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A B S T R A C T   

The precise measurement of multiphase flow holds significant importance across diverse industrial contexts. 
However, rigid probes struggle with the variable dimensions of curved surfaces, while flexible probes are hin
dered by fragility, susceptibility, and challenges in large-scale production. Herein, we propose an ultrasonic 
device featuring a flexible substrate that seamlessly amalgamates flexibility and rigidity to enable precise 
measurement of three-phase flow. Through simulation, we determine the optimal ultrasonic frequency (1 MHz) 
and flexible substrate thickness (3 mm) for a specified probe and pipe size (20 mm). A novel concept, the specific 
attenuation coefficient (SAC), derived from the voltage-amplitude of transmitted and received signals and 
propagation distance, is introduced to differentiate between oil and water. The discrepancy between measured 
and actual three-phase holdups are 0.55 %, 0.36 %, and 0.59 % for water, gas and oil, respectively, with a 
variance of measurement results 0.027.   

1. Introduction 

The mixed transport of oil, gas, and water characterizes a common 
multiphase flow scenario in the petrochemical industry [1–3]. Accurate 
characterization of phase holdup in water–gas-oil multiphase flow is 
crucial for investigating flow mechanisms, exploring the properties of 
underground crude oil, and achieving the safe and efficient extraction 
[4–7]. Unlike the simple single-phase fluids, multiphase flow encounters 
the challenges of response nonlinearity and spatiotemporal non-uniform 
distribution at the interphase interface, which makes it difficult to 
distinguish phases accurately, particularly in high speed, remote con
trol, and non-invasive measurement occasions [8,9]. Considerable 
methods have been applied to solve above mentioned challenges, such 
as electrical, optical, and tomography techniques. However, each of 
them holds distinct merits and shortages tailored to specific applica
tions. For instance, the electrical method offers a low cost and rapid 
response but is constrained by the requirement for specific electrical 
properties in the measurement object. Optical techniques exhibit 
elevated measurement precision and short response time, their appli
cability yet is confined to materials characterized by favorable light 
transmission properties, rendering them ineffectual for materials 

impervious to light penetration. Tomography is equipped with high 
resolution and high sensitivity, and can also provide detailed internal 
structure information, however, it requires multiple sensors to be ar
ranged around the pipeline to be measured, posing challenges for 
widespread use in complex industrial settings [10–13]. 

One another practical technique for monitoring multiphase flow is 
the acoustic method. As a non-invasive procedure, ultrasound boasts 
robust penetration and directivity, enabling its application in dense 
suspensions and optically opaque liquids. Its cost-effectiveness, rapid 
response, and user-friendly nature render it particularly suitable for the 
demanding operational conditions prevalent in the petroleum industry 
[10,15]. The foundational principle of ultrasonic measurement hinges 
on sound waves encountering transmission, reflection, scattering, 
interference, and other phenomena within the flow field, leading to 
variations in ultrasonic characteristic coefficients. These coefficients, 
encompassing frequency, amplitude, and phase of transmitted and 
received signals, offer valuable insights into the flow condition of 
multiphase fluid [16,17]. 

The majority of existing studies on ultrasonic multiphase flow have 
primarily focused on advancing data analysis methods to achieve 
greater accuracy in measuring parameters such as flow pattern, 
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ultrasonic [18–19]. However, there remains a notable gap in research 
concerning measurement devices. Typically, commercial devices for 
evaluating multiphase flow exhibit rigid structures incapable of signif
icant deformation. The fixed-size transducers depicted in Fig. 1a 
significantly limit their adaptability, particularly in small-diameter 
pipes where their utility is diminished and the introduction of air gaps 
inevitably leads to amplitude errors and inaccurate results. Conse
quently, recent attention has been directed toward flexible ultrasonic 
sensors due to their inherent versatility and lightweight properties [21], 
positioning them as promising candidates [22,23]. Fig. 1b demonstrates 
limitations of rigid probe applications and the adaptability of flexible 
devices in specialized measurement scenarios, thus significantly 
expanding the potential for sensor applications across various domains, 
including communication, energy, medicine, and national security 
[21,24]. However, it is imperative to acknowledge that while flexibility 
enhances adaptability to complex pipe curvatures and industrial envi
ronments, its intrinsic fragility may lead to relatively short working 
lifespans. As depicted in Fig. 1b, the flexible core of the device, repre
sented by the serpentine wires, guarantees the favorable ductility but 
exacerbates their fragility due to the micron-level cross-sectional size. 
Moreover, the intricate and costly production processes involving 
lithography, etching, and coating equipment, coupled with susceptibil
ity to damage at each step, pose substantial challenges to mass pro
duction, severely limiting the industrial applications of flexible devices 

[25–26]. Therefore, efficiently amalgamating the durability inherent in 
rigid probes within the industrial domain and the versatile adaptability 
of flexible probes to various curved pipes stands as a pivotal focus, 
promising to significantly enhance adaptability, accuracy, and cost- 
effectiveness in pipeline-fluid measurement. 

In this work, an innovative approach is presented for measuring the 
holdup of three phases in small-size pipelines using an ultrasonic device 
with the flexible substrate. Different flexible substrates and ultrasonic 
frequencies will yield varying effects on the measurement results. In 
order to select a suitable flexible base, the COMSOL software was uti
lized to investigate the influence of the thickness and ultrasonic fre
quency of the flexible substrate on the measurement results. The device, 
consisting of two identical components, features a flexible substrate as 
its key element, ensuring compatibility with pipes of various sizes for 
precise measurements through the incorporation of rigid probes. This 
advancement allows the rigid probe to effectively conform to diverse 
surfaces, achieving a balance between the adaptability of the flexible 
probe and the durability of the rigid probe. This effort, which focuses on 
optimizing the measurement equipment and thus improving the mea
surement results, is neglected by existing three-phase flow studies, As 
such, it is considered to be the first central highlight of this paper. In 
addition, the paper delves into the analysis of phase holdup measure
ment, commencing with the determination of transit-time after ultra
sonic reflection at the gas–liquid interface, unveiling the liquid and 

Fig. 1. (a) Rigid probes with fixed sizes commonly utilized in industry. (b) Adaptability comparison between rigid and flexible devices: limitations of rigid probe 
applications and the core of the flexible devices: stretchable wires. (c) Schematic diagram of ultrasonic reflectance at oil–gas interface. (d) Diagram of height 
acquisition of the liquid phase based on ultrasonic reflectance. (e) Relationship between absorption attenuation and oil content. (f) The difference of ultrasonic 
transmission path between traditional method and our method. 

J. Fan et al.                                                                                                                                                                                                                                      



Measurement 235 (2024) 114905

3

subsequently the gas height. Additionally, a new concept of Specific 
Attenuation Coefficient (SAC) is introduced to characterize the water 
and oil phases, which stems from the linear relationship between SAC 
and oil phase content in the liquid phase. Specific Attenuation Coeffi
cient can be obtained based on the voltage-amplitude of the transmitted 
and received signal and the propagation distance. As a concept initially 
proposed, it is regarded as the second core highlight of this paper. We set 
up a multiphase flow experimental platform and utilized the flexible 
wearable device to characterize the phase holdup. Ultimately, the error 
in the measured holdup for all three phases was less than 1 %, demon
strating the accuracy of the measurement method. In the realm of in
dustrial multiphase flow measurement, this method offers the 
advantages of simplicity in operation, strong adaptability, accurate re
sults, and low-cost, facilitating the precise determination of three-phase 
holdup in oil–gas-water flow scenarios. 

2. Methodology 

2.1. Gas phase holdup determination by ultrasonic transit-time 

In the context of three-phase flows, phase holdup serves as a 
parameter describing the proportion of each phase component to the 
total component, which can be categorized into section phase holdup, 
volume phase holdup, and mass phase holdup. The section phase holdup 
refers to the ratio of the section area of each phase to the total area on 
the pipeline section [18]. In this work, however, the height occupied by 
the three phases in the pipeline is considered as the assessment criterion 
of the section phase holdup to simplify the calculation. 

Acoustic impedance, expressed as the product of sound speed and 
density, is a key factor [28], with water, oil, and gas having acoustic 
impedances of 1.50× 106 Pa⋅s/m2,0.98× 106 Pa⋅s/m2, and 
445.9 Pa⋅s/m2, respectively. The acoustic impedance of two phases is 
crucial for determining sound pressure reflectance and transmittance 
when ultrasonic waves traverse water–oil and oil–gas interfaces, 
described as follows [29]: 

R(w/o) =
ρoco − ρwcw

ρoco + ρwcw
= − 20.97% (1)  

T(w/o) =
2ρoco

ρoco + ρwcw
= 79.03% (2)  

R(o/g) =
ρgcg − ρoco

ρgcg + ρoco
= − 99.91% (3)  

T(o/g) =
2ρgcg

ρgcg + ρoco
= − 0.09% (4)  

where, R and T denote reflectance and transmittance, respectively; w, o, 
and g is water, oil, and gas, respectively; w/o and o/g refer to the in
terfaces of water–oil and oil–gas, respectively. 

The formulations indicate that a predominant portion of the ultra
sonic wave traverses the oil and enters the water, exhibiting a 20 % 
reflectance at the water–oil interface. Yet, due to the considerable dif
ference in acoustic impedance between the gas and liquid at the 
gas–liquid interface, up to 99.91 % of the ultrasonic energy is reflected 
by the interface. Hence, upon traveling through the liquid phase, the 
ultrasound will be reflected at the liquid–gas boundary (depicted in 
Fig. 1c), and the received reflected signals signify the height of the liquid 
phase. Comparing the time-domain difference between the transmitted 
signal and the reflected echo signal, the height of the liquid phase can be 
obtained after multiplying the time difference by the speed of sound, as 
illustrated in Fig. 1d. The height of the liquid phase can then be sub
tracted from the pipe’s diameter to ascertain the height of the gas phase. 

2.2. Ultrasonic attenuation in a liquid phase 

Ultrasonic attenuation denotes the process wherein sound strength 
diminishes with increasing distance as it travels through a liquid phase. 
The energy losses revealed by ultrasonic attenuation are primarily 
attributed to beam diffusion (dependent on transducer structure) and 
absorption (related to thermos-elastic and viscoelastic effects) [30,31]. 
In this work, the experimental distance is confined to a small range 
(within 40 mm), thus the diffusion losses can be disregarded and ab
sorption is solely taken into account. The attenuation coefficient, indi
cating the loss in sound intensity per unit length of the propagation path, 
is defined as follows [31,32]: 

α = −
ln P

P0

L
(5)  

where, P and P0 are the sound pressure and the original sound pressure, 
α denotes the attenuation coefficient, L is the ultrasonic propagation 
distance. 

The absorption attenuation coefficient in oil–water two-phase flow, 
as proposed by Su et al., is expressed as [33]: 

αabs =
8π2f2η

3[ρ1(1 − φV) + ρ2φV ]c3 (6)  

where, f is the frequency of sound wave; η is the viscosity in the liquid; 
ρ1 and ρ2 represent the density of water and oil, respectively; φV is the oil 
phase holdup; c is the sound velocity in the medium. The ultrasonic 
absorption attenuation variations with phase holdup are illustrated in 
Fig. 1e, as a result of substituting the physical characteristics of oil and 
water from Table 1 into the absorption attenuation model. It can be seen 
that the absorption attenuation increases with oil content, benefiting 
from its viscosity is greater than that of water. Therefore, the absorption 
attenuation coefficient raises gradually with the oil phase holdup, while 
the viscosity plays a dominated role in this process. 

2.3. Specific attenuation coefficient (SAC) 

As shown in the Fig. 1f, in general, ultrasound is received after 
transmission through the measurement area. However, in our experi
ment, ultrasound follows a distinct path—entering the measurement 
pipeline after transmission, progressing through the measurement area, 
reaching the gas–liquid interface at a certain distance, reflecting back, 
and eventually being received after traversing the measurement area 
and pipeline again. This paper centers on the analysis of signals captured 
by the ultrasonic device, particularly ultrasound reflected upon 
encountering the reflection interface following traversal through the 
liquid phase. Consequently, the observed attenuation is influenced by 
both the reflection interface and the characteristics of the liquid phase. 
Thus, to avoid ambiguity with the universal attenuation coefficient, the 
Specific Attenuation Coefficient (SAC) is introduced herein. SAC can be 
determined based on the voltage-amplitude of the transmitted and 
received signals as well as the propagation distance. 

Table 1 
Physical parameters of oil, water and nitrogen (25 ◦C).  

Physical 
parameters 

Sound 
velocity 
(m/s) 

Density 
(kg/m3) 

Viscosity 
(mPa⋅s) 

Thermal 
conductivity 
(W/m/K) 

Specific 
heat 
capacity 
(J/kg/K) 

Water 1497 998 1.0087 0.6 4179 
Oil 1421 760 57.1 0.2 2000 
Nitrogen 348.6 1.257 0.0178 0.025 1038  
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3. Experiments 

3.1. Fabrication of the ultrasonic device with the flexible substrate 

3.1.1. Simulation 
The precision of measurements exhibits variability across different 

pipe sizes, prompting the necessity to identify the most appropriate ul
trasonic frequency and flexible substrate thickness for each scenario. To 
address this, we employed COMSOL simulation software to evaluate the 
accuracy of ultrasonic measurements across three distinct pipe di
ameters while maintaining a consistent probe size. The simulations 
entailed an exploration of the impact of ultrasonic frequency and flex
ible substrate thickness on the results [34,35]. The findings are illus
trated in Fig. 2, providing a comprehensive analysis of ultrasonic 
propagation across various frequencies and flexible substrate thick
nesses, each corresponding to different combinations of probe and 
pipeline sizes. 

Upon comparison of Fig. 2a, 2c, and 2e, optimal sound field condi
tions are observed when the probe size matches the pipe size (20 mm). 
Combining Fig. 2a and 2b leads to the conclusion that, for this specific 
probe-to-pipe size ratio, the optimal ultrasonic frequency and flexible 
substrate thickness are 1 MHz and 1 mm, respectively, yielding the 
highest measurement efficacy. Similarly, incorporating Fig. 2c and 2d 
indicates that an ultrasonic frequency of 2 MHz and a flexible substrate 

thickness of 1 mm result in the most accurate measurements. Further
more, a comprehensive evaluation of Fig. 2e and 2f indicates that the 
ultrasonic frequency and flexible substrate thickness should be deter
mined as 1 MHz and 3 mm, respectively. Therefore, after thorough 
analysis, we have determined that for the experimental setup, a probe 
and pipe size of 20 mm, an ultrasonic frequency of 1 MHz, and a flexible 
substrate thickness of 3 mm offer the most effective configuration. 

For the same transducer, higher ultrasonic frequencies enhance the 
directivity of the ultrasonic beam and concentrate energy more effec
tively. However, concurrently, with increased ultrasonic frequency, 
attenuation accelerates in the propagation process. Therefore, selection 
of the most appropriate frequency should involve comprehensive 
considerations. 

Regarding the thickness of the flexible substrate, due to the sub
stantial acoustic impedance disparity between the piezoelectric material 
and the medium to be measured, strong reflection occurs as sound waves 
traverse the interface directly. It becomes necessary to introduce a 
matching layer (or layers) between them to achieve impedance match
ing and reduce reflection. Consequently, the flexible substrate functions 
as a matching layer, with its thickness and parameters are determined by 
acoustic characteristics. For the working environment and parameters in 
the simulation, the matching layer of 3 mm is deemed optimal. 

For a detailed description of the simulation procedure, Supplemen
tary Information 1 is provided [21]. 

Fig. 2. Total sound pressure field with various ultrasonic frequency and flexible substrate thickness. (a) Total sound pressure field at different frequencies when the 
probe is 20 mm and the pipeline is 80 mm. (b) Total sound pressure field under varying flexible substrate thicknesses for a 20 mm probe and an 80 mm pipe. (c) Total 
sound pressure field at different frequencies when the probe is 20 mm and the pipeline is 40 mm. (d) Total sound pressure field under different flexible substrate 
thicknesses for a 20 mm probe and a 40 mm pipe. (e) Total sound pressure field at different frequencies when the probe is 20 mm and the pipeline is 20 mm. (f) Total 
sound pressure field under different flexible substrate thicknesses for a 20 mm probe and a 20 mm pipe. 
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3.1.2. Determination of flexible substrate components 
In the experiment, Polydimethylsiloxane (PDMS) and curing agent 

were blended in various proportions to create a suitable probe ‘jacket’. 
PDMS, a polymer silicone compound known for its optical transparency, 
inertness, non-toxicity, and non-flammability, stands as a commonly 
used silicon-based organic polymer material, extensively applied in 
biology, hospitals, and diverse fields [36,37]. When combined with the 
curing agent, also known as a hardener or setting agent, they generate a 
transparent, deformable, and cost-effective elastomer, easily adhering to 
objects [38]. 

Five flexible substrates were crafted with PDMS to curing agent ra
tios of 10:1, 20:1, 30:1, 40:1, and 50:1. After mixing evenly, the com
pounds underwent vacuum drying in a DZF-6050 model oven in 1 h to 
eliminate bubbles, followed by curing at 60 ◦C for 4 h in a GZX- 
9030MBE electric blast drying oven [39,40]. Steel balls with the diam
eter of 3 cm were placed into each sample to assess their softness and 
adhesion, and the illustrations showcasing the results can be found in 
Figure S2. It is concluded that the softness and adhesion of flexible 
substrate increase with the percentage of PDMS, however, the adhesion 
of the mixture is too excessive when the ratio is 50:1, as evidenced by the 

Fig. 3. (a) The softness of two samples with PDMS to curing agent ratios of 20:1 and 40:1. (a) The adhesion of two samples with PDMS to curing agent ratios of 20:1 
and 40:1. (c) Three views of the flexible substrate mold and the final designed mold. (d) Applications of the ultrasonic device with flexible substrate in pipeline 
measurement: (i) the arrangement of the ultrasonic device with flexible substrate around the pipeline. (ii) the side view of the ultrasonic device with flexible substrate 
applied in the pipeline. (iii) the adaptability of the ultrasonic device with flexible substrate on uneven surfaces. (e) Comparison of measurement voltage-amplitude of 
the ultrasonic devices with flexible substrate and rigid devices under the same condition: (i) the original signal. (ii) the processed signal. 
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steel ball not falling after container inversion for 60 s. Fig. 3a and 3b 
exhibits the comparison of softness and adhesion that attributes to 20:1 
and 40:1, respectively, and consequently, the ratio of 40:1 is applied for 
the manufacture of flexible substrate. 

3.1.3. Fabrication of the ultrasonic device with the flexible substrate 
The thickness of the flexible substrate determined through simula

tion is 3 mm, matching the diameter of the probe and the pipe at 20 mm. 
Consequently, a mold for the flexible substrate was crafted under these 
experimental parameters, and Fig. 3c presents three views and an actual 
image of the final designed mold. As mentioned above, PDMS and the 
curing agent, mixed at a ratio of 40:1, was selected to fabricate the 
flexible substrate. After that, the mold was treated with a RD-518 fluorin 
release agent to facilitate the subsequent removal. This flexible sub
strate, showcased in Fig. 3d, exhibits remarkable adaptability to pipes of 
varying sizes. In addition, the flexible substrate can also effectively 
cover some slightly convex interfaces, which is highly adaptable to the 
actual industrial situations. Fig. 3e presents a comparison of echoes 
obtained by the ultrasonic device with a flexible substrate and a rigid 
straight probe when measuring the same measured object. Given the 
emission of 12,500 pulses per second, the volume of collected data is 

substantial. To facilitate comparison in both the time domain and 
voltage-amplitude, only selected periods are displayed herein. The left 
segment depicts the time domain signals acquired by the two trans
ducers, while the right segment illustrates the temporal information 
following autocorrelation processing. Discrepancies observed in the 
time domain signal indicate the thickness of the flexible substrate, and it 
is evident that the difference in voltage-amplitude is almost negligible, 
which confirms the precise measurement capabilities of the ultrasonic 
device with the flexible substrate. 

3.2. Experimental process 

The estimation of phase holdup in the three-phase flow is conducted 
utilizing an ultrasonic device equipped with a flexible substrate. The 
experimental setup comprises several components, including a gas 
flowmeter, two peristaltic pumps, a data acquisition card, a gas tank, 
two high-voltage pulse transmitter receivers, a converter circuit board, 
an experimental pipeline, an ultrasonic device with a flexible substrate, 
and three barrels, as depicted in Fig. 4a. Furthermore, Fig. 4b presents a 
detailed schematic of the ultrasonic device with the flexible substrate. 

Oil and water are contained within respective barrels (identified as 

Fig. 4. (a) Experimental devices for monitoring phase holdup: 1-peristaltic pumps, 2-gas flowmeter, 3-gas tank, 4-barrels for oil and water, 5-experimental pipeline, 
6-recycling barrel, 7-the ultrasonic device with the flexible substrate, 8-high-voltage pulse transmitter receivers, 9-data acquisition card. (b) Detailed diagram of the 
ultrasonic device with the flexible substrate. (c) Actual photographs of four multiphase flows: (i) water–gas two-phase flow. (ii) oil–gas two-phase flow. (iii) oil–water 
two-phase flow. (iv) water–oil–gas three-phase flow. (d) The received signals of probe up in four flows: (i) the received signals of probe up in water–gas two-phase 
flow. (ii) the received signals of probe up in oil–gas two-phase flow. (iii) the received signals of probe up in oil–water two-phase flow. (iv) the received signals of 
probe up in water–oil–gas three-phase flow. (e) The received signals of probe down in four flows: (i) the received signals of probe down in water–gas two-phase flow. 
(ii) the received signals of probe down in oil–gas two-phase flow. (iii) the received signals of probe down in oil–water two-phase flow. (iv) the received signals of 
probe down in water–oil–gas three-phase flow. 
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device No. 4 in Fig. 4a) prior to their subsequent pumping into the pipe. 
Each barrel measures 10 cm × 10 cm × 50 cm, equating to a volumetric 
capacity of 5 L for each liquid. The laboratory infrastructure is 
adequately provisioned with ample reserves of oil and water to facilitate 
prompt replenishment of these barrels. The peristaltic pump employed 
for the conveyance of oil and water originates from Kamoer Company, 
designated as model UIP WIFI-S243K-GB, and is complemented by #18 
(7.9*11.1 mm) hose. Additionally, a gas cylinder (device No. 3 in 
Fig. 4a) boasting a capacity of 20 L is employed for gas storage. The 
transmission of gas is facilitated through the laboratory’s gas conduits, 
employing transparent PVC hoses, and regulated by a gas flow meter 
(Seven Star, CS series, 50 mL/min). Throughout the experiment, 
manipulation of the relative flow rates among the three constituents 
affords direct control over the phase composition within the pipeline. 
The ultrasonic device with the flexible substrate can be perfectly 
wrapped around the exterior of the plexiglass pipe, allowing for phase 
holdup determination within the pipe using the two probes positioned 
vertically. The high-voltage pulse transmitting receiver (JSR Company, 
DPR300) allows for independent control over the pulse amplitude, en
ergy, repetition rate, and high and low pass filters. The data acquisition 
card, attached to the high-voltage pulse transmitting receiver, facilitates 
signal sampling and data storage. The experiment utilizes the Art 
Technology PXIe 8584 data acquisition card, an 8-channel, 14-bit 
sampler with a sampling rate of 100 MS/s specifically designed for high- 
frequency frequencies exceeding 50 MHz. To adhere to the Nyquist 
sampling law, the experiment employs an ultrasonic frequency of 5 MHz 
and a sampling rate of 20 MS/s [41]. Following the measurement, the 
oil-and-water mixture is disposed of in the recycling bin to conclude the 
experimental procedure. 

The experiments encompass four distinct scenarios: water–gas two- 
phase flow, oil–gas two-phase flow, oil–water two-phase flow, and 
water–oil–gas three-phase flow (as depicted in Fig. 4c). For oil–gas, 
water–gas and oil–water two-phase flow, the stratified flow is obtained 
mainly by controlling the flow rates of both phases while simultaneously 
observing real-time flow pattern information in the experimental pipe 
section. Typically, maintaining a fixed flow rate for one phase while 
altering the flow rates of the other two phases is necessary to induce 
three-phase stratified flow. In this specific experiment, the attainment of 
a consistent three-phase flow necessitates a sequential procedure. 
Initially, oil and water are pumped into the pipeline (the flow rate of one 
phase can be set as constant while varying the other to achieve a stable 
oil–water interface). Upon achieving a stable two-phase stratified flow, 
the flow rates of both constituents are held constant, while the intro
duction of gas is adjusted from minimal to maximal levels until a stable 
three-phase stratified flow is attained. Sustaining the constancy of flow 
rates for all three phases ensures the prolonged stability of the three- 
phase stratified flow, thereby facilitating the desired measurements 
over an extended duration. Ultimately, the flow rate of the fixed oil 
phase is set at 0.25 L/min, equivalent to 0.013 m/s (with a 20 mm 
diameter for the experimental pipe section). Subsequently, the flow 
rates of the water and gas phases are systematically adjusted until an 
undetermined three-phase flow is attained. The recorded flow rates for 
water and gas at this juncture are 0.36 L/min and 200 sccm, corre
sponding to flow velocities of 0.019 m/s and 0.011 m/s, respectively. At 
this stage, the ratio of the flow rates for the three phases (oil, gas, and 
water) is 25:20:36, aligning with the respective phase holdups of 30.87 
%, 24.69 %, and 44.44 %. Two supplementary experiments were con
ducted to confirm that the corresponding three-phase stratified flow 
could be obtained through adjustments in the corresponding flow rates. 

The Reynolds number is introduced to characterize the flow, repre
senting the ratio of inertial and viscous forces[42]. A low Reynolds 
number implies that viscous force dominates the flow field over inertia, 
resulting in velocity disturbance attenuation by viscous force, thus 
yielding stable laminar flow. Specifically, in tubular flows, flows with 
Reynolds numbers less than 2300 are laminar characteristics [43,44]. 
Table 2 indicates that all four multiphase flows generated in the 

experiment are characterized by laminar flow conditions (the corre
sponding data are derived from Table 1). The evolution of the generated 
multiphase stratified flow is monitored over time, with the signals 
received by the upward and downward-oriented probes depicted in 
Fig. 4d and Fig. 4e, respectively. 

4. Results and analysis 

Firstly, the analysis focuses on the four images in Fig. 4d (probe 
positioned upward at the top of the pipeline). Obviously, three of the 
figures in Fig. 4d show only transmission signals without any echo, 
indicating that the ultrasound was failed to penetrate the pipe, with 
reflection occurring on the pipe wall. This total reflection is attributed to 
the significant acoustic impedance difference between the gas phase and 
the plexiglass wall surface, signifying the presence of gas at the top of the 
pipeline. In the lower-left corner of Fig. 4d, the signals indicate ultra
sound penetration into the pipeline with reflection, suggesting the 
absence of gas above the pipeline, implying the filling of the pipeline 
with the liquid phase. In fact, the echo around 0.02 ms is a result of the 
pipe wall reflection, and the two time-domain signals represent the 
thickness of the pipe. Notably, the reflected signals of the downward 
probe for the water–gas and oil–gas two phases exhibit essentially the 
similar contour, which implies that the ultrasound is reflected back at 
the gas–liquid interface after passing through the liquid phase. Signals of 
probe up indicated that ultrasound is directly transmitted back by the 
wall surface and caused some residual vibration. Both probes, up and 
down, for the oil–water phase traverse the entire pipe and are reflected 
off the opposite side of the wall, resulting in similar waveforms. 

Fig. 4e shows the detection signals of the probe below in four cases. 
The time domain highlighted by the red line corresponds to the height of 
the liquid phase, and the circle in the data at the lower left corner in
dicates the division between the oil and water phases, and the red 
dashed line box indicates two cycles in which the ultrasound propagates 
twice. It should be noted that reflected signals may be picked up at the 
oil–water interface (the red circle in Fig. 4e) when the phase holdup of 
the oil–water two phases changes. However, since the reflected signals 
at the oil–water interface are not always obvious, it is more accurate to 
use the Specific Attenuation Coefficient (SAC) to reflect the oil phase 
holdup in the liquid phase in this manner. The features of the reflected 
signal for a three-phase flow may be interpreted as the unity of ‘water
–oil + oil-gas’, allowing the gas phase content can be ascertained using 
time-domain data. Subsequently, the phase holdup of the oil and water 
two phases can be estimated through SAC. 

Furthermore, we use COMSOL to simulate ultrasonic emission and 
reception in the presence of multiphase. Geometry and material pa
rameters in simulation are shown in Fig. 5a, where phase 1 is gas, phase 
2 is oil, and phase 3 is water due to density differences. Assuming that oil 
and water each account for 50 % of the liquid phase, the SAC under 
different liquid content is simulated, and the ratio of simulated SAC to 
SAC in the pipeline filled with liquid phase is calculated respectively 
[17,45,46], as shown in Fig. 5b. In addition, SAC is simulated with 
different percentages of oil phase in the liquid phase under five cases: 
100 %, 80 %, 60 %, 40 %, and 20 % of the total liquid content. Fig. 5c 
displays the signal from the probe down when the pipeline is filled with 
pure water and pure oil, namely with oil contents of 0 % and 100 %, and 
the SACs under these two situations are 2.04 Np/m and 25.76 Np/m, 

Table 2 
Relevant parameters for Reynolds number calculation.  

Parameters water–gas oil–gas oil–water water–oil–gas 

Density(ρ)/(kg/m3) 151.07 736.25 928 728.71 
Velocity(v)/(m/s) 0.0155 0.0800 0.0814 0.0317 
Characteristic Length(d)/m 0.02 0.02 0.02 0.02 
Viscosity coefficient(μ)/cp 1.0017 57.0805 51.0557 22.8651 
Reynolds number 0.0467 0.0206 0.0296 0.0202  
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respectively (according to Equation (5). Combining the simulation re
sults and Fig. 5c, the variation of the SAC with oil content is established, 
serving as the basis for determining the oil phase holdup in subsequent 
experiments, as illustrated in Fig. 5d. 

Subsequently, the data pertaining to the fourth case (oil–gas-water 

three-phase flow) are subjected to detailed analysis to delineate the 
process of determining each phase holdup. Initially, the signal in Fig. 4e 
(probe down below the pipeline) undergoes a detailed analysis, and the 
signal autocorrelation analysis (analytical process is recorded in Sup
plementary Information 3) manifests that the time corresponding to 

Fig. 5. (a) Geometry and material setup in simulation: (i) the geometry of the model. (ii) the parameter setting of the model. (b) Relationship between the SAC ratio 
and percentage of liquid content. (c) The signal from the probe down when the pipeline is filled with pure water and pure oil. (d) Variation of the SAC with oil content 
under different liquid contents. (e) Comparison of measurement and actual results of three phase holdups. (f) Step diagram for solving the holdups of the 
three phases. 
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signal reflection is 0.012 ms, and the height of liquid phase is 7.54 mm 
(the calculation process is elucidated in Fig. 1d), that is, the height of gas 
phase is 2.46 mm [47,48]. Considering the liquid phase constitutes 75.4 
% (calculated as the ratio of liquid phase height, 7.54 mm, to pipe 
diameter, 10 mm), the corresponding relationship between SAC and oil 
phase holdup is established (illustrated by the red line in Fig. 5d). After 
that, the height of the oil and water phases within the liquid phase are 
distinguished as follows: Given the voltage-amplitude of original and the 
reflected signals are 4.59 V and 7.70 V, respectively, Equation (5) dic
tates that the corresponding SAC is 32.57 Np/m. By referencing the red 
line in Fig. 5d, the oil phase content is computed to be made up 40.7 % of 
the total liquid when the corresponding SAC equals 32.57 Np/m. This 
implies that the oil phase height accounts for 30.69 % of the three phases 
(calculated as oil comprising 40.7 % of the liquid phase, which consti
tutes 75.4 % of the total). Consequently, the percentage heights of the 
oil, gas, and water phases are determined to be 30.69 %, 24.60 %, and 
44.71 %, respectively. Fig. 5e displays the experimentally measured and 
actual values of each phase holdup in the oil–gas-water three-phase 
flow, demonstrating errors of 0.55 %, 0.36 %, and 0.59 % in oil, gas, 
and water phases, respectively, thereby affirming the precision of the 
measurement method. The entire analytical procedure is explicated 
through the solution diagram depicted in Fig. 5f. 

The experimental error primarily originates from measurement in
struments (the errors caused by the data acquisition card, high voltage 
pulse generator, data cables and other equipment are included) and 
environmental noise, eventually reflected in the received signal. 
Therefore, uncertainty analysis on the transmitted signals under iden
tical experimental conditions is conducted, as depicted in Figure S4. 
Ultimately, the calculated variance for the signal amounts to 0.027 
(based on peak-to-peak value), indicating the stability of the measure
ment results. The comparison between the research presented in this 
paper and other studies is outlined as follows in Table 3. 

5. Conclusion 

In summary, this study presents a novel method for accurately 
measuring the holdup of three phases in small-size pipelines using an 
ultrasonic device featuring a flexible substrate, complemented by the 
introduction of the Specific Attenuation Coefficient (SAC) concept, 
resulting in holdup errors of less than 1 %. The self-manufactured ul
trasonic device comprises two identical components, each incorporating 
a flexible substrate as a key element, striking a balance between the 
adaptability of the flexible probe and the durability of the rigid probe. 
An experimental and measurement system was established, facilitating 
multi-phase flow experiments utilizing the flexible ultrasound device. 
The verification of Reynolds numbers confirms laminar flow conditions 
within the experiment. Leveraging ultrasonic attenuation characteris
tics, SAC is introduced to differentiate between oil and water, enabling 
the quantification of three respective holdups by combining with transit- 
time principle. Ultimately, the measured phase holdups for oil, gas, and 
water are determined to be 30.69 %, 24.60 %, and 44.71 %, respectively. 
Since the initial set phase holdups of oil, gas and water are 30.87 %, 
24.69 % and 44.44 %, respectively, thus, the error between the 
measured and actual values of oil, gas and water is 0.55 %, 0.36 % and 
0.59 %, respectively, thereby affirming the accuracy of the measurement 
method. Furthermore, the variance of the measurement results is 
calculated to be 0.027, validating the stability of the measurement 
approach. This study effectively employs the ultrasonic device with a 
flexible substrate to assess the phase holdup of industrial three-phase 
flow, showcasing reliable outcomes, exhibiting strong adaptability, 
providing a straightforward theoretical framework, and employing cost- 
effective equipment, thus presenting numerous potential applications. 
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