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Abstract

In petrochemical production, the flow of oil-water mixture in pipelines is a common phenomenon
referred to as oil-water two-phase flow. The main purpose of oil-water two-phase flow detection is to
detect the proportion of oil or water in the liquid to be tested, which is significant for crude oil extraction,
storage and transportation and even sales. This article analyzes the impact of complex environments on
the detection results of oil-water two-phase flow and introduces the basic principle of oil or water content
detection methods in oil-water two-phase flow detection as well as the applicability, advantages and
disadvantages of various detection methods. Then the domestic and foreign scholars’ efforts toward the
fundamentals are briefly introduced. Finally, existing methods are summarized, together with research
trends for oil-water two-phase flow.
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Introduction

The main purpose of oil-water two-phase flow detection is to measure the water-
to-oil weight ratio of the liquid to be tested (usually in percentage). The analysis of the
water-to-oil weight ratio of liquids is a common analytical technique in petroleum and
chemical engineering which is used to determine the water and oil content of liquids and
evaluate their quality, properties and practicability. The oil-water two-phase flow content
measurement has important practical significance for process optimization, process control
and flow measurement. With the deepening research on oil-water two-phase flow detection
technology by global scholars, more and more methods are utilized in oil-water detection.
However, in practical applications, these methods have certain environmental and inherent
limitations. This article analyzes the factors that affect the detection results of oil-water two-
phase flow content, summarizes several typical detection methods for oil-water two-phase
flow and introduces in detail their advantages, disadvantages and applicable environments.
Finally, the developing trend of oil-water two-phase flow detection technology is presented
in this prospect.

Factors Affecting Accuracy of Oil-Water Two-Phase Flow Content
Detection

The complex environment of industrial production can affect the content measurement
of oil-water two-phase flow, especially the salinity and temperature. In the process of crude
oil exploitation, the water molecules in the oil-water mixture will be mineralized to a certain
extent, which depends on the local geological conditions, changing the conductivity and
density of the mixture and affecting the measurement results of crude oil. Especially when
using capacitance, conductivity or microwave technology for measurement, large deviations
may occur in the measurement results. Xiuxin [1] analyzed the influence of the degree of
mineralization annular and sampling capacitance method for measuring oil-water two-phase

540


http://dx.doi.org/10.31031/PPS.2023.05.000619
https://crimsonpublishers.com/pps/

PPS.000619. 5(4).2023

541

flow. The results show that the annular sensor is slightly affected
by the degree of mineralization and low water content, while the
sampling sensor is not affected by meaningless results. Yaping et al.
[2] analyzed the effect of mineralization degree on the capacitance
method for measuring water content and the results show that
the capacitance method has an apparent error in measuring high
water content liquids. Yanpeng [3] analyzed the effects of different
mineralization degrees of single and double components on the
water content of oil-water mixtures detected by microwaves
(Figure 1).
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Figure 1: The influence of dual mineralization on
samples with different initial water content [3].
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Figure 2: Infrared absorbance of 27.3% water content
liquid at different temperatures [6].

Because the dielectric constant of aqueous crude oil changes
with temperature, the influence of temperature should be
considered when measuring the water content of crude oil through
capacitance, inductance and microwave. As verified by Erji et
al. [4], the relative dielectric constant of water with increasing
temperature. Pengmin et al. [5] explored the effect of temperature
on the measurement results of crude oil moisture using microwave
sensors and the results show that the moisture has a decreasing
trend with increasing temperature; Yufei et al. [6] research found
that with the increasing temperature, the absorbance of OH

bonds in liquid water also shows a proportional increase trend.
This discovery provides an important reference for infrared
spectroscopy to detect water content (Figure 2).

Several Typical Methods

Different methods can be used for detecting oil-water two-
phase flow, such as capacitive inductance, radiographic, ultrasonic,
microwave, spectral and capacitance tomography
technology. These methods are commonly used in industrial

imaging

production processes, but they also have their respective limitations
and challenges in practical applications.

Capacitance and inductance technology

The capacitance and conductivity detection method is a
commonly used method for oil-water detection. The basic principle
of the conductivity method is that oil, as an insulator, has no
conductivity, while water, as a salty mineralized substance in the
oil production process, has certain conductivity. By measuring the
conductivity of the oil-water mixture, it is possible to determine the
oil content of the mixture. The basic principle of the capacitance
method is based on the different dielectric constants of water and
oil. Water typically has a dielectric constant of 81.5, while crude oil
generally has a dielectric constant between 1.86 and 2.38. When a
mixture of oil and water with varying oil content passes between
the two plates of the capacitor, it causes changes in capacitance. The
oil content can then be calculated by measuring the electric current.
Bo et al. [7] measured the conductivity of oil-water mixtures at
different temperatures using distillate properties of crude oil and
derived a relationship between oil content and conductivity. This
method maintains an error within 2% for oil-water mixtures with a
water content of 90%. Zhonghao et al. [8] proposed a new method
for measuring water content in oil using conductivity.

This method solves the problem of complex flow patterns
affecting measurement results by adding a vane cyclone separator
to the measuring tube. The experimental results show that the
maximum error of this method in measuring liquid film thickness
is only 4.86%. Hongwei et al. [9] proposed a new method for
measuring oil content in oil-water two-phase laminar flow in
horizontal wells by combining turbine and capacitor technology in a
multi-point measurement. By verification, the experimental results
are consistent with the expected values, with an average moisture
content error of 2.373%. Xinhe et al. [10] proposed a capacitance-
based detection technology for measuring the oil-water interface
of aviation kerosene, which improves the accuracy of oil-water
interface detection. The capacitance inductance measurement
method for measuring oil-water mixed liquids has the advantages
oflow cost, fast response and simple structure. It was widely used in
oilfield production processes during the 1990s. Both measurement
methods are susceptible to factors such as corrosion and the liquid
under test adhering to the measuring device, which can adversely
affect the accuracy of the measurement parameters. Moreover, in
practical applications, variations in the flow patterns of oil-water
liquids can also cause differences in measurement results, leading
to significant errors. Consequently, relying solely on these two
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methods is no longer sufficient to meet the demands of modern
petroleum production processes.

Radiographic measurement methods

The radiation measurement method involves observing the
attenuation of a portion of the energy of the measured fluid when
it is irradiated by the radiation source. This makes it possible
to calculate the proportion of the substance in the fluid and
determine its composition. Pap HJ [11] was the first to attempt
combining spectroscopy and X-ray technology to achieve accurate
determination of oil content in water. Qiuguo et al. [12] proposed a
method for measuring the water content of crude oil with extremely
high resolution and accuracy. This method is based on the intensity
attenuation characteristics of y rays passing through a medium and
involves accurately estimating the water content of the liquid under
test by measuring the number of transmitted rays.

Panpan et al. [13] proposed a method for monitoring the upper
and lower limits of the oil-water interface using the ray method to
provide an alert when the interface reaches a certain position. Lin
et al. [14] designed a real-time measurement and display system
based on X-rays, which can more effectively monitor the state of oil-
water two-phase flow and display the water content of the flow in
real-time. Haozhe et al. [15] applied the principle of ray attenuation
to identify the thickness of light and heavy oil and water layers, as
well as the thickness of emulsion layers in different groups. Lei et al.
[16] conducted a comprehensive investigation of the distribution of
oil-water saturation and its corresponding measurement methods
using X-CT scanning technology, verifying that the patterns of water
saturation distribution and permeability curves are accurate. Runxi
et al. [17] and his team conducted research and found that a crude
oil moisture analyzer designed by photon ray source technology,
based on y rays, can achieve high measurement accuracy even
when the water content of crude oil is between 0% and 98%. The
measurement accuracy is found to be within -2.98% to +2.98%.
The radiation measurement method for measuring oil and water
content offers the advantages of high measurement accuracy
and non-destructive testing. However, this method has several
drawbacks, such as high cost and maintenance expenses, poor
detection stability and the potential health risks associated with
radioactive substances. As a result, it has not been widely adopted.

Ultrasonic measurement method

The ultrasonic measurement method for determining the oil-
water content operates on the principle of studying the different
propagation characteristics of ultrasonic waves in oil-water
mixtures with varying moisture content (such as amplitude,
frequency and phase changes), to determine the proportion of
various components in the liquid being measured [18]. A common
method for estimating the content of a medium is to observe the
transmission, reflection, scattering and time-of-flight of ultrasound
as it passes through the liquid. Chengcheng et al. [19] proposed
an ultrasonic scattering method for measuring the content of oil-
water two-phase flow, using a non-intrusive method to maintain
the flow state of the liquid. Experimental results demonstrate that
this method provides high measurement accuracy. Yizhe et al. [20]

simulated and modeled a liquid with a dual continuous dispersed
flow. The simulation model is tested using the principle of
ultrasonic attenuation and the relationship between the ultrasonic
attenuation signal and varying oil contents is determined. Wei et
al. [21] designed a transmission-type ultrasonic testing system to
measure the oil-water solution in horizontal pipelines. The results
demonstrate that the transmission attenuation signal of ultrasonic
is linearly proportional to the holdup of oil-water two-phase flow.
Qian et al. [22] developed a flow field simulation model for oil-
water two-phase flow using the finite element analysis method and
conducted simulation research on the ultrasonic attenuation signals
received by liquids with varying concentrations of oil content.

The results demonstrate the feasibility of using the ultrasonic
attenuation method to measure the content of oil-water two-
phase flow within a certain range of oil content. The ultrasonic
measurement method is capable of measuring the moisture
content of oil-water two-phase flow with sparse and dispersed flow
characteristics. Its advantages include non-contact operation and
non-destructive testing. However, the accuracy of the ultrasonic
measurement method can be significantly affected under high-
temperature and high-pressure conditions due to limitations in the
installation location and working environment of the transducer.
Additionally, ultrasonic attenuation is effective only within
certain ranges of oil content and may not be able to measure the
entire range of oil content. Therefore, the application range of the
ultrasonic measurement method is somewhat limited.

Microwave measurement method

The microwave measurement method utilizes the high-
frequency dielectric properties of substances to measure the
dielectric constants of the oil and water phases in an oil-water two-
phase flow. It obtains information on amplitude and phase through
the attenuation of the measured liquid’s energy, enabling inference
of the content of the measured liquid. Microwave resonant cavities,
single frequency, as well as the variable frequency transmission
techniques can be effectively employed to measure the content of
substances [23]. Marrelli et al. [24] designed a fully measurable
instrument for monitoring water content. The instrument employs
microwave attenuation and phase shift data to calculate the volume
fraction ratio of mixed liquids containing oil, gas and water. It is
not affected by factors such as temperature and mineralization.
Yaozhong et al. [25] conducted simulation validation of the
microwave method for measuring the water content of crude oil.
The experimental results demonstrate that when the oil-water
mixture is uniformly distributed, the dielectric constant exhibits a
linear relationship with the water content. However, this simulation
only targets specific oil-water mixture contents and does not
achieve measurement across the full range of contents. Penguin et
al. [26] investigated the variation of the dielectric constant of oil-
water mixtures with temperature using the microwave phase shift
method.

The research reveals that the dielectric constant of the oil-
water mixture decreases as temperature increases, which can
affect the accuracy of detection. Zhe et al. [27] designed and
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built a water retention logging tool using microwave technology.
After experimental verification, the tool is found to be capable of
accurately measuring the layered oil content in high water-bearing
wells. When the water content exceeds 50% or is less than 20%,
the measurement accuracy of the microwave water retention
logging tool can reach 2%; The microwave water retention logging
tool can achieve a measurement accuracy of 2% when the water
content exceeds 50% or is less than 20%. When the water content
is between 20% and 50%, the measurement accuracy can reach
10%, which can meet the requirements for practical applications.
Weiguang et al. [28] and his team successfully measured the oil-
water interface of heavy oil using a microwave level gauge. Actual
results indicate that this technology has an average error of about
5%, which is more accurate than traditional float-level gauges
and can be applied to water cut monitoring in storage tanks.
The microwave measurement method has been widely adopted
for measuring oil-water two-phase flow due to its non-contact
nature, high measurement accuracy and wide measurement
range. However, due to the complex structure and high cost of
microwave transceiver circuits which require high environmental
noise standards and good temperature stability, its application is
somewhat limited.

Fluorescence spectroscopy

Fluorescence spectroscopy can be divided into two types: two-
dimensional fluorescence spectroscopy and three-dimensional
fluorescence spectroscopy. The main principle of 2D fluorescence
spectroscopy is that most petroleum compounds exhibit
fluorescence under specific excitation wavelengths of light. By
analyzing the fluorescence intensity of samples with different
concentrations, the relationship between fluorescence intensity
and oil content can be established using Lambert Beer’s law. 3D
fluorescence spectroscopy can provide a wealth of fluorescence
information, such as fluorescence intensity, fluorescence spectrum
shape, number of fluorescence peaks and wavelength of fluorescence
peaks. By analyzing these fluorescence characteristics, quantitative
or qualitative analysis models can be established for different
types of oil products [29]. Fluorescence spectroscopy analysis has
become a popular research topic in the field of petroleum content
detection in water due to its advantages, such as simple operation,
fast response and non-contact measurement. He LM et al. [30]
prepared four different petroleum samples and obtained their
fluorescence and light scattering spectra. They then used artificial
neural network methods to establish a more accurate mathematical
model for predicting oil content in water based on the obtained
spectra. Gyeongdong et al. [31] developed a light scattering and
TSK fuzzy system for monitoring ship oil discharge. Kim et al.
[32] utilized fluorescence detection to monitor the distribution of
dispersed oil in pore water.

Massaro et al. [33] developed a new oil-in-water detection
system based on optical reflection, which can be used to detect the
content of single or multiple types of oil pollutants, as well as oil film
thickness. Daying et al. [34] established a mathematical relationship
between oil content in water and fluorescence intensity through
experiments. They analyzed the fluorescence characteristics of

crude oil and petroleum products from multiple regions using
specific emission and excitation wavelengths. Shirong et al. [35]
investigated the relationship between the fluorescence intensity of
different crude oil components and the oil concentration in water.
They found that fluorescence quenching occurs when the solution
concentration is too high, leading to a nonlinear relationship
between fluorescence intensity and solution concentration at high
concentrations. Jiang et al. [36] used synchronous fluorescence
spectroscopy with a wavelength of 25nm to study different types
of crude oil and their weathered samples. They combined cluster
analysis methods to successfully identify suspicious oil sources and
oil spill samples in sea surface oil spill events, providing a strong
basis for further research. Zhicheng et al. [37] analyzed the effect of
different concentrations of humic acid on the fluorescence method
for measuring oil content in water.

Wang et al. [38] prepared various crude oil samples from
the Shengli Oil Field. They combined the synchronous scanning
method with three-dimensional fluorescence analysis technology
and used different spectral measurement methods to establish the
relationship between spectral characteristics and concentration.
Experimental results show that the three-dimensional fluorescence
method can be used in applications that require high precision
and in scenes with high concentrations of oil. Youquan et al.
[39] analyzed the three-dimensional spectral
characteristics of diesel, gasoline and mixed oils. Based on their
findings, they proposed a new method that accurately identifies
the characteristics of different oil products. This method provides
an effective guarantee for the safe use of oil products. Renjie et al.

fluorescence

[40] used three-dimensional fluorescence differential spectroscopy
to analyze the mixed solvent oil content in diesel. The results
demonstrate that this method can accurately measure the solvent
oil content. Yan et al. [41] studied the effect of solvents on the three-
dimensional fluorescence spectra of different types of petroleum
and analyzed the relative intensities of multiple fluorescence
peaks. This method can be used to identify petroleum types.
Yutian et al. [42] used principal component analysis to reduce
the dimensionality of spectral features and developed models for
different oils using BP neural networks. The goal is to study the
identification of mineral oils. Xiao et al. [43] identified the three-
dimensional fluorescence spectral characteristics of three finished
oil ethanol solutions, determined the positions of fluorescence
peaks and established the relationship between fluorescence
intensity and low-concentration solutions.

Guangjun T [44] utilized the Singular Value Decomposition
(SVD) method to reconstruct the characteristic sequence of the
3D fluorescence spectrum of mineral oil in different types of water
based on 3D fluorescence spectrum data. The results show that
the singular value characteristic spectrum can effectively capture
the main energy features of the three-dimensional fluorescence
spectrum. This method can be used to monitor the type of oil
contaminant present in water. As mentioned earlier, the 2D
fluorescence method is commonly used to measure the oil content
of a liquid using ultraviolet fluorescence. Liquid oil content can be
quickly calculated based on fluorescence intensity, making it useful
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in marine oil pollution monitoring and sewage monitoring. On the
other hand, the 3D fluorescence method can provide more detailed
fluorescence information about the liquid being tested. This method
notonly allows for the measurement of liquid concentration butalso
enables the proportion of different types of oil in the liquid to be
determined based on the fluorescence information obtained. While
fluorescence spectroscopy offers high sensitivity and selectivity, it
is susceptible to interference from visible light and quenching will
occur when the oil content is high, leading to a significant deviation
between absorbance and concentration. Consequently, this method
is only suitable for measuring small amounts of oil in water.

Near-infrared method

When an oil-water mixture is irradiated with near-infrared light,
a specific absorption spectrum is generated, linearly correlated
with the water content in the liquid. As a result, the near-infrared
method can be utilized to measure the water content in the mixture.
The near-infrared method works by reflecting near-infrared light
into the photodetector of a measuring instrument to determine the
moisture content of the liquid. When measuring low-water crude
oil, the near-infrared method offers several advantages, including
high accuracy, fast speed and non-destructive testing [45]. As a
result, this method has been widely employed by researchers to
investigate the detection of oil-water two-phase flow holdup. Jinqi
et al. [46] developed a fiber optic near-infrared moisture content
monitoring system that exhibits high accuracy for measuring low
moisture content liquids. Jian et al. [47] proposed a spectral ultra-
sparse representation method for oil-water mixture spectra based
on self-correlation. This method is used to screen detection bands
and verify the responses of two bands to oil-water mixture flow
patterns, which shows a significant correlation between the two
bands. Subsequently, Jian et al. [47] proposed a SPA-PLS method
for modeling and predicting high water-content crude oil with good
accuracy [48]. Xin et al. [49] developed a method for rapid detection
of crude oil content using infrared spectroscopy. Various crude oil
samples were prepared for the experiment with standard solutions
of different water contents and mineralization degrees.

The resulting modeling correlation coefficient R reaches
94.44%. Yufei et al. [50] introduced a detection system based on
Attenuated Total Reflectance Fourier Transform Infrared (ATR-
FTIR) spectroscopy technology, which achieves a Coefficient of
Determination (R-squared) of 98% for the modeling and prediction
sets. Hongming et al. [51] preprocessed the near-infrared spectral
data of crude oil using moving window smoothing, convolutional
smoothing and convolutional derivative methods and established
a prediction model using partial least squares and SVM (support
vector machines). These experimental results demonstrate that
the prediction model achieves an extremely high level of accuracy.
Although the infrared method has the advantages of high accuracy,
fast detection speed and contactless measurement in detecting
the moisture content of oil-water two-phase flow, it has not been
widely used in industrial production due to its high cost and
complex operation.

Electrical capacitance tomography

In recent years, Electrical Capacitance Tomography (ECT) has
emerged as a major area of research in two-phase flow detection.
The fundamental is that the dielectric constants of oil and water are
different such that the capacitance of a measured cross-section will
vary as different oil-water mixtures flow through it. By analyzing
the changes in capacitance, the distribution of the liquid can be
obtained. Image reconstruction methods can be employed to
generate an oil-water distribution fitting graph of the cross-section
[52]. ECT’s The non-contact, low-cost, and wide-range advantages
of ECT have made it a research hotspot in two-phase flow detection.
Hossain et al. [53] presented an algorithm that utilizes capacitance
tomography to continuously monitor the components of
multiphase flow. Unlike conventional methods, this approach does
not directly reconstruct the dielectric constant of the imaging area
but does employ single-frequency measurements to reconstruct
the fractional area/volume of each phase in the multiphase flow
and then calculate the dielectric constant image. Rasel et al. [54]
classified the flow state of aqueous liquids into continuous flow
and dispersed flow and used deep learning to estimate the volume
fraction of water in these two flow states.

Guibin et al. [55] introduced an ECT image reconstruction
algorithm based on a genetic algorithm, with simulation results
indicating that the average error of this method for phase holdup
measurement is less than 2.5%. Haichao et al. [56] developed a
multi-task learning and capacitance imaging method that utilizes
neural network and Random Forest regression methods to extract
features of the reconstructed image and calculate its phase holdup.
The results indicate that the relative error of the phase holdups was
kept within 5%. The electrical capacitance tomography method is
low-cost, non-contactand non-destructive withawide measurement
range. Therefore, it has been widely employed in the study of phase
holdup measurement in two-phase and multiphase flows. However,
during image reconstruction, the real-time performance of more
complex algorithms is poor and conventional algorithms is difficult
to guarantee accuracy. Additionally, the challenges associated with
detecting weak capacitance and the soft field characteristics of
capacitance measurement [57,58] have yet to be addressed. Hence,
this method remains in the progress of laboratory research, which
cannot be applied in practical engineering.

Conclusion

While some oil-water two-phase flow detection methods
have been widely adopted in the industrial field, their limitations
can make it challenging to meet the increasingly complex process
requirements. As such, it is necessary to explore better detection
methods or find ways to address their shortcomings. Table 1
provides a summary of the detection methods for oil-water two-
phase flow. It is evident from this table that addressing the impact
of complex environments on measurement results during the
measurement process is a key focus of future research on oil-water
two-phase flow detection technology. To achieve breakthroughs in
this area, the following guidelines of research are illustrated:
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Table 1: Summary of measurement methods for oil water two-phase flow detection.

Methods

Advantage

Disadvantage

Scope of Application

Capacitance and

Low cost, simple structure, and fast

Easily affected by hanging materials

In environments with relatively stable flow

resistance response time and sensitive to fluid flow patterns patterns and high water content
Radiographic Noncontact, high measurement High cost, unstable line source, and In processes with stable environments and
measurement accuracy, non-destructive testing harmful to human health high-precision requirements

Ultrasonic measurement

Noncontact, non-destructive testing

High environmental requirements,
unable to fully measure

0il water two-phase flow holdup with
sparsely dispersed flow characteristics

Microwave measurement

Noncontact, high measurement
accuracy, wide measurement range

High requirements for
environmental noise and poor
temperature stability pose a threat
to human health

Can be used for the measurement of
continuous-phase fluids

Fluorescence
spectrometry

Noncontact, high accuracy, and
simple operation

The fluorescence measurement
range is small and greatly affected
by visible light

2D fluorescence is more suitable for
detecting trace oil concentr- ation, while 3D
fluorescence is more commonly used for oil

classification and quality detection

Noncontact, high accuracy, and fast

Infrared spectroscopy detection speed

High cost and complex operation

In processes with high-precision
requirements

Noncontact, low cost, and wide
applicability

Electrical capacitance
tomography

Image reconstruction is complex
and has poor real-time performance

Only used in laboratory research, not applied
in engineering

a) Non-contact monitoring has become the mainstream
of oil-water two-phase flow detection research, due to
the challenges posed by contact measurements, such as
susceptibility to interference by hanging materials and the
potential of instrument sensors corrosion over long-term use.

b)  Real-time performance is a crucial consideration in oil-
water two-phase flow holdup detection technology, as it is often
applied in the industrial production process to obtain real-time
value of liquid content. Sampling and analysis measurement
techniques with poor real-time performance can rarely meet
the needs of industrial production.

c) Nondestructive testing is essential in the industrial
production process, as the content of the medium is often used
as an indicator for the operator or operating system to proceed
to the next step. If the properties of the detected liquid change,
it will become invalid and lead to significant losses for the
enterprise.
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