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ABSTRACT

Measuring void fraction (VF) in a pipeline is crucial for ensuring operational efficiency, safety, and environmental
responsibility in various engineering applications. There are several methods commonly used to measure VF in
multiphase flow systems. Capacitance sensors are a dependable and practical option for measuring VF, provid-
ing benefits such as versatility, sensitivity, cost-effectiveness, and ease of use. In this study, simulations were
performed to produce different VF levels of an air-water stratified two-phase flow, ranging across 31 distinct VF
values from completely full to entirely empty. Moreover, an 8-blade concave capacitive sensor was designed and
utilized for VF measurements. In order to use the power of the finite element method (FEM), COMSOL multiphys-
ics was employed to produce the desired void fractions and measure the capacitance value of each pair of elec-
trodes. The capacitance values of these electrode pairs were measured, resulting in the creation of sinograms cor-
responding to different VF. These sinograms were utilized as inputs for a deep neural network (DNN) developed in
Python, specifically a Multilayer Perceptron model, to estimate VFs. Furthermore, to enhance user understanding,
sinograms were employed to reconstruct fluid images using the back-projection method. The results demonstrated
an accuracy of 0.002, a significant improvement over previous methodologies in VF measurement.
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measurement, tomography. performance, ensuring safety, and achieving cost-

effective operation in a wide range of applica-
tions. Measuring void fraction is essential for op-
INTRODUCTION timizing processes, ensuring safety, maintaining
product quality, mitigating environmental risks,

Horizontal two-phase flow plays a vital role . X )
P pay managing resources efficiently, and advancing

in various industrial processes and engineering
systems such as oil and gas industry, power gen-
eration, chemical processing, HVAC systems,
and nuclear power plants. Understanding and

scientific knowledge [1-3]. Accurate void frac-
tion measurements are indispensable across a
wide range of industries and applications, con-

accurately predicting the behavior of two-phase
flow in horizontal pipes is essential for optimizing

tributing to improved performance, reliability,
and sustainability [1-3].
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Various methods are employed for measuring
void fraction in pipelines. Capacitance sensors
detect void fraction by measuring the changes
in the dielectric properties of the fluid mixture.
Gamma-ray attenuation involves passing gamma
rays through the flow and measuring the attenu-
ation caused by the presence of fluid [4-5]. Ul-
trasonic techniques utilize sound waves to mea-
sure the time taken for waves to travel through
the mixture, indicating changes in void fraction
[6-7]. Pressure drop measurements correlate
changes in pressure drop across a section of the
flow channel with void fraction variations and so
many other methods [8].

Void fraction refers to the ratio of the volume
of void (such as gas) to the total volume within
a two-phase flow system. Figure 1 illustrates the
image of a cross-section view of a pipeline and
the geometrical formula of the void fraction is
shown, where A, ., and A__represents the area
filled with the liquid phase and the area filled with
the gas. It is not far from imagination to realize
that measuring void fraction using a capacitance-
based method has stood out as an important topic
for scientists because it offers a number of advan-
tages. For example, the method doesn’t disrupt
ongoing flow patterns. Moreover, it can provide
more information on the flow characteristics, such
as flow pattern classification, scale detection, and
even tomography. At the heart of ensuring capaci-
tive sensors operate with precision and accuracy
lies in the meticulous design of electrodes. It’s es-
sential to configure these electrodes in alignment
with the critical properties of the fluid undergo-
ing measurement. This process may entail various
configurations, including concave, ring, or helical

Figure 1. Void fraction in a stratified two-phase flow
and geometric formula
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structures, each optimized to efficiently capture
specific dynamic properties of the flowing fluid
within the pipeline [9-13]. Prior research in this
domain has unveiled three primary flow patterns
within pipelines — stratified, annular, and homo-
geneous — each possessing distinct characteristics
requiring tailored approaches to achieve success-
ful measurement. Abulwafa’s study delves into
capacitance designs aimed at discerning volume
fractions in two-phase pipelines. Through experi-
mental comparisons, the research evaluates vari-
ous structures, particularly focusing on slug (SL)
and stratified (ST) flow patterns. The findings
suggest that while the double helix capacitance
stands out as the most practical linear sensor, a
four-concave-plate structure might offer superior
sensitivity and construction simplicity under spe-
cific flow pattern conditions [14]. In [15] Ahmed
outlines the design methodology for capacitance
sensors tailored to void-fraction measurement in
two-phase flow systems. Through theoretical and
experimental analyses focusing on concave and
ring sensor configurations, it was found that ring-
type sensors exhibit higher sensitivity to void-
fraction signals compared to concave types with
similar spatial resolution. Moreover, the theoreti-
cal model’s predictions for ring-type sensors dem-
onstrate better alignment with experimental data,
supported by comprehensive analyses including
mean value, time trace, power spectral density
(PSD), and probability density function (PDF)
of void-fraction signals. In [16] Reis and his col-
leagues delve into the complexities of measuring
volumetric concentrations in two-phase flows
within industrial pipelines and equipment. By
exploring the effectiveness of capacitive probes,
particularly focusing on various geometric con-
figurations of electrodes like helical, double ring,
and concave structures, the study sheds light
on their unique characteristics and challenges.
Through meticulous experimentation and com-
parison, the findings highlight the double-ring
configuration as the optimal choice for accurately
measuring volumetric concentrations in two-
phase air-water flows. Extensive research led by
Hammer and his colleagues focused on advanc-
ing a helical electrode capacitance sensor, which
represented a significant breakthrough in accu-
rately measuring water fraction and undissolved
gas in crude oils, presenting a notable enhance-
ment in precision compared to conventional non-
intrusive sensors [17]. Wang and his colleagues
introduced an innovative capacitive array sensor
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that combines flow pattern recognition with void
fraction measurement, thereby improving accu-
racy through a validation method verified on a
specialized air-water two-phase flow experimen-
tal platform [18]. Chen and his colleagues intro-
duced an innovative multi-wire capacitance probe
technique aimed at accurately measuring void
fraction in stratified gas-liquid flow, as a result,
they made notable enhancements in precision and
thorough analysis of flow parameters [19]. In [20]
Jaworek’s research introduces a radio-frequency
resonance sensor equipped with a variable ca-
pacitance mechanism for precise gas-liquid vol-
ume ratio measurements. By employing semi-
cylindrical electrodes positioned externally on a
dielectric pipeline, the sensor detects variations
in capacitance induced by changes in the gas and
liquid percentages. The resulting frequency devi-
ations in the oscillator, tuned to 80 MHz, serve as
a reliable indicator of the two-phase flow compo-
sition within the pipe, offering insights into vol-
ume ratios with significant accuracy. Aluisio and
his colleagues outlined and demonstrated the de-
sign and testing of an electrical capacitance sen-
sor aimed at monitoring two-phase water-oil flow.
Their study encompasses an analysis of different
sensor geometries [21]. The paper by Zhuoqun
[22] investigates the correlation between altera-
tions in flow patterns and flow rates in two-phase
oil-gas flows by employing dual ECT sensors, a
linear projection algorithm, and a convolutional
neural network (CNN) algorithm for prediction.
ElasticNet regression is utilized to address over-
fitting concerns. Kendoush and Sarkis (1995)
explored void fraction measurements using the
capacitance method, assessing five capacitor con-
figurations: parallel, strip-type plates, ring-type
plates, unidirectional, and double-helix. Their
research simulated void fractions using various
systems like nonflow air-paraffin wax, air-glass,
air-wood, and air-Freon 113, aiming to minimize
relative statistical errors through careful consid-
eration of electrode spacing [23]. In [24] Krupa
introduces a novel method for void fraction mea-
surement in small-channel two-phase flows using
capacitance sensors. The approach involves uti-
lizing a high-frequency oscillator connected to a
resonant circuit, allowing direct determination of
void fraction from a calibration curve. By numer-
ically analyzing changes in electrode capacitance
corresponding to different void fractions, Krupa
demonstrates the efficacy of this method in accu-
rately characterizing two-phase flow dynamics.

In [25] a direct-imaging sensor utilizing multiple
capacitance measurements, utilized by Vendrus-
colo et al.,, they introduced, a prototype sensor
constructed and evaluated across diverse sce-
narios, demonstrating strong concordance with
a reference sensor. Lusheng conducted thorough
research wherein they established an equivalent
circuit model for a concave capacitance sensor
designed for stratified oil-water flow. Their study
involved the simultaneous detection of real and
simulationary response signals, as well as experi-
mental exploration of the influences of flow pat-
tern on excitation frequency [26]. Kim et al. un-
dertook the development of a calibration method
for capacitance measurements of void fraction
in refrigerant flow, they figured a non-linear re-
lationship influenced by flow patterns and it was
validated experimentally [27]. Mayet and his co-
workers worked on different problems of using
capacitance-based sensors such as dependency on
temperature and pressure [28].

In [28], the focus is on homogeneous flow
patterns, utilizing a combined capacitance-based
sensor with concave and ring sensors, and em-
ploying COMSOL Multiphysics simulations to
train an artificial neural network (ANN), achiev-
ing a mean absolute error (MAE) of 4.868. In
contrast, this study examines stratified flow pat-
terns using an 8-blade concave capacitive sensor.
It generates 31 distinct void fractions through
COMSOL Multiphysics and uses the resulting ca-
pacitance values to create sinograms, which serve
as inputs for a DNN model, achieving an accura-
cy of 0.002. Additionally, this work enhances in-
terpretability through sinogram-based fluid image
reconstruction. While Mayet’s approach targets
homogeneous flow with integrated sensor types
and ANN-based predictions, this study emphasiz-
es accuracy and interpretability in stratified flow,
highlighting the potential of advanced computa-

tional techniques in void fraction measurement.

Fouladina et al. studied using capacitance-
based sensors dependency on changes in liquid
phase in a two-phase flow regime [29].

In our previous study [30], the challenge of
accurately determining phase fractions in two-
phase flows prevalent in power plants and pet-
rochemical industries was addressed. Through
a comprehensive approach that included finite
element simulations, experimental validations
using concave electrode shapes, and the devel-
opment of an ANN model, void fractions were
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successfully predicted with an error of less than
2% for various liquid-gas combinations, provid-
ing a precise metering solution for annular two-
phase flows with different liquids. The volume
fraction of each phase in two-phase flows is ad-
dressed in a previous study [31], focusing on
stratified two-phase flow scenarios commonly
encountered in petrochemical industries. Several
experiments were conducted on vertical concave,
horizontal concave, and double-ring sensors to
validate simulation results obtained via COM-
SOL Multiphysics software. The simulation data,
confirmed by experimental data, highlighted the
higher overall sensitivity of concave sensors
compared to double-ring sensors, with horizontal
concave sensors exhibiting greater sensitivity at
higher void fractions and vertical ones at lower
void fractions. Moreover in a previous work [32],
a new electrode configuration was explored for
void fraction measurement in two-phase flows
using capacitance-based sensors. The proposed
‘skewed’ sensor, characterized by its unique
geometric shape, underwent evaluation and en-
hancement through simulations conducted with
COMSOL Multiphysics software. These simula-
tions covered various flow patterns, and assessed
the influences of geometric properties on sensor
sensitivity, yielding an optimized configuration.
Moreover, sensitivity distribution analysis across
different void fractions and comparison with al-
ternative sensors demonstrated the proposed sen-
sor’s notably higher overall sensitivity, crucial
in the petroleum industry for precise multiphase
flow metering. Various advanced techniques have
been explored for accurate flow measurement,
including the development of novel sensor de-
signs and methods for better flow rate estimation.
For example, AL Jarrah introduced a technique
using single and double coil sensors to enhance
flow rate measurement accuracy [33], while an-
other study utilized magnetic coupling for flow
sensing in pure water environments [34]. These
approaches align with this study’s focus on inte-
grating advanced sensor technology for improved
measurement precision.

The primary objective of this paper is to mea-
sure void fraction with a high degree of accuracy.
Various techniques are utilized for this purpose
in pipelines. Capacitance sensors determine void
fraction by detecting changes in the dielectric
properties of the fluid mixture. Gamma-ray at-
tenuation involves passing gamma rays through
the flow and measuring the attenuation caused by
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the presence of fluid. Ultrasonic techniques use
sound waves to measure the time it takes for the
waves to travel through the mixture, indicating
changes in void fraction. Pressure drop measure-
ments correlate changes in pressure drop across a
section of the flow channel with variations in void
fraction. Each of these methods provides unique
insights and advantages for accurately assessing
void fraction in two-phase flow systems.

This work introduces a novel method for mea-
suring void fractions with exceptional accuracy,
utilizing a fluid sinogram and a neural network.
The reason behind selecting an 8-blade concave
instead of a sensor with a larger number of blades
is that because of the bigger cross section it would
offer a higher signal-to-noise ratio and lower er-
ror related to the velocity of flow which, makes it
suitable for use in high-speed fluid environments.
Additionally, a tomographic image has been de-
veloped to enhance user insights. In this inves-
tigation, simulations were conducted with the
aim of generating diverse void fractions within
an air-water stratified two-phase flow, encom-
passing a range from completely full (0) to en-
tirely vacant (1). An 8-blade concave capacitive
sensor is used. Leveraging the FEM, COMSOL
Multiphysics facilitated the generation of desired
void fractions and measurement of capacitance
values across different electrode pairs. The result-
ing capacitance values were used to construct si-
nograms corresponding to varying void fractions.
These sinograms served as inputs for an Artificial
Neural Network model, specifically a multilayer
perceptron (MLP) implemented in Python, to es-
timate the void fractions. Additionally, sinograms
were utilized in fluid image reconstruction via
the back-projection method to enhance user com-
prehension. Figure 2 shows the methodological
flowchart of the paper making the overall proce-
dure of the current paper much more clear. This
study introduces a novel approach that combines
sinogram-based analysis with a DNN for accurate
void fraction measurement. Unlike traditional
methods, our approach uses sinograms derived
from an 8-blade concave capacitance sensor as
inputs for a neural network, achieving improved
accuracy and interpretability, with an error mar-
gin as low as 0.002.

In this paper, the structure is outlined as fol-
lows: First, the benchmark and simulation param-
eters and features are discussed in the Simulation
Properties section to ensure reproducibility. Next,
in the Sensor Geometry and Analyses section, the
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Figure 2. Methodological flowchart of the paper

physical dimensions and geometry of the pro-
posed concave sensor are covered, different com-
binations of capacitance values are examined,
and sinograms for each void fraction are gener-
ated. In the ANN and Back Projection section, the
process of obtaining void fractions and creating
tomographic images from the sinograms is de-
tailed. Furthermore, in the Results and Discus-
sion section, the model’s accuracy is presented
and compared to other works in terms of lower
mean absolute error, and the implications of the
findings are discussed, along with suggestions for
future research.

SIMULATION PROPERTIES

The aim of this study was to quantify the void
fraction within a two-phase flow comprising air
and water, emphasizing stratified flow patterns.
In stratified gas-liquid flow, distinct separation
between gas and liquid phases occurs as they
traverse confined spaces such as pipelines. The

establishment of a stratified flow regime is in-
fluenced by factors such as fluid characteristics,
pipe diameter, flow velocities, and surface ten-
sion. To evaluate the reliability of the COMSOL
Multiphysics application, a previous investiga-
tion [31] conducted a thorough assessment of its
functionality and precision. The aforementioned
research conducted both experimental and simu-
lation analyses to compare various tests applied
to a stratified air-liquid two-phase flow. Upon
comparing the simulation outcomes with the ex-
perimental data, the reliability and credibility of
COMSOL Multiphysics performance and accu-
racy were established. The experimental setup of
the mentioned paper is shown in Figure 3. The
GPS-3135C LCR meter used in experiments can
accurately measure capacitance values ranging
from 0.00001 pF to 9999.99 mF, with a frequency
range of 50 Hz to 100 kHz and a test signal reso-
lution of 10 mV. This ensures precise capacitance
readings, which are crucial for our analysis. The
PLA pipe used in the experiments had a relative
permittivity of 3.3.

Figure 3. Experimental setup from the previous work as described in reference [31]
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COMSOL Multiphysics stands out as a
highly regarded software solution extensively
employed across diverse sectors. Leveraging
the FEM, it constructs tailor-made simulations
for a wide array of industrial applications, en-
compassing mechanical, and electronic domains
among others. The potent electric fields envelop-
ing the capacitor plates make it necessary to form
a gaseous zone within the simulation, setting the
necessary stage for our analyses. Notably, as the
gap widens between the electrodes, the electric
field weakens, demonstrating an inverse correla-
tion with the cube of the gap’s size. A static ex-
amination is undertaken, given the constancy of
factors shaping the electrical field across time.
Employing the finite element approach, renowned
for its efficacy in delivering precise outcomes, the
COMSOL simulation software adeptly executes
simulations, as previously emphasized. COM-
SOL offers a range of meshing options, and for
this particular simulation, the resulting structure
is configured and resolved using the finite ele-
ment technique within the COMSOL simulation
environment. To enhance the result fidelity, the
mesh granularity has been fine-tuned. This tech-
nique involves deploying a network of elements
for meticulous computations and assessments.
The utilization of a finer mesh necessitates shrink-
ing the size of individual elements, as delineated
in Table 1, defining the dimensions of distinct
components. The mesh model is created using a
physics-controlled mesh sequence, which auto-
matically adjusts mesh refinement and coarsening
based on the underlying physical characteristics,
such as specific geometric features and boundary

Table 1. Characteristic of the meshed model

Feature Value
The maximum size of element 0.7 cm
The minimum size of element 0.03 cm
The maximum element growth rate 1.35
Curvature factor 0.3
The resolution of narrow areas 0.85
Number of vertex elements 92
Number of edge elements 4645
Number of boundary elements 79935
Number of elements 638170
Free meshing time 7 sec
Minimum element quality 0.07466

Table 2. The parameter settings for simulations

Feature

Value

Space dimension

3D

Physics interface

Electrostatics

Type of study

Stationary

Studied parameter

Maxwell capacitance

conditions. The computational operation was per-
formed on a computing device outfitted with an
Intel 11th generation i3 processor and 8 gigabytes
of random-access memory (RAM). Table 2 shows
the specific parameters that are considered during

the simulation.

18cm 12cm

(b)

Figure 4. Geometric properties of electrodes and pipeline (a), (b),
and the meshed model of the presented sensor (c)
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SENSOR GEOMETRY AND ANALYSES

To utilize the 8-blade concave sensor, the
benchmarked software application is employed.
The schematic representation of the simulated
8-blade concave electrode, including its dimen-
sions and composition, is depicted in Figure 4a
and Figure 4b. Throughout the simulation pro-
cess, precision is set to a finer level, leading to the
subdivision of the geometry into 638,170 domain
elements. The meshed model is visually depicted
in Figure 4c. Displayed in Figure 4, the sensor
with an 8-blade concave design consists of eight
distinct electrodes colored in pink, brown, lime,
dark blue, purple, maroon, orange, and dark pur-
ple. They possess a length of 12 cm with a 5 mm
spacing between them. The main purpose of this
paper is to measure void fraction and construct a
tomography image of flow to give the user better
insights. Figure 5 shows the desired goal of this
paper therefore, In order to perform a forward pro-
jection and create the sinogram the capacitance
values for various combinations are measured.

The primary objective of this study is to as-
sess the void fraction from sinogram and generate
a tomographic representation of fluid flow, aimed

7

T
PR
pipeline and sensor

)
1

1 measuring and processing unit | L
1
J

at enhancing user understanding. The main goal of
the tomography is to see how the material inside
the pipe is distributed. Tomography is well-known
as a good technique in medicine and basically, it
has two main stages: forward projection and back
projection. There are several methods for project-
ing such as using gamma ray attenuation or x-ray
attenuation or sound-based methods like sonar
methods even the measurements using electrical
resistance and so many other methods. So all the
mentioned methods are used in order to create the
sinogram image, for reconstructing images there
are several mathematical algorithms like ART,
SART, BP, and FBP. To create the tomography
image a technique called backprojection is used.
It is well-known for its computational simplicity
which will result in real-time capability. Therefore,
capacitance measurements are conducted across
different configurations to perform forward pro-
jections and the creation of a sinogram. In other
words, the sinogram is the measured capacitance
values for different pairs of electrodes. Figure 6
shows the sinogram of 0.5. As shown in Figure 6
the capacitance values of the specific combination
of electrodes are measured and the result is shown
in Figure 6 where the yellow color shows a higher

E Void Fraction=0.5

user interface
showing Void Fraction
and tomographic image

Figure 5. Representation of the main goal of this paper

measuring the capacity of
different pair of electrodes

(2,7) (36) (4,5)

(1,4) (85)  (76)

(25) (1,6) (8,7)

Figure 6. Diagram of creation of sinogram
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value and the purple color stands for lower val-
ues. In the matrix’s third column and second row,
electrodes numbered 4 and 7 are highlighted. It’s
evident that due to water’s high relative permittiv-
ity of 81 compared to air’s relative permittivity of
1, this specific pixel exhibits the highest recorded
value. Similarly, considering the pixel situated in
the first column and second row, associated with
electrodes 1 and 2, it’s notable that these electrodes
register the lowest value, presumably due to their
considerable distance from the water surface.

ARTIFICIAL NEURAL NETWORK AND
BACK PROJECTION

The main novelty of this paper is to calculate
the void fraction with much higher accuracy com-
pared to similar works using the new approach
that involves ANN and sinogram of the pipe.
Within the expansive landscape of Artificial In-
telligence (Al), its applications span a multitude
of sectors including retail, finance, transportation,
education, fault diagnosis, energy consumption
management, and notably, healthcare. Among
these, healthcare emerges as a focal point for Al’s
transformative capabilities. Particularly notewor-
thy is its role in revolutionizing medical imag-
ing analysis [35]. By leveraging Al algorithms,
radiologists can achieve unprecedented levels of
accuracy in detecting various pathologies from
complex medical imagery, thus paving the way
for more efficient and precise diagnoses and treat-
ments. The utilization of Al transcends singular
dimensions; it encompasses a broad and multifac-
eted spectrum. ANNs and DNNs wield a plethora
of applications. These are highly precise mathe-
matical methodologies employing computational
nodes known as neurons, organized into single
or multiple layers [36]. DNNs and ANNs excel
particularly in tasks such as prediction and classi-
fication, each exhibiting distinct forms tailored to
specific applications. DNNs aim to mimic the in-
formation processing mechanisms of the human
brain, mirroring ANNs. DNNs comprise mul-
tiple concealed layers nestled between input and
output layers [37]. Typically, a network is con-
structed using datasets earmarked for training and
testing purposes. The training dataset comprises a
specific set of sample inputs utilized to train the
neural network, while the test dataset contains
new information unseen by the network. This da-
taset is employed to scrutinize and authenticate
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the network’s predictive prowess. For the deep
learning calculations, TensorFlow library with
the Keras API due to its flexibility and ease of use
was utilized in building neural networks. Addi-
tionally, NumPy was used for data manipulation,
and Matplotlib assisted in visualizing the training
process and results. Discovering the optimal con-
figuration for a DNN demands thorough experi-
mentation with various parameters. This entails
fine-tuning the number of processing epochs, ad-
justing network layers, and selecting appropriate
activation functions. Following extensive testing,
the most efficient network architecture is iden-
tified and proposed for the novel metering sys-
tem. In the scope of this study, a DNN model is
specifically tailored with 16 inputs, representing
the value of each pixel of sinogram which is the
capacitance values derived from different com-
binations of an 8-blade capacitive sensor. Using
the COMSOL Multiphysics software, 496 simu-
lations are conducted, manipulating void frac-
tions in increments of 0.03 from 0 to 1. Out of
these simulations, 347 cases (70%) are allocated
for training the network, while the remaining 149
cases (30%) are reserved for testing purposes.
The key characteristics of the generated datas-
ets are shown in Table 3. In developing the ANN
model, a thorough hyperparameter tuning process
was carried out to determine the optimal architec-
ture. This process involved experimenting with
various configurations, including the number of
layers, neurons, learning rates, activation func-
tions, and epochs. Each parameter was adjusted
iteratively, emphasizing its significance. The
number of layers was crucial for balancing net-
work complexity and computational efficiency.
The number of neurons influenced the model’s
learning capacity and helped prevent overfitting.
Different activation functions (such as sigmoid,
ReLU, and tanh) were evaluated to find the most
effective one for our specific problem. Various

Table 3. The key parameters of datasets used in deve-
loping the model

Parameter Value
Number of samples 500
Source of data COMSOL simulations
Type of data Number
Range and scale 4.57-15.01

Normalize between 0 and 1
0.7 for Train and 0.3 for Test
25°C

Preprocessing steps

Split ratios

Measurement conditions
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epochs were tested to identify the optimal point
for convergence and avoid overfitting. Learning
rates were also varied, with higher rates allowing
larger adjustments and lower rates providing finer
tuning of model parameters like weights and bi-
ases. Through extensive testing, the architecture
that exhibited the best performance metrics was
chosen. The final model’s structure is the result
of this comprehensive tuning process, ensuring
high quality and performance. The steps taken
to achieve the optimal structure are illustrated in

Figure 7. Following numerous evaluations with
different network configurations, considering di-
verse numbers of layers and neurons, the most
suitable structure is identified. The detailed speci-
fications of this configuration are outlined in Table
4. Figure 8 shows the tomography of the pipe and
different void fractions. Once trained, the model’s
weights and biases are fixed, significantly reduc-
ing the computational burden. It can be deployed
on a Raspberry Pi 4 Model B, ARM Cortex-M
series microcontrollers with optimizations, FPGA

Figure 7. The process of obtaining the best ANN model
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Table 4. Characteristics of proposed DNN

Parameter Value
Learning rate 0.001
Neurons per layer 64

Type of network Deep learning

Number of Inputs 16
Number of output layers 1
Number of epochs 500
Number of hidden layers 4

Hidden layers activation

: Rectified linear unit (ReLU)
function

boards like the Xilinx Zyng-7000 series for high
performance, or cloud platforms such as AWS,
Google Cloud, or Microsoft Azure. This flexibil-
ity ensures the model is practical for a wide range
of devices and real-time applications.

RESULTS AND DISCUSSION

Measuring the void fraction is crucial for
improving processes, ensuring safety, upholding
product quality, reducing environmental haz-
ards, using resources effectively, and enhancing
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scientific understanding. Precise void fraction
measurements are vital in various industries and
contexts, aiding in better performance, depend-
ability, and eco-friendliness. In this paper, an
8-blade concave sensor is used to measure the
capacitance values. The COMSOL Multiphysics
has been used to utilize the FEM. 31 void frac-
tions of stratified flow regimes are simulated
for different combinations of electrodes. Using
the measured values the date for creating the si-
nogram is produced. The primary novelty of this
work is the significantly improved accuracy in
measuring void fraction compared to previous
studies. This was achieved through a novel ap-
proach that incorporates a fluid sinogram and a
neural network. The sensor’s 8-blade concave de-
sign provides greater sensitivity than sensors with
more blades, making it ideal for high-speed fluid
environments. Furthermore, the sensor’s lower
processing power requirements enhance its over-
all efficiency. Additionally, a tomographic image
has been created to further improve user insights.
the results show that this new method presents
higher accuracy than previous approaches the
mean absolute error of this model represented by
Equation 1, is 0.002 for the training set and 0.003
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Figure 8. Reconstructed images of different void fractions
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for the testing set. In the equation, N represents
the data count, X(pred) denotes the predictions
from the proposed MLP, and X(sim) corresponds
to the simulated results from COMSOL. Another
key parameter to demonstrate the correlation be-
tween the predicted data and the actual values is
the Pearson correlation coefficient, as shown in
Equation 2. In this formula x, and y, represent the
predicted data points and actual data points, re-

spectively, while x and y are the mean values of
the predicted and actual data. The R? value, shown
in Equation 3, indicates the strength and direction
of the relationship between two variables. In this
model, the R? value is 0.999 for the training data-
set and 0.998 for the testing dataset, demonstrat-
ing a strong positive linear relationship between
the variables.

1 .
MAE = — 311 |[xi(Sim) — x;(Pred)| (1)
_ _2a=0izy) )
VI (yi-y)?
R =7 )

Figure 9 shows the regression for training
and testing data. As it is obvious the model
is not facing any underfitting or overfitting.
Moreover, the sinogram is used to reconstruct
the flow pattern and gain some information
about the distribution of material inside the
pipe. This will give better insights into the
flow pattern inside the pipe. Moreover, Table
5 presents a comparison between the results
obtained in this study and those reported in
other studies on void fraction measurements.
The findings highlight notably improved ac-
curacy compared to prior studies. Figure 10
illustrates the training and testing loss of the
ANN model over 500 epochs. Initially, both
training and testing losses decrease rapidly,
indicating effective learning. Eventually, both
losses stabilize and converge to near zero,
demonstrating that the model has achieved
optimal performance and minimal overfitting.
The histogram of errors shown in Figure 11 re-
veals the distribution of prediction errors for

Table 5. Comparison of different studies measuring the void fraction

Reference Approach MAE (mean absolute error) Feature selection Output
[28] MLP 0.048 - Void fraction
[29] MLP 0.049 - Void fraction
[30] MLP 0.012 - Void fraction
[38] RBF 0.04 Statistical features Void fraction
139] RBF 0.05 E”efgggtfr‘é':ai” Void fraction
This study Deep neural network 0.002 Sinogram matrix Void fracti?mn;r;c;mographic
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Figure 9. Regression of train, and test datasets with the prediction of them
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Figure 11. The histogram of errors for training and testing datasets

both training (blue) and testing (orange) datas-
ets. Key observations include the centering of
errors around zero, indicating no significant
bias, and a relatively symmetrical distribution
with most errors close to zero, suggesting high
accuracy. The similarity in error distributions
between training and testing datasets implies
that the model generalizes well. These obser-
vations demonstrate that the model performs
consistently and accurately on both datasets.
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The primary innovation of this study was
the achievement of significantly higher accu-
racy in void fraction measurements compared
to previous methodologies. This advancement
was attributed to the novel approach, which in-
volved combining a fluid sinogram with a neu-
ral network. The deliberate choice of an 8-blade
concave sensor, rather than a sensor with more
blades, was made to leverage its larger cross-sec-
tion, which provided a superior signal-to-noise
ratio and effectively minimized errors associated
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with flow velocity. This design was particularly
advantageous in high-speed fluid environments
and required less processing power, thus en-
hancing overall efficiency. Additionally, a tomo-
graphic image was developed to complement the
measurements and improve user understanding.
Overfitting is detected when a model is exces-
sively fitted to a specific dataset, causing inad-
equate generalization to new data. To prevent
overfitting in the model, several strategies were
implemented. Firstly, the training and validation
loss/accuracy were monitored. Overfitting is in-
dicated when the training loss decreases while
the validation loss begins to increase, or when
training accuracy significantly exceeds valida-
tion accuracy. Additionally, learning curves were
utilized to identify overfitting, as this can be ob-
served if the training loss continues to decrease
while the validation loss increases. Given that
capacitance-based methods for measuring void
fraction are significantly influenced by varia-
tions in relative permittivity due to changes in
temperature and pressure, a novel approach that
eliminates this dependency is needed. Utilizing
the power of ANN presents a promising oppor-
tunity for future work. By employing ANNs, it
is possible to develop a method that is indepen-
dent of fluctuations in temperature and pressure,
thereby improving the accuracy and reliability
of void fraction measurements.

In practical applications, several potential
sources of error could affect the accuracy of
the measurements using the proposed method.
These include: sensor calibration, electromag-
netic interference, flow regime variability, pipe
surface properties and noise in data acquisition.
In light of the limitations observed, future re-
search will focus on employing ANNSs to devel-
op a measurement method for void fraction that
is independent of fluctuations in temperature
and pressure. This approach aims to enhance
both the accuracy and reliability of measure-
ments. Furthermore, expanding the scope of
this study to include various flow regimes, such
as homogeneous or annular flows, will be ex-
plored. Investigations will also extend to differ-
ent fluid types, including air-oil mixtures, and
to fluids involving more than two phases. These
advancements will help address the applicabil-
ity of our findings to a broader range of flow
patterns and fluid combinations, ultimately
contributing to a more comprehensive under-
standing of void fraction measurement.

CONCLUSIONS

Measuring the void fraction within pipelines
holds paramount importance in ensuring opera-
tional efficiency, safety, and environmental com-
pliance across various engineering sectors. Numer-
ous methodologies exist for gauging void fractions
in multiphase flow systems. Capacitance sensors
emerge as a dependable and practical option for
void fraction assessment, offering versatility, sen-
sitivity, cost efficiency, and user-friendliness as key
advantages. To simulate diverse void fractions in
an air-water stratified two-phase flow, simulations
were executed spanning 31 void fractions ranging
from complete occupancy (0) to complete empti-
ness (1). An 8-blade concave capacitive sensor
was devised and deployed for void fraction mea-
surements. Leveraging the FEM, COMSOL Mul-
tiphysics facilitated the generation of desired void
fractions and the measurement of void fractions for
each electrode pair. Capacitance values for these
electrode pairs were gauged, yielding sinograms
corresponding to various void fractions. These sin-
ograms served as inputs for an ANN crafted in Py-
thon, specifically a Multilayer Perceptron model,
to predict void fractions. Additionally, to enhance
user comprehension, sinograms were utilized for
fluid image reconstruction via the back-projection
method. The outcomes showcased an accuracy
level of 0.002, marking a noteworthy advancement
over previous techniques in void fraction assess-
ment. Future research can use ANNs to develop a
void fraction measurement method independent
of temperature and pressure fluctuations. Studies
should also explore various flow regimes and fluid
types, such as air-oil mixtures and multiphase flu-
ids, to broaden the applicability of the findings.
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