]. This is because a non-linearity is observed in the processed signals
as a function of time owing to the nonstationary nature and locally induced status of the system
hydrodynamics [53,60–62]. Keska and Wiliams (1999) studied the effect of different measurement
techniques (i.e., two electrodes capacitive signals, pressure signals, and optical method) and their
abilities to identify different flow patterns from bubble to churn flow [51]. They used the output
signals, PDF and the cumulative PDF (CPDF) as parameters in their comparative analysis. For flow
pattern detection, it was found that each investigated measurement sensor showed different ability
and potentiality to identify the generated flow patterns. In general, the pressure sensor proved to be
lower in potential when compared with the capacitance sensor. Also, the optical method capability
was limited and can only be used for narrow ranges of gas concentration (applicable only for above
70% liquid concentration) [51].

This study will propose a new approach to distinguish between different flow patterns in a
two-phase gas–liquid system by using the data obtained from a capacitance sensor and mapping its
corresponding frequency and statistical parameters. The basis of the proposed approach relies on the
generated flow patterns, its corresponding measured capacitance values, and the interrelation between
them. A relatively simple two electrodes capacitance device (concave-shaped) was designed and later
implemented on a two-phase flow apparatus with a circular pipe using different combinations of
gas–liquid superficial velocities at three inclinations (i.e., 0◦, 15◦ and 30◦). The paper will discuss in
particular the experimental setup, the measurement principle underlying the identification method,
and the significance of the related frequency and statistical parameters, which will help to discriminate
between various flow patterns.

2. Experimental Apparatus and Methodology

A multiphase gas–liquid flow experimental apparatus was built to study the typically generated
flow patterns (located at the University of Manchester). The apparatus was 4.0 m long, built from a
transparent acrylic pipe with an inner diameter (din) of 20.0 mm, which allowed for the observation of
the flow’s internal hydrodynamic status [9]. Additionally, a rectangular shaped box filled with water
was used, as shown in Figure 1. This transparent viewing box helped to minimize the misrepresentation
of the captured images to study the flow patterns. In addition, it worked as a cooling medium against
the effect of the heat produced by the illumination system used with the utilized high-speed camera.
The flow patterns were identified and characterized by the images captured from the NAC 500
Analogue High Speed Video system (nac Image Technology, Simi Valley, CA 93065 USA). To allow all
flow patterns inside the pipe to be fully established hydrodynamically, it was important to capture the
high-speed images at the right distance. This distance was estimated to be about 3.4 m from the pipe
inlet. The recording duration of the high-speed camera was set to 2 min. The speed of the shutter was
at 1/10,000 s, while the captured images frame rate was at 500 frames/s. The flow loop was built as
a recirculating multiphase flow system, which was an appropriate configuration to guarantee good
mixing between the phases and permit the development of various flow patterns. Two flexible elbow
pipes and appropriate support of the test section enabled changing the inclination between 0◦ and 30◦.
The rig was designed to operate with water flow rates up to 75.0 L/min (i.e., 0 to 1.06 m/s increased
gradually at equal intervals of 0.106 m/s) and air flow rate up to 96 L/min (i.e., 0 to 5.0 m/s increased
gradually at equal intervals of 0.25 m/s).
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Figure 1. Photographs of the experimental setup, swing table, capacitance sensor and viewing box.

The gas phase was delivered at room temperature from an in-house air compressor system. For the
supplied gas phase (air), a pressure valve along with a metering system were utilized to deliver the
air at a constant and stable flow rate. The liquid phase was pumped by a centrifugal pump from the
water reservoir at room temperature and at atmospheric pressure via a regulator to sustain stable and
continuous water flow rate. A manual valve was used to control a soft pipe that was used to recirculate
the excess water back to the reservoir. Several pressure and temperature measuring instruments
were fitted on the pipe which helped to monitor the flow hydrodynamic conditions. Additionally,
to measure the supplied liquid flow rate, a turbine flowmeter was used in the setup. Before and
during the operating of each experimental case, the liquid phase temperature was measured for the
two tanks by two thermometers (one located at each tank). This is because it was important to keep
all the experimental operating conditions constant, especially the liquid temperature (maintained
approximately at 20 ◦C). A phases mixer was installed in the apparatus just before the inlet of the
test pipe. The job of this mixer was to allow good mixing between the used gas and liquid phases
(air and water). The mixer comprised of two different size pipes within each other: (a) the external and
larger one was an acrylic Perspex pipe, and (b) the internal and smaller one was a brass pipe with
perforations distributed on its boundary in a staggered shape. Thus, such configuration for the brass
pipe guaranteed smooth entry of the air into the mixer system from the gap existing in between, due to
the difference in diameter between the two pipes. The liquid phase will be delivered through the axial
direction in the annulus of the pipe. Hence, a good mixing was achieved just before the inlet of the
test pipe.

All the experimental cases studied in this work are presented in terms of operational maps that
identify and distinguish between the observed flow patterns. The maps were constructed based on the
combined effect and interrelation between the superficial air and water velocities, where each developed
pattern was distinguished by a different color and symbol. Each developed flow pattern shown in
Figure 2 was categorized by a visual investigation and the recorded images. The operating maps
developed in this work are presented in Figure 2; they show the defined flow patterns and the transition
between them for all the examined inclinations (horizontal, upward 15◦ and upward 30◦). Altering
the pipe angle influenced the manifestation of different flow patterns and the transition boundaries
between them. In the horizontal case, all the patterns were observed except for plug flow, while for
both upward angles, all patterns were distinguished except stratified flow pattern [9,10]. The liquid
holdup was measured by using two fast closing valves [10]. As demonstrated in Figure 2, the air
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superficial velocities influenced the generated flow patterns and their corresponding liquid holdup.
It is shown that as the gas superficial velocity increases, the corresponding liquid holdup decreases.
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Figure 2. Map of the observed flow patterns and the measured liquid holdup as a function of the gas
and liquid superficial velocities at different pipe inclinations, (a) horizontal (0◦), (b) upward (15◦), and
(c) upward (30◦).
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2.1. Two Electrodes Capacitance

The capacitance sensor was designed to consists of two equal separate parts, as shown in Figure 3;
such a design allowed the sensor to be easily attached on the test pipe. Therefore, the fabricated two
electrodes were fastened on the pipe’s external circumference and opposite to each other. Two important
design factors were taken into consideration to support the sensor’s physical rigidity and prevent any
electrical interferences: (a) an acrylic protection material with 13 mm in thickness (i.e., 0.55 of dout) was
used to fill the gap (i.e., the gap about 0.25 of dout) between the capacitance electrodes and its screen,
and (b) this protection layer was fully enclosed by a brass shield screen about 2 mm in thickness and
50 mm in length in the axial direction. In addition, to improve the sensitivity of the designed concave
two electrodes, the ratio between the pipe outer diameter (i.e., dout = 24 mm) and the length of the
sensor in the axial direction were equal to one. It is believed that such a design allowed the sensor to
be flexible and practical, with no erosion effect because no contact between the fluid and the sensor
was allowed. In addition, the sensor was installed on the outer side of the pipe, which will not disturb
the internal flow and the developed patterns.Energies 2020, 13, x FOR PEER REVIEW 9 of 33 
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Figure 3. Image of the designed and implemented concave two electrodes capacitance sensor (up),
and a schematic illustration of the sensor with dimensions in millimeter (below).

Two of the main components that were used in this work were the circuitry device and the analogue
low-pass filter (as a Pulse Width Modulation (PWM) output), which converts the small capacitance
values to direct current voltage in the range of 0–5 V. The measurement principle, methodology and
details depend on the work proposed by Ferry (1997) and Jerzy (2008) [63–65]. This configuration
allowed: (a) low power demand from the used battery, (b) reduced emissions for radio-frequency,
(c) elimination of the effect of electrical noise, (d) excellent speed in the range of 500 Hz, and (e) improved
circuit sensitivity and stability [63–65]. In addition, such configuration allowed easy electromagnetic
compliance, and both the design difficulty and cost are also minimized. The image of the actual
implemented circuitry device and electronic is shown in Figure 3.
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Before any measurement is conducted, a calibration on the device is required. In the calibration
process, the capacitance values were measured, stored and later converted to an output voltage in a
range between 0 and 5 V. For instance, if the anticipated capacitance values were between 0.5–4 pF,
the capacitance output values would be between 0 V (corresponding to 0.5 pF) and 5 V (corresponding
to 4 pF). The sensor had two electrodes inputs that must be calibrated separately. This end-to-end
calibration was conducted through the learn by example method. Once the right modification is made,
the PWM output will adjust itself to replicate these endpoints with greater accuracy. There is an
internal memory inside the utilized electrical device which stores the obtained end-to-end calibration
points, and does not need to be reacquired after a power reset. The capacitance sensor computes the
PWM values by using the signal produced by the two electrodes and the two calibration points [64,65].

To calibrate the designed capacitance, a 10 cm test pipe was used (i.e., closed at both ends), where
water was inserted using a needle from two holes located at the top of the pipe. The elevation of water
was raised by equal intervals of 3 mm each. The sensor reading was obtained by using a 3532-50 LCR
HiTESTER and simultaneously, the measurement from the designed capacitance sensor. As shown in
Figure 4, a linear relation was obtained between the two calibrated points; the deviations between the
capacitance and LCR were very small, approximately within ±3%. The correlation obtained from this
calibration process in Farad is expressed as follows:

C = (5V + 9.25) × 10−13 (1)
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Figure 4. The voltage of the capacitance sensor as calibrated by LCR.

Regarding the data acquisition system, the output of the capacitance sensor was fed into an
analogue to digital converter (ADC) (PCI-DAS6031) with a sensitivity rate of ±50 mV, which consists
of a digital output compatible to work with a computer. The captured digital quantities were received
and handled by a Delphi software package that measures the data uninterruptedly and stores these
sets of data into the memory. After applying the necessary calibration factors, later this program will
write the data and save it as a CSV file. The data that were received successively by the designated
channels (i.e., A to D) in the device were simultaneously read by the used program, thus, no time delay
took place.

To study and capture all the generated flow patterns, it is very significant to test the capacitance
measurement device performance at low flow rates as well as at high flow rates. A response test was
performed on the capacitance sensor to make sure that the designed sensor had sufficient responsiveness.
This is because at different flow rates, the multiphase flow points at different internal fluctuation
and liquid holdup variation. Meanwhile, at low flow rates, the hydrodynamics of the flow were
characterized by an intermittent nature, and the hydrodynamics of the flow at high flow rates were
more chaotic. Therefore, as shown in Figure 5a, a water-filled cylindrical object with 52.2 mm in length
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and 19.13 mm in diameter was used. This cylindrical object was pulled through the pipe by using a
1400 rpm motor. Figure 5b shows the capacitance values as a function of time; it shows that the sensor
was able to respond efficiently to high velocity, which was 7.33 m/s. At this velocity, the capacitance
value was at the highest value corresponding to the liquid phase (i.e., the water inside the cylinder).
Therefore, this indicates that the designed capacitance sensor could capture all the generated flow
patterns as a function of time at the lowest and the highest flow rates capabilities of this two-phase
flow apparatus.Energies 2020, 13, x FOR PEER REVIEW 11 of 33 
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2.2. Statistical and Frequency Analysis Approach

The aim of the present study is to show that appropriately processed capacitance data could
distinguish between the flow patterns with the same reliability as traditional visualization methods.
The method adopted in this work relies on analyzing the capacitance fluctuations through simple
frequency and statistical analysis method. Therefore, it is important to evaluate the effectiveness of
these statistical parameters which were calculated from the captured signals of the two electrodes
sensor in distinguishing between different flow patterns. The following parameters were used in this
study; the mean (1st parameter), standard deviation (2nd parameter), skewness (3rd parameter) and
kurtosis (4th parameter). These parameters can be calculated by the following formulas:

m =

∑
C(Statistical variable)

N
(2)

Here, m is the mean and C(statistical variable) is the value of the measured capacitance from the used
sensor as a time-dependent value induced by the flow of the two phases passing through the pipe and
between the two electrodes. The variable N is the number of points captured by the sensor (in this
work, N = 8192). The standard deviation, the skewness and the kurtosis were calculated from the
following equations:

σ(C......CN) =


∑(

C(Statistical variable) −m
)2

N − 1


1
2

(3)

γ1(C......CN) =

∑[
C(Statistical variable)−m

σ

]3

N
(4)
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γ2(C......CN) =


∑[

C(Statistical variable)−m
σ

]4

N

− 3 (5)

where σ is the standard deviation, γ1 is the skewness, and γ2 is kurtosis.
The other two parameters that were used in the proposed approach are obtained from the

power spectra of the capacitance output, namely, the width of the characteristic frequency peaks
(∆ƒ) and the total power of the capacitance signal. The values of ∆ƒ are usually obtained from
investigating the power spectral density (PSD) of the capacitance sensor for all the generated flow
patterns. The power spectral density is typically determined by using several techniques, including
fast Fourier transform (FFT) [66], Welch’s approach [67], and the maximum entropy approach [68].
One of the main benefits of obtaining the PSD is to validate the influence induced by the power
fluctuation in relation to the frequency of the signal. Put differently, it differentiates at which flow
pattern the corresponding frequencies are weak or strong. In this study, 8192 data points obtained from
the capacitance fluctuation were analyzed and expressed in terms of PSD format calculated by FFT
technique. The FFT can distinguishes between the noise and the sought after, which is the frequency
component of a time-dependent signal. To calculate the PSD, firstly, discrete Fourier transform (DFT)
must be computed by using the following definition:

Hn ≡

N−1∑
k = 0

hke
2πikn

N (6)

Here, hk is the FFT complex number, which can be calculated by the following expression:

W ≡ e
2πi
N (7)

Substituting Equation (7) into (6), Equation (6) can be rewritten as:

Hn =
N−1∑
k = 0

Wnkhk (8)

Here, hk is a vector value and Wnk is the matrix.
To ensure accurate, representative and smooth PSD spectra for all the examined cases,

the 8192 data points that were used in the FFT analysis were divided into two sets of windows.
The first set was divided into 16 different windows, each consisting of 512 points. The second set
was divided into 15 additional overlapping windows, however, the starting point was at the middle
of the first window and the ending point was at the middle of the sixteenth window. Thus, in total,
31 windows, each with 512 data points, were produced and individually inspected by the FFT analysis.
The final produced PSD figures are from the average of all the divided windows. In this study,
a MATLAB software package was utilized along with a written code to generate the power spectrum
data and conduct further analyses. The value of the width of the characteristic frequency peaks can
be calculated after producing the PSD from the FFT analysis for all the investigated flow patterns,
as shown in Figure 6. Hence, the following three-step procedure must be followed to calculate the
value of ∆ƒ: (1) find the dominant value of PSD, (2) draw a line at the half of this value on the horizontal
axis (i.e., parallel to x-axis), and (3) at the intersection with the PSD trace, draw two vertical lines
(i.e., parallel to y-axis) to find the corresponding frequencies (f 1 and f 2). The value of ∆ƒ is then
calculated as:

∆ f = f2 − f1 (9)
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In addition, Parseval’s equation [66] was used to calculate the total power of the signal from the
capacitance sensor by:

Total power ≡
∫ N

0

∣∣∣C(t)
∣∣∣ 2

dt =

∫ N

0

∣∣∣C( f )
∣∣∣ 2

d f (10)

Here, C(t) is expressed in voltage and is obtained from the sensor time-dependent output as the
two phases passed the concave two electrodes; C(f ) denotes to FFT as a function of C(t).

To emphasize the importance of (1) the operating variables, and (2) the dependency of the liquid
holdup on the developed flow pattern, the following discussion will be on understanding the effect of
different flow patterns on the capacitance values in terms of (a) the time-dependent analysis, (b) the
frequency analysis, and (c) the statistical analysis. A new technique is developed which is based on the
frequency and statistical parameters defined above to classify the generated flow patterns.Energies 2020, 13, x FOR PEER REVIEW 13 of 33 
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3. Results and Discussion

3.1. Capacitance Time-Dependent Analysis

Initial tests for single-phase (i.e., water or air) experiments were conducted to check the response
of the capacitance sensor to each of the phases as a function of time. Firstly, a single-phase flow
of only water was performed; the capacitance value over time was a smooth line of about 3.33 pF,
demonstrating the liquid phase capacitance, as shown in Figure 7a. This capacitance value is the
highest measured value recorded in the presented experimental work. Later, a single-phase flow of
only air was passed through the rig; the capacitance value over time was a smooth line of about 0.926
pF, demonstrating the gas phase capacitance, as shown in Figure 7b. This time, the capacitance value is
the lowest measured value recorded in the presented experimental work. The difference between both
values (i.e., capacitance for only liquid and only gas) comes from their dielectric permittivity. This is
because water has a higher dielectric permittivity than air. These values will be treated as reference
points on which we confirm that there is no noise involved on the capacitance time-dependent values.
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Figure 7. Capacitance trace of (a) water as a single-phase flow, and (b) air as a single-phase flow.

The measured capacitance values as a function of time were found to demonstrate the correct
illustrative view of the flow patterns agreeing with their visual categorization and their typical
well-defined characterization. Selected samples of the capacitance values as a function of time for
different gas–liquid superficial velocities and inclinations are shown in Figures 8–12 (representing the
ideal flow patterns). Snapshots of the selected typical flow patterns are also shown, as cropped images.

The defined characteristic of small bubble flow pattern in a multiphase flow system is that the
liquid phase occupies a greater volume fraction of the pipe (i.e., high liquid holdup, Figure 2), while
the gas phase in the form of small bubbles at the top section of the pipe is characterized by low holdup
or volume fraction. Therefore, as bubbles passed through the capacitance sensor, little fluctuation was
observed. This was confirmed against liquid only system as shown in Figure 7a, where the capacitance
value was a straight line demonstrating the capacitance of the liquid phase passing the capacitance
sensor. The observed capacitance traces for small bubble flow in Figure 8a were almost similar to
that of only liquid phase. Nevertheless, small capacitance fluctuations are measured indicating the
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presence of a second phase, which is the gas in the form of small bubbles. This is because the dielectric
permittivity of the gas phase is different than that of the liquid phase.
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Figure 8. Capacitance trace of a (a) small bubble flow pattern (for uGS = 0.05 m/s and uLS = 0.94 m/s; at
inclination angle β = 0◦), and (b) plug flow pattern (for uGS = 0.212 m/s and uLS = 0.26 m/s; at inclination
angle β = 30◦).
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As the superficial gas and liquid velocities are increased, the bubbles size in the pipe is increased.
The small bubbles are merged together to form larger size bubbles, named plug flow pattern. As shown
in Figure 8b, the liquid phase is indicted by high capacitance values, while the plug (i.e., the cap-bubbles),
which is the gas phase, is indicated by low capacitance values. Therefore, as the cap-bubbles passed
through the sensor, a successive fall in the capacitance values that occurred intermittently was observed.
There was a quantity of small bubbles that did not have the sufficient momentum to coalesce and form
a plug. These small bubbles manifest themselves as small fluctuations in the horizontal axis at the high
range of capacitance trace.

A similar trend was observed for the elongated bubble flow pattern when compared with the
plug flow pattern case. However, at this time, the size of the bubbles was even larger than that of the
plug flow pattern and occupied slightly more than 50% of the diameter of the pipe. The minimum
values of the capacitance fluctuated about different ranges between 2.4–3 pF. This is because of the
irregularity in the shape of the elongated bubbles, as shown in Figure 9.
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Figure 9. Capacitance trace of elongated bubble flow pattern (for uGS = 0.318 m/s and uLS = 0.25 m/s;
inclination angle β = 15◦).

For the slug flow pattern, different zones of a series of gas and liquid phases crossing the capacitance
sensor were observed. The fluctuations of this flow pattern pronounced themselves as a variation on
the capacitance values, as shown in Figure 10a. It was similar for the slug-churn flow, which was
generated as a result of additional development of slug flow regime. Here, the interchangeable nature
between the gas and liquid phases caused the capacitance to fluctuate. However, the liquid in the slug
became very frothy as a result of merging between the two phases as the superficial gas–liquid velocity
ratio increased. Hence, the fluctuations were more intense with irregular profile when compared to the
slug flow pattern, as shown in Figure 10b.
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Figure 10. Capacitance trace of (a) slug flow pattern (for uGS = 0.8 m/s and uLS = 0.75 m/s; at inclination
angle β= 0◦), and (b) slug-churn flow pattern (for uGS = 3 m/s and uLS = 0.75 m/s; at inclination angle β= 0◦).

For the annular flow pattern, the gas phase occupied the core of the pipe, whereas the liquid
phase formed an irregular thick film adjacent to the pipe wall which is at the pipe’s annulus. As such
irregular waves continuously flowed around the pipe boundary wall, the created interface caused the
capacitance values to fluctuate, as shown in Figure 11. In this flow regime, the minimum values of the
capacitance traces almost double to about 2 pF when compared to slug and slug-churn flow patterns.
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This is due to the actual structure and continuous existing of the annular flow and its corresponding
film distribution around the pipe, which as a result, influenced the electrical field distribution inside
the pipe and its corresponding capacitance values. The stratified flow pattern has two distinguished
phases with no intermixing between them. Those phases are a liquid phase passing along the bottom
section of the pipe, a gas phase at the top section of the pipe, and a wavy interface existing just between
the two phases (Figure 12).
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3.2. Frequency Analysis

The power spectral densities were computed using the voltage output of the capacitance sensor
for all the typical flow patterns. Samples of the PSD spectrum for the intermittent flow patterns are
shown in Figure 13a–d, and those for the chaotic flow patterns are shown in Figure 13e–g.
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Figure 13. The calculated PSD of the capacitance signal for (a) small bubble flow pattern uLS = 0.84 m/s,
(b) plug flow pattern uLS = 0.74 m/s, (c) elongated bubble flow pattern uLS = 0.54 m/s, (d) slug flow
pattern uLS = 0.64 m/s, (e) slug-churn flow pattern uLS = 1.06 m/s, (f) annular flow pattern uLS = 0.318 m/s,
and (g) stratified wavy flow pattern uLS = 0.212 m/s.

The PSD for the small bubble flow was characterized by the lowest amplitude (Figure 13a). This is
probably because as small bubbles are passed through the capacitance, it induced small fluctuations
in the capacitance and represented itself as a low PSD spectrum signal. As the gas–liquid superficial
velocities increased, a plug flow pattern was developed. The PSD for the plug flow was characterized
by many small spikes. Therefore, multiple dominant amplitudes of these spikes were found. This is
because of the irregular structural/shape of the bubbles, and the presence of small bubbles which
did not coalesce to form plugs. As shown in Figure 13b, these fluctuations in the PSD spectrum are
actually the fluctuations in the liquid holdups, which manifested themselves as multiple dominant
PSD frequencies [2]. In addition, as further increases in the gas and liquid superficial velocities are
applied, the plug bubbles coalesced and formed elongated bubbles. The PSD of the elongated bubble
flow had defining spikes which were characterized by higher amplitude values almost five times
greater than that of the plug flow pattern. The spikes were also fewer in number when compared to
plug flow pattern (Figure 13c).

As the gas–liquid superficial velocities were increased, the experimental conditions were now at a
critical point between the intermittent regions and chaotic regions. The small and multiple spikes that
characterized most of the intermittent flow regions and its PSD spectrums (shown in Figure 13a–c)
have disappeared, as shown in Figure 13d for the slug flow, Figure 13e for the slug-churn, Figure 13f
for the annular flow, and Figure 13g for the stratified wavy flow. For all the flow patterns that were
developed, the PSD value for slug flow was characterized by the highest and sharpest spike. This is
because the slug flow pattern is at the critical point between the intermittent and the chaotic flow.
In addition, as the slug-churn flow was developed, it was found that it had several spikes or dominant
frequencies, but the PSD amplitude values were decreased when compared with the slug flow. It is
believed that such clear differences in the PSD amplitude values between the slug and slug-churn flow
patterns resulted from the internal mechanism of the flow patterns. This is because the slug-churn
flow pattern is a mixture of a frothy liquid and small bubbles.
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The annular flow is characterized by a liquid film adjacent to the pipe wall and a gas phase in
the core of the pipe. Due to the variation in the thickness of the liquid film, the PSD of the annular
flow was characterized by several dominant amplitudes. With exception to small bubble, plug and
elongated bubble flow patterns, the PSD amplitude for the annular flow was lower than the calculated
PSDs for most of the flow patterns. As the liquid flow rate was increased, the amplitude of the PSD
for the annular flow slightly increased. This is because the capacitance registered a slightly stronger
value. In addition, greater PSD amplitude value than that of the annular flow was measured, as the
gas–liquid superficial velocities increased, and the stratified flow pattern was reached. It was also
observed that there is some similarity in the PSD shapes between the stratified flow and slug flow, and
both flow patterns were characterized by sharp spikes. This is because the stratified flow was treated
by the FFT as a slug flow.

It is very important to investigate the PSD analysis for a wide range of flow formations and
patterns. Owing to the fact that the behavior and shape of the PSD amplitude are indications on the
variation of the captured signals and its corresponding frequencies and their intensity, the value of ∆ƒ
is largely influenced by the induced changes on the amplitude of the PSD for each developed flow
pattern. The obtained values of ∆ƒ from the PSD data along with the statistical parameters defined in
the previous section will be used in the next discussion section to propose a new method to distinguish
and discriminate between each flow pattern.

3.3. Statistical Analysis

The flow patterns investigated in this work are shown in the form of a flow pattern maps as a
function of different gas–liquid superficial velocities, where each developed pattern was distinguished
by different color and symbol (Figure 2). A statistical analysis method on the fluctuations of the
capacitance sensor signals was conducted, where these fluctuations are believed to be strictly associated
to the induced flow patterns. Thus, a new approach is proposed for identifying the developed flow
patterns in a multiphase gas–liquid flow system with a circular pipe. This technique was applied on
all the experimental cases and for each of the selected pipe angles: 0◦, 15◦ and 30◦. The approach
is based on finding a relative correlation and interrelationship between the statistical and power
spectrum parameters. These parameters were plotted against each other, so the standard deviation
(σ, 2nd parameter), the skewness (γ1, 3rd parameter) and the kurtosis (γ2, 4th parameter) were plotted
against the mean (m, 1st parameter), γ1 and γ2 were also plotted against σ, and finally γ1 was plotted
against γ2.

For each examined angle, the σ values were plotted against the m values obtained from the sensor
output, as shown in Figure 14a–c. Different fields correspond to different flow patterns and their
various mechanisms were created from these plots. The dispersion of the data points in different
fields may be the artefact of the following factors: (a) the various sizes and numbers of bubbles,
(b) the intermittent nature of liquid slugs, (c) the variations of slug-churn, (d) the inconsistencies in the
liquid phase thickness in the annular flow, and (e) the distinct mechanism of the waves in the stratified
flow pattern, whereas all these factors are influenced by the changes in the gas–liquid superficial
velocities. Figure 14a–c shows a distinct individual field for each flow pattern, however, the slug flow
and the slug-churn flow in the horizontal orientation were overlapped. The reason behind this can be
attributed to that just before the development of the slug or slug-churn flow at an angle of zero degree,
the liquid phase filled nearly 25% of the diameter of the test pipe. Thus, almost the same values of σ
are measured, and slight differences in amplitude between the two flow patterns were observed. As a
result, the two sets of data points have a tendency to overlap with each other.
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deviation (σ), (d–f) skewness (γ1 ), and (g–i) kurtosis (γ2 ) at each inclination.

On the other hand, in the inclined cases just before the flow passed the capacitor at the measurement
point, owing to the gravity effect, the pipe was almost unoccupied by any phase. Consequently, as the
liquid slug passed through the capacitance sensor, large values of PSD amplitude were measured.
However, a PSD value that was characterized by a lower amplitude when a chaotic slug-churn flow was
passing the capacitance sensor is observed. This is the artefact of the intermittent nature of the signal,
which led to a considerable variation in the amplitude values between the slug and slug-churn flow
patterns. At 15◦ and at 30◦ inclinations, even though the m values between the slug and slug-churn flow
patterns were almost similar, however, there was some variation in the values of σ. It is believed that
this is because σ is largely sensitive to the variation in the length of the small intermittent characteristics
of the capacitance output signal. Thus, different values of σ were measured between the slug and
slug-churn flow patterns. It is also important to note that all flow patterns, including the stratified flow
pattern, were developed in the horizontal case (except the plug flow), while for the inclined cases, no
stratified flow pattern was developed. These observations agree well with the current reported results
in the literature [10].
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For the small bubble flow shown in Figure 14a–c, the variation in the values of m and σ were very
insignificant. The values of m were about 3.28 pF and σ values varied closely around zero. As the
liquid phase occupied most of the pipe which had a larger permittivity, the sensor capacitance value
was large, whereas the air bubbles positioned at the upper section of the pipe had minor effect on the
sensor value. Thus, only a slight fall in the capacitance value from a single liquid-phase was observed.
The drop was from 3.34 pF for liquid only phase to 3.28 pF for the small bubbles pattern. For the
plug pattern, the values of m and σ were very small. The values were between 3.25 and 3.27 pF and
0.495 and 0.895 pF for m and σ, respectively. This can be explained by the mechanism of the plug flow.
In this case, the test pipe was fully occupied by liquid, which resulted in a large m value. When the
elongated bubble flow pattern appeared interchangeably, a small fluctuation in the value of m, and
therefore, in the value of σ was observed. The values of m and σ varied according to the depth of the
elongated bubble, where both values were greater than that of the plug flow, owing to the size of the
bubbles. As a result, m and σ values were between 3 and 3.2 pF and 0.895 and 0.93 pF, respectively.
For all examined inclinations, the values of m and σ were almost equal. However, the small differences
in the values of σ can be attributed to the variation in the thickness of the liquid phase. Additionally,
Figure 14a–c shows the transitions and progressions between various flow patterns: (1) from stratified
to annular flow, (2) from plug to elongated bubble, (3) from elongated bubble to slug, and (4) from slug
to stratified.

For each examined angle, the γ1 values were plotted against the m values obtained from the
sensor output, as shown in Figure 14d–f. It is very clear that these figures cannot be used to distinguish
between any flow pattern or to be used as a flow pattern identifier. This is because the figures showed
a clearly defined field for only four flow patterns (i.e., stratified, small bubble, plug and elongated
bubble). However, significant overlaps were observed between the slug, slug-churn and annular flow
patterns for all inclinations. It also had nearly the same range of γ1 values, that were between 1 and
−1. Moreover, it was also observed that the bubbles size influenced the value of γ1. The plug flow
had smaller bubble size than that of the elongated bubble flow. Therefore, from Figure 14d–f it can be
seen that the values of γ1 for the plug and elongated bubble flow patterns were located at the negative
side of the figure, where the plug and elongated bubble flow patterns were characterized by large
and small negative values, respectively. The values of γ1 for the small bubble flow fall within the
boundary of zero, though several points were observed to cluster toward the negative side of the figure.
Again, for each examined angle, the γ2 values were plotted against the m values obtained from the
sensor output, as shown in Figure 14g–i. Similar behavior was observed between Figure 14d–f,g–i.
The following set of flow patterns were observed in both figures: (1) for the horizontal case, only the
fields for stratified, small bubble, and elongated bubble flow patterns can be identified, and (2) for the
examined inclinations, only the fields for small bubble, plug and elongated bubble flow patterns can
be identified. Strong overlapping and clustering are shown in the figures between the slug, slug-churn
and annular flow patterns, where their values of γ2 were slightly less than zero. Consequently, even
the utilization of two sets of these figures together will not help in identifying slug, slug-churn or
annular flow.

Later, for all the examined inclinations, the values of γ1 were plotted against the values of σ,
as shown in Figure 15a–c. As formerly shown in the plots of σ against m (Figure 14a–c), a distinct
field for each flow pattern was observed. An exception was also observed for the slug and slug-churn
flow patterns in the horizontal case, which were clustering without any distinct fields. For all the
examined inclinations for slug, slug-churn and annular flow patterns, the values of γ1 were between
1 and −1. Additionally, in plug flow, the values of γ1 were limited between −3 > γ1 > −6 for 15◦ and
30◦ inclinations. It is important to point out that all the developed flow patterns had relatively similar
positions and range of values regardless of their angles. Lastly, similar to Figure 14a–c, the transitions
and progressions between various flow patterns were located among their own respective fields.
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Similarly, for all the examined orientations, the values of γ2 were plotted against the values of σ,
as shown in Figure 15d–f. The resulted figures showed that all the flow patterns could be recognized
by their distinctive fields. However, once more, an exception was also observed for the slug and
slug-churn flow patterns in the horizontal case which were clustering without any distinct fields for
similar reasons that were discussed before. From these analyses, it is now noticeable that the value of
σ shows a significant role in the discrimination between different flow patterns in multiphase flow.
A clear and comprehensively distinguished field appeared for most of the developed flow patterns
when σ was used as a factor in the figures more than the other parameters. This is because the value of
σ represents the amplitude fluctuation of the output signal, which is triggered by the flow of the used
phases through the capacitance sensor. As mentioned earlier, the size of the air bubbles caused the
difference observed between the plug and elongated bubble flow. This difference is based on (a) the
variation of the recurring rise and fall in the liquid holdup, and (b) the fluctuations of the capacitance
output signals. In brief, the variation in the bubble size influenced the value of σ. In the slug and
slug-churn flows, σ points to the average amplitude of the fluctuating output of the capacitance sensor.
Therefore, the values of σ were larger owing to the fluctuations that were caused by the liquid phase
flow interchanging with the gas phase flow, which were recurrently passing the capacitance sensor.
In the annular flow, the value of σ exhibits the variations of the thickness of the liquid film inside the
pipe. Finally, in the stratified flow pattern, the values of σ were influenced by the distinct mechanism
of the liquid waves and its mean height, as shown in Figure 12.
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The importance of the standard deviation values (σ) as a factor that can be used to differentiate
between all gas–liquid flow patterns is evident in the last set of graphs shown in Figure 15g–i. As can
be seen in these graphs, when γ1 was plotted versus γ2, only a small number of flow patterns were
identified. These flow patterns are the first three intermittent patterns, namely the small bubble, plug
and the elongated bubble, in addition to one flow pattern at the high flow rate, which is the stratified
flow pattern. Meanwhile, the values of γ1 and γ2 for the slug, slug-churn and annular flow patterns
were overlapping almost about the zero value.

In addition, for all examined inclinations, Figure 16a–c shows distinct fields as a result of plotting
the values of ∆ƒ (that were obtained from the PSD analysis) against the total power of the output signal.
It can be seen that all the developed flow patterns had their own discrete field. However, due to the
large similarity in the internal mechanism between the slug and slug-churn flow patterns, the FFT
analysis regarded the slug as a slug-churn and the values of ∆ƒ were comparable [69]. Therefore, an
overlapping behavior was observed between the slug and slug-churn at the angle of 30◦. It is also
believed that this overlapping feature is the artefact of the aerated liquid phase at 30◦. It is worth
noting that from Figure 16a–c, the value of ∆ƒ increased as the inclination increased, principally for
slug flow pattern at 30◦. This is again due to the change in the shape of the PSD and the decrease
measured in its amplitude values, where both correspond to the pipe hydrodynamic status. For each
flow pattern, the total power value ranges were different. Moreover, it was shown earlier in Figures 14
and 15 that the data points for slug and slug-churn flow pattern at 0◦ inclinations were overlapping to
the degree that they cannot be differentiated from each other (Figures 14a–c and 15a–c). It is therefore
notable that in Figure 16a–c, the relation between ∆f and total power succeeded in splitting them into
distinct fields. Additionally, similar to Figures 14 and 15, there were some observed transitions and
progressions between various flow patterns.
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As can be seen, Figure 16d–f were almost identical to Figure 16a–c. Since the two sets of figures
are indistinguishable, using them together will not assist to differentiate between slug and slug-churn
at 30◦. It was for that reason we decided to draw the values of ∆ƒ versus that of the σ. This is
because the standard deviation is highly associated to the power of the signal and its fluctuation.
Figure 16g–i showed very clear identification for all flow patterns at each inclination, but overlapping
data with no distinct fields were observed for the slug and stratified flow patterns in the horizontal
cases. Nevertheless, these distinct fields were observed evidently in both Figure 16a,d (i.e., for the
horizontal case). Therefore, by combining either of these figures, that is Figure 16a–c or Figure 16d–f
with Figure 16g–i, allowed the identification of all the developed flow patterns. It can be concluded that
by associating two sets of these graphs, all the generated (gas–liquid) flow patterns in a multiphase flow
system can be distinguished. The first set is associating ∆ƒ with any variable of the statistical factors or
the total power of the signal, and the second set is associating σ against any statistical factors or ∆ƒ.

The last group of figures was drawing the ratio of the frequency (i.e., ∆ƒ/ƒ) against the Reynolds
number (Re) of the gas–liquid mixture for all the examined angles, as shown in Figure 17a–c. From the
first instance, it is very clear that this approach is not capable of identifying all flow patterns. In addition,
these figures demonstrated that the examined angles influenced the locality of the flow patterns and
their transitions from one flow pattern into the other. As evident from this set of figures, there was
substantial overlying of data associated with many of the developed flow patterns (for instance:
(1) the stratified flow data overlapped with the slug-churn flow data in the horizontal cases, and (2) the
progressions from slug flow to stratified flow also overlapped with the elongated bubble flow data).
Consequently, the uncertainty of this dimensionless factor (i.e., Re) to classify different flow patterns is
high. Since the techniques that were applied in Figure 17 were similar to that of Figures 14–16, the only
noteworthy change being that the values of Re were not calculated from the output of the capacitance
sensor. The capability to distinguish between different gas–liquid flow patterns appears to be superior
when using (a) the four statistical (m, σ, γ1 and γ2), and (b) the power spectrum parameters (∆ƒ and
the total power of the signal). This is because all these six parameters were actually obtained from the
output of the capacitance sensor.
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A summary and comparison of the statistical and power spectrum parameters which were used
to identify different flow patterns for multiphase gas–liquid flow at different inclinations are shown
in Table 1. The above discussion showed that this recommended approach of mapping these factors
can consistently differentiate between all flow patterns. The investigation conducted on the utilized
frequency and statistical factors showed that the standard deviation (σ), the width of the characteristic
frequency peaks (∆ƒ), and the mean (m) are the most important factors. When these factors were
associated together in one graph, nearly all flow patterns were able to be detected, except a couple
of flow patterns that were not identified as shown in Table 1. However, combining two sets of these
graphs, for example, (a) σ vs. ∆ƒ with ∆ƒ vs. m (or ∆ƒ vs. total power), (b) ∆ƒ vs. total power with γ1

vs. σ (or γ2 vs. σ), and (c) σ vs. m with ∆ƒ vs. m (or ∆ƒ vs. total power), allowed all flow patterns to be
identified clearly at all inclinations.
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Table 1. Summary and comparison of pairs of frequency and statistical parameters analyzed to classify the developed patterns in a two-phase flow system at
different inclinations.

β
_
σ vs. m γ1 vs. m γ2 vs. m γ1 vs.

_
σ γ2 vs.

_
σ γ1 vs. γ2

∆ƒ vs. Total
Power ∆ƒ vs. m ∆ƒ vs.

_
σ ∆ƒ/f vs. Rem

0◦
Slug and

slug-churn
not

identified

Slug,
slug-churn

and annular
not

identified

Slug,
slug-churn

and annular
not

identified

Slug and
slug-churn

not
identified

Slug and
slug-churn

not
identified

Slug,
slug-churn

and annular
not

identified

All
identified

All
identified

Slug and
stratified not

identified

Only slug and
annular

identified

15◦ All
identified

Slug,
slug-churn

and annular
not

identified

Slug,
slug-churn

and annular
not

identified

All
identified

All
identified

Slug,
slug-churn

and annular
not

identified

All
identified

All
identified

All
identified

Only
slug-churn

and annular
identified

30◦ All
identified

Slug,
slug-churn

and annular
not

identified

Slug,
slug-churn

and annular
not

identified

All
identified

All
identified

Slug,
slug-churn

and annular
not

identified

Slug and
slug-churn

not
identified

Slug and
slug-churn

not
identified

All
identified

Only
slug-churn

and annular
identified
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It is worth noting that the main disadvantages of this simple two electrodes capacitance design
can be concluded in the following remarks:

1. It cannot construct tomography images in comparison with sensors that consist of eight or
more electrodes.

2. It suffers from lower resolution when compared to sensors with more than two electrodes
(especially for large diameter pipes).

3. It has high uncertainty in void fraction measurements (especially for post-intermittent flow
regimes) when compared with sensors that have more than two electrodes.

However, the above reported experimental results proved that such a simple and inexpensive
configuration can reliably be utilized in addition to the proposed approach to successfully distinguish
between different generated flow patterns in a multiphase gas–liquid flow system.

4. Conclusions

A new technique is proposed in this study to distinguish between different flow patterns in a
multiphase flow system. It was executed by using specially designed electrical capacitance sensor
through systematic and extensive experimental program. The capacitance measurement sensor
consisted of two electrodes with a concave shape which was fixed on the experimental setup and a
suitable data acquisition method was established. The designed sensor was utilized for the detection
of different flow patterns with the aid of a detailed analysis of the photographic data obtained from the
high-speed camera. The time-dependent data of the output signal were collected from a multiphase
air–water flow system with a circular pipe for different inclinations (horizontal, upward 15◦ and
upward 30◦) and large combinations of superficial gas and liquid velocities.

This technique depends on analyzing the interrelationship between the frequency and the statistical
parameters to identify each generated flow pattern. For that reason, a systematic evaluation of the
effectiveness of quantity of these parameters in identifying different gas–liquid flow patterns at different
inclinations was conducted. Firstly, each of the four statistical parameters (m, σ, γ1 and γ2) obtained
from the capacitance sensor signals were plotted against each other. Then, some of the power spectrum
parameters were considered, namely the width of the characteristic frequency peaks (∆ƒ), the total
power of the capacitance signal and the frequency ratio (∆ƒ/ƒ). Moreover, the last parameter that was
evaluated was the Reynolds number of the mixture. The results showed that some parameters found
to be highly important than the others such as m, σ and ∆ƒ. The identification of all flow patterns
generated inside a circular pipe of a multiphase gas–liquid flow system at different angles can be
realized by combining the following sets of statistical graphs: (a) σ vs. ∆ƒ with ∆ƒ vs. m (or ∆ƒ vs.
total power), (b) ∆ƒ vs. total power with γ1 vs. σ (or γ2 vs. σ), and (c) σ vs. m with ∆ƒ vs. m (or ∆ƒ vs.
total power). It is therefore believed that the approach reported in this paper successfully identified,
distinguished and characterized all the ideal flow patterns generated in a gas–liquid flow system.
The positive results obtained from this approach may potentially have valuable applications in related
academic and industrial research.
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Nomenclature

Latin Symbols
C Capacitance (F)
CG Gas capacitance (F)
CL Liquid capacitance (F)
C(statistical variable) Capacitance of the sensor value (F)
m Mean value (F)
din Inner pipe diameter (mm)
dout Outer pipe diameter (mm)
f Frequency of the highest power spectrum (Hz)
∆ƒ Width of the characteristic frequency peaks (Hz)
N Number of data points sampled
uGS Superficial gas velocity (m/s)
uLS Superficial liquid velocity (m/s)
ut Translational velocity (m/s)
Greek Symbols
ε0 Permittivity of free space (F/m)
σ Standard deviation (F)
γ1 Skewness
γ2 Kurtosis
β Inclination angle
Abbreviations
FFT Fast Fourier Transform
PSD Power spectral density
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