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ABSTRACT This study aims to detect and analyze slug flow film thickness in two-phase flow, providing detailed
structural flow information. The ultrasonic or Doppler reflection method is employed to identify slug flow and
detect detailed thickness. Additionally, electrical resistance tomography is used to image and confirm the
presence of slug flow. A high-speed camera records the slug flow’s shape in real-time, validating its existence.
The ultrasonic reflection method offers high accuracy, with a measurement error rate of less than 1% based
on experimental results. The study uses a homogeneous block calibration method to measure slug flow
thickness. Graphical results reveal apparent differences between the slug flow regime, inner pipe wall, and
outer pipe wall, with the first echo of slug flow being easily observable. The accuracy of results is attributed to
the combination of field programmable gate array instruments and measurement methods, showcasing the
study’s novel approach. This research introduces a new perspective or novelty on slug flow in multiphase flow
studies, highlighting an innovative method for detecting film thickness.
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INTRODUCTION

Slug flow is a common phenomenon in closed pipes, occurring in
two-phase flow where liquid and gas phases mix, impacting the
custody transfer or the efficiency of chemical reactions. Where, the
slug flow pattern is a multiphase flow condition in a pipe system
when the liquid phase and gas phase flow together in the form
of slugs (bars or large oval bubbles), which are not homogeneous
and can be accompanied by tiny bubbles. Usually slug flow occurs
in piping systems that are arranged horizontally or vertically. To
better understand the characteristics of slug flow conditions that
often occur, several slug flow conditions are shown in (Falcone
et al. 2010; Zhai et al. 2021), where slug flow can be categorized into
several types of flow, namely plug, low-aerated, high-aerated to
pseudo slug flow. This condition indicates that the slug combines
flow rates with large and several tiny bubbles. The slug flow
category is also shown in (Zhai et al. 2023), which maps the gas-
liquid flow pattern in horizontal pipe conditions.
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One of the main detrimental impacts of flow rate is increased
pressure loss in a pipe or flow system. This is caused by the interac-
tion between the liquid and gas phases, which produces turbulence
in the flow. A slug moving faster than the average flow can cause
a significant pressure drop in the system. Additionally, slug flow
can impact the flow capacity of the system, where fluctuating flow
velocities and changes in the flow profile can cause variations in
the flow capacity acceptable to the system. In systems susceptible
to slug flow, flow fluctuations can cause problems in unstable op-
erations (Villarreal et al. 2006). This may affect system reliability
and operational security. For example, in the oil and gas industry,
slug flow can cause problems such as pipe erosion, vibration and
risk of equipment failure (Al-Safran 2009).

There are also influences in phase separation applications, such
as in oil and gas phase separators. Slug flow can also affect phase
separation efficiency. This can result in a less effective phase mix-
ture, requiring unique designs or controls to overcome this prob-
lem. To overcome the impact of slug flow, various control strate-
gies, and technologies can be used, including better pipe design,
the use of phase separators, the use of slug-dampening devices,
and the use of advanced measurement technology. Understanding
flow characteristics and slug flow modeling is also important to
manage their impacts effectively. This is the primary motivation
for developing a thickness of slug flow detection system, where
the characteristics of slug flow must be understood to provide
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essential data for detecting flow transition patterns.
In the development of slug flow detection, Doppler ultrasonic

technology was chosen for its ability to provide detailed and pre-
cise information about slug flow characteristics. Doppler can detect
changes in the frequency of sound waves caused by the movement
of slug flow within a fluid, enabling measurements of velocity,
spatial distribution, and other characteristics of multiphase flows.
Its advantages include compatibility with various fluid types, in-
cluding gases and liquids, and the provision of high-resolution
data. Consequently, the application of Doppler in this study en-
hances our understanding of flow properties and establishes a
robust foundation for identifying gas-liquid flow regimes. Numer-
ous academic references explore the flow characteristics related
to Doppler signals. For example, Nnabuife et al. (2019) employed
an ultrasonic Doppler sensor and a machine learning approach to
predict gas-liquid flow regimes.

Wang et al. (2019) focused on detecting the spatial and tem-
poral distribution of liquid velocity in horizontal gas-liquid flow,
proposing a bubble flow identification method based on the maxi-
mum speed and maximum velocity difference ratio. Additionally,
Nnabuife et al. (2020) utilized a deep artificial neural network to
identify gas-liquid flow regimes in an S-shaped pipe, using fea-
tures extracted from Doppler signals. Weiling et al. (2021) analyzed
the Doppler spectrum via a continuous wave ultrasonic Doppler
sensor, with some extracted statistical features being input into
a multi-class SVM classification model to classify five oil-water
flow patterns in horizontal pipes. Recent advancements have also
been made in measuring velocity vector profiles using ultrasonic
methods (Hitomi et al. 2021; Obayashi et al. 2008; Tiwari and Murai
2021; Zhang et al. 2022). Furthermore, Lin and Hanratty (1987);
Shimomoto et al. (2021) presents a method for detecting slug flow
in gas-liquid mixtures using pressure sensors, which effectively
distinguishes between slugs and pseudo-slugs.

The method’s key strengths include a practical experimental
approach and simple technology, achieving high detection rates
for intermittent slug flow. However, it faces challenges such as
scalability issues, complex data analysis, double detection in in-
termittent flows, and reduced accuracy for continuous slug flow
in simulations. Overall, while Doppler ultrasonic technology pro-
vides significant advantages in detecting slug flow through its
high-resolution data and versatility across various fluid types, it
also encounters challenges, including the need for advanced al-
gorithms for complex data interpretation, scalability concerns in
larger systems, issues with double detection in intermittent flows,
lower accuracy in continuous slug flows in real-time industrial
applications.

This study presents a new perspective method for measuring
film thickness in gas-liquid slug flow using an Ultrasonic Doppler
or Ultrasonic Reflection (UR) system, with the UR method demon-
strating superiority detail in detecting slug flow structures. In
contrast to the research conducted by Zhai et al. (2021, 2023), which
primarily showcased the cut-off signal form without providing
detailed signal representations during slug flow or bubble detec-
tion, resulting in suboptimal numerical graph presentations, this
research approach emphasizes a more comprehensive detailed
analysis of slug flow thickness signal.

The technique employed is based on homogeneous calibration
block measurements. This system utilizes a Field-Programmable
Gate Array (FPGA) for data acquisition from the ultrasonic trans-
ducer. The FPGA offers a relatively high sampling rate of 64 MSPS
(Mega-Samples Per Second) for each data loop process, allowing
for detailed information retrieval from the ultrasonic transducer.

Additionally, we incorporate Electrical Resistance Tomography
(ERT) as an imaging system to visualize the presence of two distinct
phases in slug flow. For ERT, we employ an ARM-type microcon-
troller, which achieves a superior and more stable sampling rate
compared to other types, delivering a sampling rate of 2.4 MSPS
for each data collection session. The results indicate a commend-
able level of accuracy, with the UR method effectively detecting
the thickness of slug flow. Moreover, it was observed that the
flow velocity, derived from the combination of ERT and UR mea-
surements, significantly influences the composition of slug flow,
particularly its thickness.

In addition, the following parts of this article are organized as
follows. Section 2 explains the primary ERT-UR sensor’s method,
working principle, and corresponding to the detection slug flow
film-thickness method. Section 3 is related to measurement sys-
tems and data acquisition, where the combination of FPGA instru-
ments and measurement methods has great potential to be applied
and is one of the novelty or new perspectives in this study. Apart
from that, there is also an ERT system that functions as confirma-
tion of the existence of different phases. Section 4 shows the results
of the experimental verification and validation of the system used,
where in this study, the first echo is very easy to observe. This can
also be a problem-solving limitation, as detecting the first echo in
the slug flow takes a lot of work. Therefore, measuring film thick-
ness in a gas-liquid becomes easy to explore. Section 5 contains
the conclusions of the study obtained.

MATERIAL AND METHODS

This section focuses on the basic concept of ultrasonic reflection or
ultrasonic Doppler to collect surface (inner pipe wall) distance data
to the ultrasonic transducer. Apart from that, fd can also calculate
the velocity of liquid and gas flow. The expected result that we
want to know is the time of flight between the transmitter of ultra-
sonic waves and the time of receiver ultrasonic waves. However, in
some situations, such as the presence of slug flow at the flow rate,
it is challenging to find the desired information, thus the process of
searching and identifying first echoes must be carefully observed.
The next concept is the image reconstruction process using the
ERT technique, and the main ERT aim is to identify essential dif-
ferences between two different phases. However, of course, the
ERT technique is not accurate enough to consistently determine
the size and position of the slug flow, therefore in this study, ERT
is only used to detect differences in images of the two objects and
the average two-phase fluid velocity flow rate to ensure that it can
support strengthening the presence of slugs in the fluid flow rate.

Principle of Ultrasonic Reflection or Ultrasonic Doppler
This section explains the basic concepts used to find ToF due to slug
flow in the pipe cross-section. As seen in Figure 1, f0 is the received
frequency, fd is the shift frequency, θ is a degree of transducer
position in the pipe (Falcone et al. 2010; Zhang et al. 2022). For the
cwater value, it is 1497 m/s (Bao et al. 2022). Apart from that, there
is also h, which is the position or depth of the echo pulse from
the first echo detection in slug flow conditions, where ∆t is the
time difference between the transmitter and receiver, which can be
stated that the value of f is proportional to the inverse of t.

fd = fr − f0 =
2UR
cos θ

f0 (1)

UR =
fdcwater

2 f0 cos θ
(2)
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Figure 1 Principle of transduser ultrasonic reflection.

To find the average of flow velocity UR, Equation (3) is used,
where A is the pipe cross-sectional area, R is the pipe radius, and
y is the pipe diameter (Liu et al. 2018a).

UR =

∫ 2R
0 UR(y) · 2

√
y(2R − y) dy

A
(3)

Meanwhile, to find the distance between the position of the
transducer and the pipe, it is used Equation (4) (Zhai et al. 2021).

h =
∆t · cwater

2
(4)

Principle of Electrical Resistance Tomography Detection
Electrical resistance tomography (ERT) is an imaging technique
that focuses on measuring the electrical resistance of an object or
medium. The basic principle of this method is to measure the
difference in resistance in a specific material or liquid, which has
different characteristics from different resistance values. It can be
done by exciting an AC electric current into the electrode to mea-
sure the characteristic value with a different electrode at another
position. As shown in Figure 2, there are two ways to excite current
into the vessel, and both of these methods are good for obtaining
different signals from objects in the vessel. However, on this study,
Figure 2(b) utilized opposite paired excitation because the electric
current will generally pass through the container, allowing for the
effective detection of the characteristics of non-uniform objects.

Opposite pair excitation method could be weak if the container
is large enough. The distance between positive AC electric current
and negative AC electric current will hamper the excitation current.
In this study, the circle’s diameter in the trial was relatively small,
allowing the current to cross the object ideally. In other words,
every method has its shortcomings and weaknesses. Therefore, it
can be concluded that the advantage of the opposite pair method
is that the sensitivity is quite good, provided that the distance
between the sending and receiving electrodes is not too far, or it
can be searched manually by moving objects on the vessel, where
the graphic results will show a more sensitive response in any
change in the movement of the object being measured.

Figure 2 (a) adjacent pair excitation, (b) opposite pair excitation

Figure 3 explains the basic concept of ERT in reconstructing
images, which initially come from several number value frames
and then convert them into images with particular objects. For
the first step, the AC electric current source is excited by rotating
the 16 electrodes used, where the AC Boundary data takes the
excitation data obtained 13 times with 16 measurements. Thus, we
obtain 208 measurement limits for each resulting data frame. Next,
the data is obtained to be used in the calculation values boundary.
The data obtained is then searched for the potential distribution
value with certain field boundaries, where the objective value
is calculated and compared with the measurement data. If it is
deemed to have met the appropriate threshold limit, then the
image can be displayed. However, the iteration still needs to be
increased. In that case, it is necessary to repeat the calculation of the
resistance distribution values by carrying out updated calculations
(conductivity updates) in the reconstruction equation (Liu et al.
2018b). In general, to solve the ERT problem, an approach using
a forward problem is used (see Figure 3, finite element section),
which aims to produce a mathematical model and can connect the
distribution of resistance in the object with voltage measurements
on the electrodes, where the model of the forward method in ERT
is derived from the equation Maxwell which is written in Equation
5 (Liu et al. 2018b).

∇ · σ(x)∇u(x) = 0, x ∈ Ω (5)

With value, ∇· shows the divergence value, and ∇ is the gra-
dient value, Ω ∈ Rn is the data distribution in a specific domain
(the region of interest). The conductivity value σ(x) and electrical
potential u(x) depend on the domain where the x value is located.
In simple terms, governing equations for the forward model can
function to describe the relationship between the distribution of
electrical resistance in an object and the measurement of voltage
produced by electrodes placed around the object. Next, it is as-
sumed that the current (I) is injected at the electrode with a specific
domain boundary, which is written as ∂Ω in Equation (6) and
Equation (7). ∫

El

σ
∂u(x)

∂n
dS = I1, l = 1, 2, . . . , L (6)

σ
∂u(x)

∂n
= 0, on ∂Ω \

L⋃
l=1

El (7)

Equation (6) can be said to be the integral of the electrode with
current flow (integral of current density), where El is the field at
the l-th electrode, I1 is the current injected into El , L is the total
number of electrodes, n is the outward normal vector, and dS is the
surface of the element. Equation (7) is expressed as the equation
for absence of current between one electrode and another, thus Ul
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can be expressed as the l-th electrode potential, written in Equation
(8).

u = Ul on El , l = 1, 2, . . . , L (8)

However, in some cases, Equation (8) fails to calculate due to
the double layer, as well as the high resistance contact between the
electrode surface and the surface of specimen, which is the con-
ductor in container. This concept in electrochemistry can prevent
the transfer of electrical energy, which is modeled as the electrode
resistance/impedance z1. As a result, Equation (9) is obtained
(Demidenko et al. 2011):

u + z1σ
∂u(x)

∂n
= Ul on El , l = 1, 2, . . . , L (9)

Finally, the charge conservation equation is expressed in Equa-
tion (10) and Equation (11) for the ERT potential (Somersalo et al.
1992):

L

∑
l=1

Il = 0 (10)

L

∑
l=1

Ul = 0 (11)

Equation (10) and Equation (11) are chosen as the design equa-
tions of the ERT because each induced current corresponds closely
to the magnitude and direction of the opposite sign, enabling Equa-
tion (10) and Equation (11) to calculate the average current value
without being induced by the proximity of electrode pair.

The Gauss-Newton method in the ERT case is used to estimate
the inverse non-linear value, with the main aim of minimizing the
value of objective function J(σ), written in Equation (12) (Ruan
2016):

J(σ) = ∥Ul,meas − F(σ)∥2
2 (12)

where Ul,meas is the potential electrical measurement vector
value and F is the forward problem, which relates to the distribu-
tion vector of voltage values in an unknown area. The measured
and calculated potential values are compared with the difference
value (ε), written in Equation (13):

Ul = Ul,meas + ε (13)

This is based on the frequent occurrence of ill-posed problems,
which needs to be explicitly addressed using Tikhonov regular-
ization (Graham 2007). To minimize the ERT function, it is nec-
essary to add several basic conductivity constants (σ0) as prior
information or obtained from direct measurements. The resistance
distribution calculation function can then be written as Equation
(14), where λ is the hyperparameter value (Brinckerhoff 2018).

Jλ(σk+1) = ∥Ul,meas − F(σk)∥2
2 + λ∥σk − σ0∥2

2 (14)

In addition, there is a parameter for updating the conductiv-
ity value, related to the conductivity update (σk+1), written in
Equation (15):

σk+1 = σk + ∆σ (15)

To calculate the value of ∆σ, Equation (16) is used, which in-
volves the Jacobian matrix calculation, discussed in more detail in
(Brinckerhoff, 2018) :

∆σ = (JT J + λ2 I)−1 JT(Ul,meas − F(σ)) (16)

MEASUREMENT SYSTEM

FPGA and ERT system
This section explains the primary system used to generate transmit-
ter/receiver signals from ultrasonic waves, where the ultrasonic
transducer type uses Sonatest with a central frequency of 10 MHz,
which is embedded in the bottom wall of the pipe to ensure that
it forms an angle of 900. As seen in Figure 4, the pipe is attached
to the wall, which aims to ensure that the transducer surface is in
direct contact with two phases (liquid and air), thereby enabling
maximum detection of the time of flight (ToF). This system uses
a lattice iCE40HX4K FPGA type with 8Mb RAM. The working
principle is that the FPGA sends high and low signals in a few
microseconds to the MOSFET to open it to activate the DC-to-DC
boost converter. Next, the boost converter or pulser generating the
ultrasonic transducer generator will be active.

In the boost converter (NMT0572SC), there are 3 outputs 24
V, 48V, and 72 V, which have a low power consumption of 3W,
and in the experiment, 48V was used to generate pulses from
the ultrasonic transducer. The 48V voltage is sufficient to supply
or generate the crystal in the transducer, and the amplitude can
be adjusted under programming conditions using Python Code.
Previously, the VHDL programming was communicated via FTDI
is used to read the FPGA port, allowing the output to be directly
converted into graphics.

The next step is data processing, carried out by the MCP4881,
which is a component of time gain compensation (TGC), where
TGC aims to compensate for the decrease in the amplitude of the
ultrasonic signal, which occurs along with increasing depth when
the signal propagates through different tissues or structures. The
analog signal is then converted using the ADC100065 and pro-
cessed briefly into a signal of a certain amplitude with a resulting
sample rate of 128 MSPS each time the FPGA processes the data.
The signal processed data is then sent via FTDI to USB, which
in this case will be compensated into graphics. In this case, the
ADC provides a 10-bit resolution, which is sufficient to analyze
the output signal.

Figure 5(a) explains the configuration of the ERT system to
detect the presence of slug flow or phase differences in closed
flow pipes. The primary system used for control is an STM32
ARM microcontroller chip with a 32-bit Cortex CPU and 2.4 MSPS
ADC, which provides a level of accuracy and precision that is
reliable enough to execute DAC control, where the DAC is used
to control mux/demux. In this case, an additional relay aims to
separate the VCCS (voltage to control current) excitation because
of the ability of the mux (multiplexer), which cannot pass AC
current. The data is then received by the 12-bit RMS ADC by the
demux (demultiplexer) in the form of different potential values
for each electrode installed. It can be seen in Figure 5(b) that the
composition form of the current excitation is colored blue while
the potential difference receiver is colored green. For speed, the
frequency used in executing the RMS ADC is activated at 108 MHz
to ensure the data obtained can be executed quickly and accurately.

System configuration of flow measurement
Figure 6 explains the system configuration used, where the trans-
ducer is a Sonatest 10-MHz, the pipe has a diameter of 1.5 inches,
a length of 2 meters, and a height of 1 meter. This system is em-
bedded with a 3-unit detection system, namely ERT as the initial
detection of two different phases, an ultrasonic transducer, and a
high-speed camera with a resolution of 1080 × 2400 pixels and 960
frames per second, which aims to capture real-time images of the
slug flow.
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Figure 3 Data reconstruction image profile

Figure 4 FPGA for ultrasonic reflection system.
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Figure 5 (a) ERT measurement system, (b) Measuring pipe tube (Wiranata et al., 2023).

Figure 6 . Configuration System of Ultrasonic Reflection.
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Figure 7 ERT dual plane.

Figure 8 (a) Block homogen 6 holes, (b) Block calibration.

Figure 9 Block homogen measurement.

■ Table 1 Parameter measurement

Parameter Values

Excitation Current AC 2 mA

Excitation Frequency 50 kHz

Electrode Number 8 Received & 8 Excitation

Data Speed Acquisition 10 frames/s

UR

Diameter Transducer 0.5 inch

Excitation Frequency 10 MHz

ADC Sampling Rate FPGA 64 MSPS

Excitation Voltage 48 V

Figure 7 explains how to obtain the velocity flow in a closed
flow pipe using ERT, where Dp is the distance between planes I
and II, and τ is the cross-sectional correlation between plane I and
plane II. In Equation (18), VCR is the average flow rate using dual
ERT, with VCR(n) being the plane section (plane I or plane II).

VCR(n) = ∑
i,j

(Vij − Vij0)

Vij0
(17)

VCR = lim
T→∞

(
1
T

∫ T

0
VCR1(λ)VCR2(λ + τ) dt

)
(18)

Placing the distance between plane I and plane II is very im-
portant for cross-correlation velocity measurement. If the distance
is too far, the flow characteristics are challenging to detect, and
one or two times the length of the pipe diameter is used (Deng
et al. 2001). Table 1 explains several parameter values used in this
research.

RESULT AND DISCUSSION

This section explains the results obtained from the experiment as
a first step and as proof to find out the slug flow thickness and
become a new perception in measuring the thickness of slug flow
or become a novelty in this research, where the slug flow thickness
measurement technique is adopted from the block homogeneous
measurement process. The process starts from hollowing out a
homogeneous block into 6 parts (see Figure 8(a)). Then, try mea-
suring the width or thickness of the hole using ultrasonic waves
transducer, as seen in Figure 8 technique used in the hole width
search process. Meanwhile, the equation used refers to Equation
(4) with csteel 5920 m/s. The next step, namely looking for the
presence of slug flow in the closed pipe cross-section, is the pri-
mary motivation for this research. Apart from that, there are also
image results from photos using a high-speed camera to record the
exact structure of the slug flow, and there are also imaging results
from ERT as a comparison for detecting the presence of different
particles in the slug flow.
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Figure 10 Percentage error between reference and measurement (a) 0.7346%. (b) 0.53066%. (c) 0.89116%. (d) 0.71103%. (e) 0.86957%. (f)
0.35891%.

Figure 11 Flow regime identification.

Figure 12 UR Slug flow thickness detection and identification.
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Figure 13 Velocity Flow (a) 0.73 m/s. (b) 0.76 m/s. (c) 0.95 m/s. (d) 0.98 m/s. (d) 1.18 m/s. (e) 1.2 m/s.

Figure 14 Film thickness of slug flow vs UR Velocity Flow.
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Figure 15 Film thickness of slug flow vs ERT-UR Velocity Flow.

Validation method for measuring ultrasonic slug flow thickness
The use of homogeneous block calibration is a way to calibrate
ultrasonic transducers to determine the level of error and accuracy
produced by ultrasonic waves (ultrasonic transducers) to measure
the thickness of objects using the ToF method, especially for the
Sonatest immersible transducer type used. As seen in Figure 8. (b)
The transducer is first tested on a homogeneous block calibration
standard using Krautkremer EN12223. In the second step, the
ultrasonic transducer was tested on a homogeneous block in which
various holes were made at several points, the image of which is
shown in Figure 8 (a), where the percentage error obtained by the
measurement compared to the reference is no more than 1%.

To find the thickness from Figure 8(a), Equation (19) is used to
determine the percentage error with Equation (20) when compared
with the reference length in centimeters (Lrefmeas ) which is the ref-
erence length from direct measurements using a digital clipper.
Following Figure 9 is a detail of the measurement process.

Lmeas1 = (Lmeas2 − Lmeas0 )− (Lmeas2 − Lrefmeas ) (19)

%Error =
(Lmeas1 − Lrefmeas1

)

Lrefmeas1

× 100 (20)

Figure 10 is a graph of test results from UR, where Figure 10
(a) to (f) represent the hole shape thickness in Figure 8(a) hole
from 1 to 6. It can be seen in Figure 10 (d) and (e) that the error
value is almost close to 1%. This occurs because the hole in the
homogeneous block is quite far from the sensor, and there are other
holes or measuring points close to other neighbor holes, which is
the nature of the transducer ultrasonics have a spreading beam.
Besides, the further the sound waves propagate, the bigger the
beam. However, the results will be more reliable if the holes in

Figure 8 (a) are reversed when measuring the hole width. This
occurs because other holes do not interfere with the measuring
point.

Result of Slug Flow Thickness Detection

This section will explain the method or process of flow regime
detection, where the essential information is obtained using the
ToF method. As seen in Figure 11, ToF is the primary key to the
information obtained, where the UR method can detect heteroge-
neous and homogeneous presence from two different phases. At
the same time, ERT is only able to detect heterogeneously. This is
because ERT generally calculates the average flow velocity along
the pipe cross-section. Meanwhile, calculating the thickness of
slug flow using the ToF method can immediately be the primary
reference. Thus, the final result obtained is in identifying and de-
tecting slug flow thickness and flow rate in the pipe cross-section,
which can be done using the UR method or with ERT-UR for a
combination of speed and slug flow thickness.

Figure 12(a) explains the shape of the slug flow illustration in
general, which often occurs in closed pipe cross-sections. That
is then continued with Figure 12(b), which explains the process
of identifying and determining the thickness of slug flow in pipe
cross-sections. The difference between slug flow, inner pipe wall,
and outer pipe wall is visible, as a result the measurements of
the slug flow’s thickness can be done quickly without looking for
the threshold hold of the signal obtained. In general, to detect
the thickness of the threshold slug flow, it takes time to identify
it, especially if there is a lot of noise specifically. In several other
studies, we have to look for the first echo or the location where
the slug flow occurs, which takes longer compared to the concept
in this study. This is the motivation and novelty of this research,
namely information on the existence of slug flow, which is entirely
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valid. This was obtained because the transducer used had a very
high frequency, namely 10 MHz, which is rarely used to test the
presence of slug flow in closed pipes. Apart from that, there is
assistance from FPGA, which can process graphics significantly.
In addition, the thickness of slug flow is difficult to identify in the
first echo because there is phase mixing between water and air,
making ToF characteristics challenging to observe. This, of course,
requires accuracy to find the thickness of slug flow, but because of
the accuracy of the transducer and FPGA from the system, the slug
flow can be detected quite well, where the differences between
each condition can be known. In addition, during the measure-
ment process, not all flow conditions have slug flow because the
characteristics of slug flow tend to change in pipe conditions that
do not comply with standards. In this study, it was deliberately ar-
ranged to avoid following the rules for placing ultrasonic sensors,
such as the conditions at 10xD and 5xD or other restrictions for
placing sensors. This becomes a challenge due to conditions in the
field, which cannot guarantee 100% laminar flow. However, if the
flow is not symmetrical, it can still be detected well. Moreover, the
graphic characteristics between the pipe wall and slug flow in ul-
trasonic transducers are very different, as seen in Figure 12, which
is the characteristic shape of slug flow. In contrast, the specific
characteristics of bubble flow will be explained in the following
study.

Figure 13 explains the results of the combination of a high-
speed camera and the imaging process using ERT seen in Figure
13 (a) – (f); there are variations in speed, where ERT is generally
able to identify or detect the presence of two different phases with
a yellow contrast light indicates high resistance while dark blue
indicates low resistance. Or it can be stated that the bright yellow
color contains the air fraction while the blue contains the water
fraction, but due to spatial resolution problems, ERT is not good at
imaging the shape of the slug flow in detail. Figure 13 also shows
the forms of slug flow, which often occur in the trial dimension,
to ensure that the general structure of slug flow can be depicted
during the data collection process. If observed and compared with
the reference, in this study, the form of slug flow observed was a
low-aerated slug flow type, where the main profile contained a
slug surrounded by a small amount of bubble flow.

Figure 14 explains the results obtained from the experiment
between the number of sample film thickness of slug flow and
the velocity flow results from UR. It can be seen that the trend
of the ultrasonic flowmeter is increasing because, in this case, the
speed of water and air is increased slowly, where, in this case,
the experiment can only be carried out by increasing both speeds
simultaneously, aiming to see an increase in the same volume
in each condition. In the beginning, the thickness of the film
increased slightly even though it was found in a reasonably small
range because the type of pipe had a diameter that was not too
large. Then, it tends to stabilize at 0.345 cm. This proves that, in
general, the slug flow thickness is difficult to know verifiable in
the configurations tested in this research.

It can be seen in Figure 15 that the speed is slightly less linear
between the addition of the flow rate and the process of measuring
the flow rate using the ERT-UR method. This is because ERT
has a sensitivity that is not as good as UR but has the potential
to measure the average heterogeneous flow regime signal, where
there is a slight pattern following the structure of the film thickness.
This happens because the flow rate and void fraction of the fluid
flow rate in heterogeneous conditions strongly influence slug flow.
In detail, the concepts of fraction void and flow velocity will be
presented in future research.

CONCLUSION

This study uses a combination of UR and ERT methods to detect
the presence of slug flow or two different phases, where the config-
uration uses a 1.5-inch diameter pipe. The concept of measuring
the thickness of a homogeneous block is adopted in the UR method
to measure the thickness of slug flow. With the help of a trans-
ducer and FPGA, the location and thickness of the slug flow can be
detected consistently. In addition, the UR method can monitor the
appearance of homogenous and heterogeneous differences in slug
flow conditions, making this method optimal for use in two-phase
states. Following are some summaries obtained:

• The slug flow measurement technique is adopted from the
block-homogeneous measurement process with error less than
1%.

• It can be stated that the bright yellow color contains the water
fraction while the blue water fraction is in the ERT results,
but due to spatial resolution problems, ERT is not good at
imaging in detail the shape of the slug flow

• A high-speed camera is used to record the shape of the slug
flow through images definitively, and the results of the ERT
imaging technique are used to compare and detect the pres-
ence of different particles in the slug flow.

• If observed and compared with the reference (Zhai et al. 2021),
in this study, the form of slug flow observed is a low-aerated
slug flow type, where the main profile contains a slug sur-
rounded by a small distribution amount of bubble flow.

• From the results of the combination of the ERT-UR method, it
was found that ERT has a sensitivity that is not as good as UR
but has the potential to measure the average heterogeneous
flow regime signal, where a slight pattern can be seen follow-
ing the structure of the film thickness. This happens because
the flow rate, velocity, and void fraction of the fluid flow rate
in heterogeneous conditions strongly influence slug flow.

• A new approach is introduced to determine liquid film thick-
ness by utilizing the instantaneous velocity profile. The liquid
film thickness can be reliably measured by identifying the size
of slug flow.

• The FPGA system developed is capable of delivering signifi-
cant results due to the accuracy and reliability of the system’s
design.

• In general, the main results show that ERT is used to depict
the fundamental structure of the velocity profile, while UR
is applied to measure the velocity and provide detailed mea-
surements of the slug flow film thickness.

Finally, this study presents a new perspective method to detect
multi-scale slug flow structures, where the speed and thickness of
slug flow can influence each other or vice versa. Besides, seeing
the consistency of slug flow can also be the basis for modelling
and developing flow transition models. Moreover, the UR method
is the most suitable method for determining the thickness of slug
flow. It is more economical because it only requires one type
of transducer, making it very prospective for use in slug flow
conditions. Additionally, by knowing the liquid film thickness of
the slug, the void fraction development process better becomes
where the composition of different phases can be learned such that
it can be implemented across various industrial sectors, including
the upstream oil and gas industry, pharmacy industry, freshwater
distribution or freshwater management, metering systems, and
custody transfer for volumetric systems.
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