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Abstract 

Two-phase flow is commonly used in many aspects of industrial production, such as 

the mixed transport of oil and gas in petroleum exploitation and the feeding of coal 

powder or coal water slurry to coal-fired boilers. In these situations, it is necessary to 

measure the two-phase flow in real time and then adjust various parameters in order to 

achieve high efficiency, energy-saving, and safe production. The ultrasonic method is 

widely used to measure two-phase flow because of its various measurement approaches, 

wide range of measurable parameters, insignificant effect on the flow field, and its 

capacity for continuous online measurement. In this review, the principles, 

characteristics, application scope, and research examples of different ultrasonic 

methods used in two-phase flow measurement are summarized, their advantages and 

disadvantages are compared, and the future development trends are forecast, which will 

play a positive role in the development of two-phase flow measurement. 

Keywords: Two-phase flow, ultrasonic measurement  
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1. Introduction 

Two-phase flow occurs widely across the petroleum, manufacturing, and chemical 

industries, and in the medical field. In production processes, changes in flow parameters 

(velocity, temperature, particle size, concentration, flow pattern discrimination, etc.) 

play an important role in efficiency, safety, and other aspects of these processes. 

Therefore, it is necessary to measure the flow parameters and adjust them in real time 

to achieve efficient, clean, and stable production. For example, for gas–solid two-phase 

flow, a common industrial process is the combustion of pulverized coal in power station 

boilers, for which real-time measurement of the particle size and concentration of the 

solid phase is important for improving combustion efficiency, preventing choking and 

other safety problems, and for reducing pollutant emissions and energy consumption.1 

The origins of ultrasonic two-phase flow detection technology can be traced back to 

1928, when the French Rotten2 successfully developed the world’s first ultrasonic 

flowmeter. In 1953, Epstein and Carhart3 established a unified acoustic model of 

acoustic wave theory in a particle mixture medium. Later, Allegra and Hawley,4 

McClements,5 and Urick and Ament,6 as well as other scholars, developed acoustic 

models from different perspectives, which laid the foundation for the development of 

ultrasonic attenuation methods for particle measurement. In 1997, Riebel et al.7 

proposed the Bouguer–Lambert–Beer–Law (BLBL) model, which is at the basis of the 

Epstein–Carhart–Allegra–Hawley (ECAH) model, to describe the attenuation effect in 

dilute suspensions, which was useful for measuring suspended particles in fluids. In the 

same year, Xu et al.8 proposed an ultrasonic computed tomography (CT) system for 

monitoring the transmission mode of bubbly gas–liquid two-phase flow with an image 

speed of 41.7 frames per second. In 2003, Kupnik et al.9 simulated and analyzed the 

performance of the ultrasonic transit time method for measuring velocity information 

under conditions of high-temperature airflow. In 2008, Su et al.10 characterized particle 

size using ultrasonic attenuation spectra. Wang et al.11 at the University of Leeds, UK 

used the ultrasonic attenuation spectrum method to measure suspensions with particle 

sizes of approximately 40 nm, and installed a set of nanoparticle suspension-measuring 

devices in 2009. Reflection from the two-phase interface is usually used to reflect the 

properties of the two phases, and the reflection method is widely used to identify flow 

patterns and determine phase interfaces. Murai et al.12 used this method in 2010 to 

monitor the interface between gas–liquid phases. Xue et al.13 characterized the particle 

size and concentration of a highly concentrated slurry in the same year. The ultrasonic 
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backscattering method has been widely used in medicine before, Weser et al.14, 15 

applied it to the measurement of concentration and particle size in liquid–solid two-

phase flow and achieved good results in 2013. Poelma et al.16 used ultrasonic imaging 

velocimetry to measure the instantaneous velocity field in a fully developed (single-

phase) turbulent flow with a Reynolds number of 5300 and demonstrated the accuracy 

of the method. With the development of artificial intelligence, some researchers have 

combined machine learning with measurement methods to improve the efficiency and 

accuracy of measurements.17 For example, in 2020, Zhang et al.17 realized flow pattern 

identification of two-phase flow in a horizontal pipe with an accuracy of 93.1% based 

on liquid velocity information and a machine learning method. 

To realize the measurement of two-phase flow, the most commonly used methods 

are the optical,18-20 electrical,21, 22 and differential pressure methods.23 Each 

measurement method has its advantages, but most of them have problems of one kind 

or another, such as limited application scope and inconvenient operation. Ultrasound 

has the advantages of strong penetration, long wavelength, insensitivity to 

concentration, harmless to the human body, and capacity for online contact-free 

continuous measurement. For these and other reasons, it has been attracting ever greater 

attention, and is playing an increasingly significant role in the measurement of two-

phase flow.20 

At present, numerous methods are used to measure two-phase flow, which can be 

classified according to the different parameters to be measured (particle concentration, 

flow velocity or rate, gas holdup, bubble behavior, etc.). For example, the Doppler 

method24 is often used to measure flow velocity and flow rate; the acoustic attenuation 

spectrum,25, 26 sound velocity spectrum,27 and backscattering methods14 are all 

generally chosen for measuring particle concentration and radius; the echo reflection 

method,28 however, has important applications in characterizing gas holdup and bubble 

behavior; and the non-contact ultrasonic imaging tomography process method29 

appears to be used more in the imaging process. In most cases, however, the acoustic 

method is either the passive method (acoustic emission method) or the active method, 

according to the nature of the signal source. 

With the passive method, since there is no emission source, using only the ultrasound 

generated by experimental materials or the environment as the information to be 

analyzed, the method is easily affected by noise, and therefore its application scope is 

limited. The active method uses ultrasound sources and the changes in ultrasonic 

parameters (attenuation, velocity, frequency, and phase) of the signals between the 
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sound source and receiver to characterize two-phase flow. When the ultrasonic signal 

travels forward in one phase and encounters another phase, due to the differences in 

density and acoustic properties between the two phases, reflection, transmission, and 

refraction occur at the phase interface. Different interaction mechanisms affect the 

choice of measurement method. For example, if the ultrasonic scattering and reflection 

between the dispersed phases are weak, the transmission method is a better choice. The 

mechanisms and schematic diagrams of the different phenomena are given below. 

1. Reflection and refraction 

The preconditions for reflection and refraction are: (a) the acoustic impedance of the 

medium differs at the interface; and (b) the linear degree of the interface is much larger 

than the wavelength of the sound wave and the diameter of the sound beam. 

When sound waves travel from one medium to another, if the two media have 

different acoustic impedances, reflection and transmission phenomena occur on their 

interface. Part of the energy returns to the first medium (reflection), while another part 

of the energy passes through the interface, goes into the second medium, and continues 

to travel forward (refraction).30, 31 

2. Scattering and diffraction 

When propagating in a medium, if the linearity of the obstacle is close to the ultrasonic 

wave, the ultrasound can bypass the edge of the obstacle, and the reflected echo is very 

small; this phenomenon is called diffraction. When the diameter of the obstacle is much 

smaller than the wavelength of the ultrasonic wave, most of the wave continues to travel 

through the particle, and a small part of the ultrasonic energy is radiated in all directions 

by the particle, which is called scattering.32, 33 Therefore, when the scales of the 

measured object and the ultrasonic wavelength are different quantitatively, the 

ultrasound and the measured object have different types of interactions, which play an 

important role in the selection of the optimum measurement method. A schematic 

diagram of the four phenomena described above is shown in Fig. 1: 
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FIG. 1. Schematic diagrams of ultrasonic reflection, refraction, transmission, and diffraction. 

 The active method can be subdivided into the attenuation spectrum method, sound 

velocity spectroscopy, the process tomography method, the echo reflection method, the 

backscattering method, and the ultrasonic Doppler method. Except for the last two 

methods, the core of the former methods is that they reflect the properties of the 

continuous and dispersed phases by exploring the variation in the acoustic parameters 

(sound velocity, attenuation coefficient, etc.) of the received signal relative to the 

transmitted signal, which is similar to the extinction method and conforms to the Beer–

Lambert law. The changes in acoustic parameters occur after the ultrasonic wave passes 

through the measured two-phase medium, and the degree of variation is related to the 

physical parameters of the two phases.30 By establishing a theoretical model of the 

interaction between the acoustic parameters and the two phases, the analytical equations 

can be solved and information about the two phases, such as particle size and 

concentration, can be obtained by inversion. The difference between these methods is 

reflected in the different arrangement of the sensors. For the echo reflection method, 

the ultrasonic receiver and transmitter are aligned in the same direction or chosen to be 

a self-retractable transducer instead of a receiver and a transmitter, the basis for which 

is the reflection of ultrasound. In the attenuation spectrum method, the process 

tomography method, and the sound velocity spectrum, however, the receiver and 

transmitter are placed in a face-to-face arrangement, the basis for which is the 

transmission of ultrasound. 

Unlike the above active methods, which are based on variations in the acoustic 

parameters, the backscattering method is based on the combined analysis of 

backscattering intensity and attenuation coefficient, in which the ultrasonic signal 

backscattered (scattering angle 180°) by the dispersed phase (such as coal particles, silt, 
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etc.) is regarded as the received signal. The ultrasonic Doppler method, however, is 

based on the Doppler effect. Generally, it is used to measure the flow velocity and flow 

rate of a fluid. For the backscattering method and the ultrasonic Doppler method, the 

transmitting and receiving transducers are also arranged face to face. The difference is 

that the two transducers in the ultrasonic Doppler method are not placed strictly 

horizontally, but at particular angles. The transducer layout of the above measurement 

methods is shown in Fig. 2: 

  

FIG. 2. Layout of ultrasonic transducers used in the different methods: (a) passive; (b) ultrasonic 

attenuation spectrum and velocity spectrum; (c) echo reflection; (d) backscattering; (e) ultrasonic 

Doppler; (f) ultrasonic process tomography.  

In the measurement of two-phase flow, different methods are widely used in different 

industrial situations. The findings of recent studies on two-phase flow measurement 

using ultrasonic methods in industry are summarized in the Table I. 

TABLE I. Recent studies of two-phase flow measurement in industry using ultrasonic methods. 

 Measured parameters Two-phase Technique Features 

Lenz et al. 34 

Sound velocity in fluids 

(alcohol, water, and 

GaInSn) 

Liquid–solid Backscattering 

Particles generate the 

strongest echo when located 

at the maximum point of the 

sound field  
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Wang et al. 26 

Irregularity and 

aggregation of particles 

in suspensions of 

alumina particles and 

olivine sand in air 

Gas–solid 

Ultrasonic 

attenuation 

spectrum 

New fractal modification of 

scattering theory 

Su et al. 10 
Sand sediment particle 

size characterization 
Gas–solid 

Ultrasonic 

attenuation 

spectrum 

Broadband ultrasonic 

attenuation spectrum 

Zou et al. 35 

Suspended sediment 

concentration 

underwater 

Liquid–solid 
Echo 

reflection 

B-mode ultrasound imaging 

signals 

Su et al. 27 
Particle sizing in 

oil/water emulsions 
Liquid–liquid 

Ultrasonic 

attenuation 

and velocity 

spectra 

Information simultaneously 

from broadband ultrasonic 

attenuation and velocity 

spectra 

Tsuji et al. 36 

Acoustical properties of 

methyl methacrylate 

and cross-linked 

dimethyl siloxane sheets 

having different cross-

linker concentrations 

Liquid–solid 
Echo 

reflection 
MERUS4 for solid plate 

Dong et al. 37 

Particle size distribution 

of oil-in-water 

emulsions 

Liquid–liquid Backscattering 
Dynamic ultrasound 

scattering 

Elvira et al. 38 

Concentration 

measurement of yeast 

suspensions 

Liquid–solid Backscattering 
Pulse-echo arrangement 

working at 50 MHz 

Liang et al. 28 
Two-phase flow pattern 

identification in a pipe 
Gas–liquid 

Echo 

reflection 

Trace of echoes reflected 

from the pipe’s internal wall 

rather than the gas–liquid 

interface 

Furlan et al. 

39 

Local particle 

concentration in slurry 

flows 

Liquid–solid Backscattering 

Concentration profiles in 

homogeneous and non-

homogeneous slurry flows 
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Shen et al. 40 
Gas–water two-phase 

flow pattern recognition 
Gas–liquid 

Ultrasound 

Doppler 

Electrical resistance 

tomography sensor measures 

phase fraction and 

continuous wave ultrasound 

Doppler sensor measures 

velocity of two-phase flow 

Mathieu et al. 

41 
Liquid density Liquid–solid Backscattering 

Classic resonant scattering 

theory  is used 

In general, the selection of measurement methods is based first on the final objective 

requirements and then considers: 

1. The quantitative relationship between ultrasonic wavelength and the size of the 

measured object. 

2. The interaction between ultrasound and the measured particles. 

3. The nature of the measured flow and the factors affecting it. 

4. Environmental constraints. 

5. Installation factors. 

Previous reviews of ultrasonic measurement are mostly limited to medical aspects, 

such as the utility of ultrasound for measuring the degree of lesion in atherosclerosis,42 

the development of high-intensity focused ultrasound surgery,43 the measurement of 

bone density,44 the applications of the ultrasound Doppler effect to study blood flow 

information,45 and three-dimensional information about arterial geometry and tissue 

movement.46 There are fewer reviews of the application of ultrasonic measurement in 

industry, and they cover mainly the development and changeover of high-power 

ultrasound from cleaning to sonochemical cutting and water treatment,47 the 

applications of ultrasound for measuring the quality and fat content of animal muscle,48 

and the elasticity of biological tissues.49 Reviews of ultrasonic two-phase flow 

measurements are still rare; thus, the purpose of this article is to review the principles, 

methods, devices, and the various ultrasonic methods used in the measurement of two-

phase flow and to discuss the advantages and disadvantages of the various methods. 

Finally, the limitations and challenges of ultrasonic methods in measuring two-phase 

flow are discussed, and future development trends are predicted. 

2. Ultrasonic transducer 
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In order to measure two-phase flow using ultrasonic methods, ultrasonic transducers 

are essential devices because the transducer is the instrument that produces ultrasonic 

waves and transducers of various types and frequencies are needed for different 

experimental conditions of two-phase flow. For example, for two-phase flow with air 

as the continuous phase, an air-coupled transducer with a low frequency must be 

selected; for particle suspensions of micron particle size, however, underwater acoustic 

transducers operating at megahertz frequencies are needed; thus, it is necessary to 

discuss here the various transducers available. According to the different classification 

standards, ultrasonic transducers can be classified as follows: 

 

FIG. 3. Classification of ultrasonic transducers. 

Among all of the above types of transducers, piezoelectric transducers are the most 

widely used in two-phase flow. The principle on which they operate is the piezoelectric 

effect, which can be divided into positive and negative piezoelectric effects. 

Piezoelectric transducers are manufactured based mostly on the positive piezoelectric 

effect, which means that when a dielectric is deformed by external forces in a certain 

direction, an internal polarization phenomenon occurs and positive and negative 

charges appear on its two relative surfaces. When the external force is removed, the 

dielectric returns to its uncharged state and, as the direction of the force changes, so 

does the polarity of the charge. 

The piezoelectric transducer is composed mainly of a shell, a matching layer, 

piezoelectric materials, and a backing material. Different structures affect the different 
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use characteristics of transducers. In practical applications, the type of transducers 

should be selected according to the specific experimental conditions. 

3. Measurement methods 

The principles, schemes, and typical applications of different measurement methods are 

introduced in this section, and the applicable scope, advantages, and disadvantages of 

each method are analyzed objectively. 

3.1 Passive method 

For the passive method of ultrasonic measurement, there is no ultrasound source. The 

basic principle of the passive method is that, in the experimental environment, the 

object to be measured can generate ultrasonic signals spontaneously or passively, and 

then the ultrasonic signal is used to analyze the related properties of the object. For 

example, for compressed gas transport, because of the large pressure difference 

between the inside and outside of the pressurized system, the gas inside the system 

rushes out from the gap. As shown in Fig. 4, the airflow rushing out quickly forms a 

turbulent eddy near the small hole, which produces sound waves whose frequency is 

related to the size of the hole. Since ultrasonic waves are mechanical waves, they can 

continue to travel forward in the air and then be received by the receiving transducer. 

 

FIG. 4. Ultrasonic signals generated by gas leakage. 

In the process of transporting pulverized coal, collision and friction between the 

dispersed phase and the tube wall or between the phases can occur, forming the 

ultrasonic signal. Figure 5 is a schematic diagram of the measurement of pulverized 

coal concentration in a coal pipeline by Shi et al. using the passive method.50 The 

intensity and frequency of the resulting signal are related to the concentration of the 
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dispersed phase, which can be obtained by signal processing and inverse problem 

calculation utilizing spectrum analysis. 

 

FIG. 5. Principle of an ultrasonic passive method measuring device. 

Another important application of the acoustic emission method in two-phase flow is 

the recognition of the flow pattern in gas–liquid two-phase flow. The principle 

governing its operation is that gas–liquid two-phase flow in the pipeline produces noise, 

the intensity of which is related to the velocity of the gas–liquid phase. With an increase 

in the gas and liquid flow velocities, the entrainment force between the two phases of 

the gas and liquid flow increases, causing the flow velocity of the gas phase to increase, 

while that of the liquid phase decreases, thus changing the intensity of the flow noise 

signal. When the flow patterns are different, the acoustic emission data time-domain 

signals collected by the experiment are also different. By analyzing and summarizing 

the signals, the characteristic parameters can be extracted in order to characterize the 

convection patterns.51 For example, Fang et al.52 proposed extracting the wavelet 

energy from the acoustic emission signals in order to determine the average value of 

the wavelet coefficient energy, then extracting the characteristic parameters from the 

time-domain signals, and taking the (Euclidean) distance between the characteristic 

vector (Shannon entropy) composed of several characteristic parameters and the 

reference vectors as the parameter of flow pattern identification. Euclidean distance is 

a form of pattern recognition; the shortest Euclidean distance under the same flow 

pattern can accurately identify four typical flow patterns in vertical pipelines. 

The passive method is simple in structure and can realize non-contact continuous 

online measurement. However, it is complex to process the signals and extract effective 

signals or characteristic parameters.50 In general, the acoustic emission method still has 
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some limitations for two-phase flow measurement, and its application is not as 

widespread as in the fields of material testing and metal processing and there is still 

much scope for its development. 

3.2 Active methods 

3.2.1 Attenuation spectrometry 

The attenuation spectrum method is based on transmission, which means that 

transmitting and receiving transducers are placed in opposing directions, one for 

transmitting and the other for receiving. The attenuation coefficient is obtained by 

comparing the amplitude difference between the transmitted and received signals, and 

the phase information is obtained by data inversion and other operations. 

3.2.1.1 Principles of ultrasonic attenuation spectrometry 

An ultrasonic attenuation spectrum is used to measure particle concentration and 

particle size. The theory of measuring particle size and concentration can be 

summarized as: based on the model of the selected attenuation theory, the physical 

parameters of the continuous phase and the particles and the preset particle size 

distribution and concentration, one can obtain the acoustic attenuation spectrum 

theoretically. As regards data inversion, this step usually involves obtaining a relational 

matrix reflecting the corresponding relationships between particle parameters and the 

acoustic attenuation spectrum, which is the model of the matrix or the coefficient 

matrix.25 Therefore, when the acoustic attenuation coefficients are obtained by 

experiment, the actual particle size distribution and the concentration can be obtained 

by data inversion combined with the model matrix. Figure 6 is a schematic diagram of 

the ultrasonic attenuation spectrum method. 

The theory outlined above relates mainly to the following two problems: 

1. How to explain the interaction between ultrasound and particles in the propagation 

process and its resulting effect on sound attenuation according to an appropriate 

theoretical model, especially how to explore the important role of particle size, 

concentration, and other characteristics in this process. One can call this a positive 

problem. 

2. How to combine the actual measured acoustic attenuation with the established 

theoretical model matrix to obtain the most accurate particle size and concentration 

distribution (closest to the real situation). One can call this an inverse problem. 
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FIG. 6. Schematic diagram of the ultrasonic attenuation spectrum method. 

Next, three aspects of the theoretical basis are introduced in order to solve the 

problem: 

1. Attenuation coefficient 

Generally, the positive problem involves mainly the selection of the attenuation model. 

The definition of acoustic attenuation comes from the fact that the sound wave interacts 

with the medium while propagating, causing the intensity of the sound wave to decrease 

with increasing distance. This phenomenon is called sound attenuation, which is 

characterized by the sound attenuation coefficient  .53 For a plane wave propagating 

along a direction, the change in sound pressure P with the propagation distance x can 

be characterized by the sound attenuation coefficient:4 

 0P P e −= .    (1) 

2. Acoustic model 

In the process of analyzing practical problems, only one or two attenuation mechanisms 

are dominant; other mechanisms are deemed negligible. Therefore, when the physical 

model is established, one can selectively ignore unimportant mechanisms according to 

the level of the different attenuation mechanisms, which can help to simplify the 

physical model and improve the computational efficiency.3, 4, 54 Commonly used 

acoustic models include the ECAH model,55 the McClements model,56 the coupling 

phase models57 (Urick and Ament model, Harker and Temple model, etc.), the expanded 

coupled phase model,53 the BLBL model,58 and the multiple scattering model.59 Various 

models have different mechanisms at their core, which in general provide the basis 

characterizing two-phase flow with volume fractions in the range 1–50% and particle 

sizes from 10 nm to 1 mm. Table II describes the main attenuation mechanisms 
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corresponding to different models and gives their applicable scope, advantages, and 

disadvantages. 

TABLE II. Attenuation models and their features. 

Model Features 

ECAH 

The most basic model for two-phase flow detection, considering all attenuation mechanisms 

comprehensively. However, it requires a comprehensive understanding of two-phase 

physical parameters, so its calculation is complicated and it has a low applicable 

concentration range 

McClements 
The scattering loss is ignored; it can be seen as a simplified ECAH model in the long-

wavelength region 

Coupled phase 

Viscous loss is the main attenuation mechanism, and discrete phase and continuous phase are 

used to replace particles and fluids; that is, the concept of scattering is ignored. It is suitable 

for systems with a large difference in concentration between the two phases 

Extended 

coupled phase 

In addition to viscous attenuation, the interaction between particles is also considered, which 

is suitable for polydisperse systems, while the coupled phase model is only suitable for 

monodisperse systems 

BLBL The scattering loss is described mainly by the Beer–Lambert law in optics 

Complex 

scattering 

In highly concentrated systems, the scattering energies of scatterers incident to other 

scatterers are considered 

When the attenuation model is selected according to the two phases and their 

properties, the quantitative relationship between the attenuation coefficient and the 

particle size, concentration, and other characteristics (called particle properties here) 

can be explored, namely, the attenuation spectrum, and then the positive problem can 

be solved. 

3. Error function 

For the inverse problem, its central idea is to compare the attenuation spectra obtained 

from experiments with that obtained from theory; the difference between them is 

defined as the error function. The smaller the error function, the more consistent the 

actual particle properties are with those hypothesized. Therefore, the particle properties 

with the smallest error function can be obtained by calculation, which is the process of 

obtaining particle size, concentration, and other characteristics by an inversion 

algorithm. The error function is given in the form of the root mean square error (RMSE): 

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/5

.00
49

04
6



 

- 15 - 

 

 ( )
2

RMSE sim meas

1

N

j

E / N 
=

 
= − 

 
 ,     (2) 

where αmeas denotes the sound attenuation spectrum obtained in the actual measurement, 

and αsim denotes the sound attenuation predicted (simulated) spectrum. The particle 

properties are uniquely determined by a process that minimizes errors. In the ultrasonic 

method, the most typical method used is the standard optimization algorithm based on 

that described by Marquardt.60 Various mathematical software packages have provided 

the standard invocation of this method, which will not be repeated here. 

3.2.1.2 Applications of ultrasonic attenuation spectrometry 

Ultrasonic attenuation spectrometry is widely used to measure two-phase flow in 

industry, where it is embodied mainly in nanomaterials, food products, highly 

concentrated dispersed systems, marine water conservation, and other areas.61 The 

results of relevant studies are listed in Table III. 

TABLE III. Applications of ultrasonic attenuation methods in different industrial fields. 

Field Reference Research 

Nanomaterials 

Boonkhao et al.62 

The characterizations of nanoparticle 

suspensions using ultrasonic spectroscopy 

and process tomography were compared 

Liu et al.63 

To characterize the particle sizes of highly 

concentrated nanoparticle suspensions, the 

effects of concentration and frequency on 

the results were analyzed 

Food 

Strybulevych et al.64 and 

Pierre et al.65 

The formation and development of bubbles 

in food were monitored, and the sizes of 

bubbles were measured in real time (>30 s) 

Awad et al.66 

Applications of ultrasonic technology in 

food analysis, treatment, and quality 

control 

Suspension 

dispersion systems 
Wrobel et al.67 

The ultrasonic attenuation spectrum 

method has been successfully applied to 

the online measurement of highly 

concentrated liquid–solid suspensions and 

nonuniform composite materials 
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Ding et al.68 

Ultrasonic attenuation measurement has 

been used to analyze the particle sizes of 

Venezuelan heavy oil in a water-dispersed 

system, in which the average particle size 

was approximately 100 mm and 80% of the 

particle sizes were in the range 60–178 mm 

Marine water 

conservation 
Kann et al.69 

The sound characteristics and size 

characterization of bubbles were studied, 

and the theoretical value of the sound 

velocity was found to be qualitatively 

consistent with the experimental value 

Industrial 

applications 

Gielen et al.70 
Monitoring the crystal precipitation 

process 

Phillips et al.71 

Identification of various gas-phase 

components and proving its feasibility in 

nitrogen–methane–water and hydrogen–

oxygen–water mixtures 

 Wang et al.26 

Studies of aerosols composed of non-

spherical particles (e.g., glass beads, 

olivine, silica powder) 

In addition to the above, the most important application of the ultrasonic attenuation 

spectrum in two-phase flow is the measurement of particle concentration and size. Hou 

et al.72 explored the particle size distribution of nanoscale titanium dioxide suspensions 

(ultrasonic frequency: 25 MHz) with an attenuation superposition model composed of 

the McClements model and the BLBL model. The experimental results showed that this 

method is applicable only to a suspension with a volume fraction of less than 1% 

because nanoscale particles gather together very easily, leading to inaccuracies in the 

measured results. Gu et al.73 applied the complex scattering model to explore the 

attenuation coefficient of air-pulverized coal in two-phase flow with superimposed 

ultrasonic waves with frequencies of 40 and 200 kHz. The results showed that the 

average deviation of the ultrasonic and microscope methods was approximately 15%. 

With absorption and attenuation as the main mechanisms, Su et al.10 used the Harker 

and Temple model to explore the particle size distribution of a water suspension of glass 

beads. The coupled phase was also selected as an attenuation model to explore the 
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influence of the size distribution of oil droplets on the attenuation coefficient.27 The 

main experimental instruments involved in using the attenuation spectrum method, as 

well as their arrangement, are illustrated in Fig. 7. 

 

FIG. 7. Ultrasonic attenuation measurement system. 

Ultrasonic attenuation spectroscopy has been well developed, and many commercial 

products using the technology have been produced, such as the ultrasonic inline particle 

sizing system named Opus manufactured by the German company Sympatec GmbH 

(www.sympatec.com), in which a pitch-catch arrangement of transducers is mounted 

within a cylindrical probe that can be fitted via a flange to a process pipe or reaction 

vessel. Dispersion Technology Inc. (USA) (dispersion.com) market systems that 

measure ultrasonic attenuation over frequency ranges which extend to 100 MHz, and 

the gauge length is variable in order to plot ultrasonic loss versus propagation 

distance.25 Generally, this system can be used to measure samples whose particle sizes 

range from 10 nm to 3 mm and whose volume concentrations range from 0.01% to 70% 

without any dilution and other processing. Acid–alkali systems, such as corrosive slurry 

suspensions, emulsions, and high concentrations of particles in solution, can also be 

measured. The system is suitable for applications in the chemical, pharmaceutical, 

synthesis, food, and many other industries. 

3.2.1.3 Features of ultrasonic attenuation spectrometry 

The acoustic attenuation spectrum method has the advantages of a wide measurement 

range of particle concentration, no-contact measurement, pollution prevention, and 

many others, but in the process of accessing spectral information (such as the 

attenuation spectrum), it is necessary to have a more comprehensive understanding of 

the continuous and dispersed phases to be measured (density, compression wave 
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velocity, shear granularity, shear modulus, coefficient of thermal conductivity, and other 

parameters). In industry, only a small number of substances, such as water, iron, and 

aluminum, are well understood at present, and most other substances are difficult or 

even impossible to measure. Therefore, the applications of the ultrasonic attenuation 

spectrum have many limitations, which cannot be solved at present. 

3.2.2 Sound velocity spectrum method 

Similar to the attenuation spectrum method, the sound velocity spectrum is often used 

to reflect changes in the size and concentration of the dispersed phase because the 

attenuation coefficient and the sound velocity both change with the physical properties 

of the two phases.74 The principle of application of the method in two-phase flow 

measurement is consistent with the attenuation method, except that the acoustic 

parameter changes from the attenuation coefficient to the sound velocity. However, the 

attenuation coefficient changes more obviously with the physical properties, which can 

be seen from Fig. 8. With the change in ultrasonic frequency and particle concentration, 

the attenuation coefficient changes much more dramatically, while the change in sound 

velocity is not obvious, so the attenuation spectrum is generally chosen instead of the 

sound velocity spectrum. In some cases, the method of superposition of the two is also 

chosen. For example, Su et al.27 used the superposition method of the attenuation and 

velocity spectra to distinguish the size information of two-phase fat emulsion droplets 

with a concentration below 20%. 

 

FIG. 8. Dependence of attenuation coefficient and sound velocity on frequency. 

3.2.3 Echo reflection method 
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3.2.3.1 Principles of the echo reflection method 

The echo reflection method uses ultrasonic signals reflected by the interface in the 

experimental environment (between the pipe and the fluid or two fluids) or the 

artificially placed reflector as the source of received signals. By analyzing the 

differences in amplitude or time domain between the received reflected signals and the 

initial signals, relevant information about the fluid and the dispersed phase can be 

obtained. 

3.2.3.2 Applications of the echo reflection method 

The echo reflection method is widely used in gas–liquid and liquid–solid two-phase 

media to identify flow patterns in gas–liquid two-phase flow, to determine liquid film 

thickness in gas–liquid stratified flow, and to dynamically monitor gas–liquid 

interfaces.28, 34, 75-77 The gas–liquid interface or that between the phase and the container 

wall is usually regarded as the reflector. The artificial container wall or the plane with 

high reflectivity is chosen as the reflector, however, when used for determining the 

liquid concentration and sound velocity of the fluid in a liquid–solid two-phase medium. 

1. Flow pattern recognition 

Liang et al.28 used the pipe wall as the reflector to determine the flow pattern of gas–

liquid two-phase flow using two ultrasonic transducers with a frequency of 5 MHz 

installed at the top and bottom of the pipe to transmit and receive the ultrasonic signals, 

respectively. Due to the difference in acoustic impedance of the gas and the liquid, the 

ultrasonic reflection coefficient of the wall–gas interface was greater than that of the 

wall–liquid interface, so the echo attenuation ratio could be used to identify stratified, 

annular, and slug flow effectively. 

Liang et al.’s instrumental layout is as shown in Fig. 9, in which an ultrasonic echo 

receiver was used to stimulate the transducer to transmit ultrasonic waves and receive 

echo signals, and the pulse repetition frequency was switched to 500 Hz. The received 

pulse-echo signals were displayed on an oscilloscope and then recorded on a computer 

at a sampling rate of 1 Giga samples per second. The ultrasonic reflection amplitude 

from the wall–gas and wall–liquid interfaces are shown in Fig. 10. It can be seen that 

P1 is the original pulse in both figures, so the amplitudes are equal, and P2 represents 

the first echo from the two kinds of interfaces (wall–gas and wall–liquid) in the two 

figures. The flow pattern can be determined by obtaining the value of the ratio P2/P1. In 

this paper, they give the range of amplitude ratios for the two amplitudes with different 

flow patterns (as shown in Fig. 11). Thus, the amplitude ratio between the measured 
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echo and the original waveform in the actual industrial field can be used to determine 

the flow patterns in the pipeline. 

With the development of artificial intelligence, some researchers have introduced 

the method of machine learning into two-phase flow measurement. Zhang et al. realized 

flow pattern identification with an accuracy of 93.1% based on the convolutional neural 

network.17 

 

FIG. 9. Schematic diagram of the pulse-echo measurement system. 

 

FIG. 10. Ultrasonic reflection amplitude from two different interfaces: (a) wall–gas; (b) wall–liquid. 
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FIG. 11. Attenuation ratio of echoes in different kinds of flow: (a) stratified flow; (b) annular flow; 

(c) slug flow (liquid film zone); (d) slug flow (slug zone).  

2. Liquid density measurement 

Mathieu et al.41 also proposed a scheme for measuring liquid density using the echo 

reflection method. In their experiment, approximately 25 cm lengths of nylon and 

copper wire (0.29 ± 0.03 mm diameter) were placed in the solution to be measured and 

the reference liquid, respectively, to act as reflectors (Fig. 12). For each measurement, 

the wires were placed at the same position in the far-field relative to the transducer. 

Using the preset distance of the transducer from the nylon or copper wire, divided by 

half the time difference between the two echoes, the propagation velocity of sound in 

the liquid was obtained. Previously, the reference liquid was determined in order to 

calculate the relationship between the sound velocity and the density as the sound 

velocity spectrum. In this way, the density of the liquid can be obtained by fitting the 

calculated sound velocity to the theoretical sound velocity spectrum. 
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FIG. 12. Experimental diagram for measuring liquid density. 

3. Simultaneous measurement of multiple parameters 

Figure 13 is a schematic representation of the ultrasonic attenuation, phase velocity, 

thickness, and density of a polymer sheet measured simultaneously by echo reflection.36 

The general principle of the echo reflection method is that some of the sound waves are 

reflected when they pass through the interface of a two-phase medium with a difference 

in impedance, while the rest travel forward. In this experiment, the difference in 

acoustic resistance between the selected gas–solid phases was not very significant, so 

that the reflection and transmission amplitudes of the sound at the gas–solid interface 

were close to each other. As can be seen from Fig. 13, multiple reflections and 

transmission occur after the ultrasonic wave encounters the solid plate in the process of 

propagation, and the first two reflection and transmission signals are selected for 

analysis. In addition, a comparative experiment is carried out to obtain the transmitted 

signals when the ultrasonic wave only propagates in air. By comparing and analyzing 

these five signals, the relevant property of the solid plate can be obtained. For example, 

the sound velocity in the solid plate can be obtained by comparing the arrival time of 

the two reflected signals, and the attenuation coefficient of the solid plate can be 

calculated by comparing the first transmission signal with the transmission signal in the 

comparative experiment. 
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FIG. 13. Schematic diagram of the ultrasonic attenuation, phase velocity, thickness, and density of 

a polymer sheet measured simultaneously by echo reflection. Reproduced with permission from 

Ultrasonics. 99 (2019). Copyright 2019 Elsevier. 

3.2.3.3 Features of the echo reflection method 

Under laboratory conditions, the echo reflection method can be used for flow pattern 

recognition, liquid concentration measurement, and other aspects. However, under 

actual industrial conditions, it is difficult to determine the reflection coefficient of 

pipeline material after a long period of corrosion, which has a great impact on the 

accuracy of measurement. Also, since the transmitting and receiving transducers are 

aligned in the same direction, the ultrasound has to travel the sound path twice (back 

and forth) before it is received in the same condition. Due to the large sizes of pipelines 

in industrial environments, this will also affect the accuracy of measurement to some 

extent. 

3.2.4 Backscattering method 

3.2.4.1 Principles of the backscattering method 

Acoustic scattering refers to the phenomenon in which part of the sound wave deviates 

from the original propagation path and spreads out when it encounters an obstacle. 

When the sound wave is incident on the obstacle, the obstacle becomes a secondary 

sound source and radiates part of the incident energy as scattered energy around it. The 

part of the sound wave that is scattered around the obstacle is called the scattered sound 

wave.78 According to Mie scattering theory, when ultrasound is incident on isotropic 

particles, it scatters in all directions. Depending on the scattering angle, the scattered 

wave can be divided into forward scattered, backward scattered, and lateral scattered 

waves. Backward scattering (backscattering) occurs when the scattering angle is 

between 90° and 180°. In this situation, forward scattering is very weak, so that more 

accurate results can be obtained by placing the sensor in the backward direction.79 

3.2.4.2 Applications of the backscattering method 

The ultrasonic backscattering method has very important applications in medicine, such 

as in monitoring blood cells, blood mass, and bone density. It uses mainly ultrasonic 

reflections from different tissues in the body as the signal source to be analyzed.80-83 Its 

main applications in industry are in liquid–solid two-phase flow for solid-phase 

concentration measurements.84-86 Several studies have shown that the ultrasonic method 

can even be used for characterizing yeast solutions with diameters of 7 µm and 
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concentrations in the range 102–107 cells/mL (ultrasonic frequency: 50 MHz).38 Weser 

et al.14, 15 used the backscattering method to measure glass beads dispersed in water and 

showed that there was good agreement with the theory when the dimensionless 

wavenumber was 0.1 < ka < 1, even for volume concentrations as high as 30%. Furlan 

et al.39 characterized the particle concentrations of soda-lime glass particles (195 µm 

diameter) in a water slurry using backscatter spectroscopy.  

In this review, we have chosen to analyze Weser et al.’s experimental setup as a 

typical case, whose purpose is to determine the concentration of glass beads dispersed 

in water. The theoretical basis is that the signal backscattered from the particles contains 

the acoustic information of the dispersed phase; thus, acoustic information about the 

particles can be analyzed according to the ultrasound backscattered from those particles. 

Weser et al.’s experimental arrangement is shown in Fig. 14. The pulse emitter is 

used to excite the transducer to transmit ultrasonic waves, whose duration is determined 

by the transducer’s bandwidth. After the ultrasonic wave passes through the delay line 

and the sound window, it enters the measuring area, which is full of particles, and the 

ultrasonic wave is scattered by the particles and received by the transducer. The 

scattered ultrasonic waves thus received are amplified and registered by a digital 

oscilloscope, which collects the data and uploads them to the computer. In this 

experimental setup, the delay line and acoustic window are used to prevent particles 

from abrading the transducer. In addition, they also ensure that the distance between 

the scattering region and the transducer is large enough to avoid the near-field region 

of the transducer. Because of the interference of sound waves, the recorded signal 

appears as a series of sound pressure maxima and minima in the near-field zone, which 

affect the physical quantities to be detected. For example, the smaller particles at a 

sound pressure maximum may have the same scattering amplitude as the larger particles, 

which are located at a sound pressure minimum, thus affecting the measured results. 

The ultrasonic frequencies selected in this experiment were 6, 10, and 14 MHz. The 

time-dependent attenuation extracted from the backscattering measurements of 

different particle fractions was compared with the sound attenuation measured by the 

ultrasonic attenuation spectrometer DT1200 (Dispersion Technology Inc.). The two 

were found to be well correlated, which means that the parameters equivalent to the 

attenuation coefficient can be obtained from the measurement results so that the 

concentration information can be obtained from the iteration of the backscattering 

spectrum. 
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FIG. 14. Experimental setup of Weser et al. Reproduced with permission from Ultrasonics. 53, 3 

(2013). Copyright 2013 Elsevier. 

3.2.4.3 Features of the backscattering method 

The application of ultrasonic backscattering operates over a certain range because, for 

measurements in most industrial fields, single-particle scattering satisfies the Mie 

scattering effect, and the scattered signals are almost all concentrated near the forward 

position with a scattering angle of 0°, so that the backscattered signals are weak.87 

Therefore, the detection technology that uses backscattering flow parameters requires 

more rigorous acquisition of the scattering data and particle concentration of the system. 

On the one hand, the measurement system should be designed scientifically and 

reasonably in order to improve the efficiency of the equipment and expand the lower 

detection limit of measurable concentrations. On the other hand, due to the physical 

limitations of the hardware, the particle concentration needs to meet certain conditions 

in order to generate strong backscattered signals that can be detected by the receiving 

transducer. 

3.2.5 Ultrasonic Doppler method 

3.2.5.1 Doppler effect 

The Doppler effect (or Doppler shift) is a phenomenon discovered by the Austrian 

physicist Christian Doppler in 1842, which occurs when a wave source and an observer 

are in relative motion with respect to the medium. The frequency and wavelength of the 

wave received or detected by the observer are different from those of the source.88 The 

following figure is a schematic diagram of the Doppler effect caused by the medium 

moving in different directions. 
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Fig. 15. Doppler effect in different situations. 

3.2.5.2 Applications of the ultrasonic Doppler method 

Application of the Doppler effect in two-phase flow is used mainly in the measurement 

of flow velocity and flow rate.24, 89 Such measurements have been thoroughly studied 

by researchers globally, and commercial products have been manufactured, such as the 

ultrasonic velocimeter88, 90 and the ultrasonic flowmeter.91 However, both of these 

instruments have certain limitations, such that they are still in continuous development. 

Taking the ultrasonic velocimeter as an example, it is widely used in river channels, 

pipes, and urban sewage, but the presence of very large objects within range (such as 

large rocks, garbage, hanging tree branches, etc.) will result in inaccurate measurement 

results. Also, high flow velocities are difficult to measure accurately. In general, this 

instrument has a high requirement for an amenable site environment as well as the 

choice of the installation site.92 

Recent studies have also used the ultrasonic velocimeter for flow pattern 

identification and other functions,93 making it ever more widely used in the 

measurement of two-phase flow. Below, the applications of Doppler in two-phase flow 

measurement will be discussed in detail. 

1. Measurement of flow velocity and flow rate 

The ultrasonic flowmeter is an instrument that measures flow rate by detecting the 

effect of fluid flow on the ultrasonic beam (or ultrasonic pulse), the most common one 

of which is the ultrasonic Doppler flowmeter, whose measurement principle is shown 

in Fig. 16. The transducer (also known as the probe) in this system consists of an 

ultrasonic transmitter and an ultrasonic receiver, which are represented, respectively, 

by T and R in the figure. The transmitter as a fixed source constantly emits an ultrasonic 

signal with a fixed frequency f to the pipe, which, because of scattering objects in the 

pipe (such as bubbles, suspended solid particles, etc.), travels with an uneven fluid 

velocity v. From the receiving point of view, the signal scattered by the scattering 

objects can be regarded as the sound source and the receiving transducer as the observer. 
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When the source is moving and the observer is not, that is, Vs ≠ 0 and V0 = 0, the sound 

wave is compressed relative to the observer, and the wave is compressed at each period 

T for VsT, then the wavelength received by the receiver is λ′ = λ − VsT. Since the period 

is inversely proportional to the frequency, the wavelength can be expressed as: λ′ = λ − 

Vs/f = (u − Vs)λ/uλ′. The wave velocity relative to the observer is u, which gives f ′ = u/λ′ 

= uf. Therefore, the difference in frequency between the emitted signal and the reflected 

signal appears as the Doppler frequency shift.94 

 

FIG. 16. Schematic diagram of the Doppler flowmeter. 

The Doppler frequency shift is directly proportional to the natural frequency and 

motion velocity of the reflected target and inversely proportional to the velocity at 

which the sound waves travel in a particular medium.95 In practical applications, the 

transmission and reception of ultrasound are not always in the direction of motion of 

the detected target; in most cases, they are at different angles. Therefore, the complete 

expression for the above Doppler frequency shift should be: 

 2 cos /f f v c =       (3) 

The frequency shift is calculated according to the given conditions, and the velocity 

can be further calculated by reversing Eq. (3). However, when there are insufficient 

particles or bubbles in the fluid, measurement becomes unstable, which greatly limits 

its application because the ultrasonic Doppler flowmeter requires the presence of a 

source to scatter the waves in the fluid. 

2. Other applications 

In recent years, the ultrasonic Doppler method has also been applied to other aspects of 

two-phase flow measurement, including the identification of flow patterns. Shen et al.96 

thought that the traditional methods for studying flow patterns lacked a comprehensive 

description of the phase distribution and flow rate and that the two-phase flow model 
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could be seen as determined by the combination of phase fraction and flow. Therefore, 

different detection mechanism sensors must be integrated into the experimental setup 

in order to study the flow pattern more comprehensively. For this reason, a resistance 

tomography sensor has been proposed to measure the phase fraction and a continuous 

wave ultrasonic Doppler sensor to measure the velocity of the two-phase flow. The 

results show that the combination of these two sensors can distinguish the horizontal 

gas–water flow very well, which lays a foundation for the identification of the three-

phase oil–gas–water system. 

3.2.5.3 Features of the ultrasonic Doppler method 

The ultrasonic Doppler method can be used for measurements on the go (non-fixed 

installations), is suitable for flow condition evaluation and measurements in the pipe 

network, and, in principle, is not limited by the pipe diameter. However, it can only be 

used to measure liquids containing a certain number of suspended particles and bubbles, 

and its measurement accuracy is low. 

3.2.6 Ultrasonic process tomography 

The region for the transducer to transmit and receive sound waves is limited and, when 

the pipe diameter is large or the flow distribution in the pipe is uneven, it is very likely 

that the fluid does not pass through the region being measured. Generally speaking, 

increasing the number of transducers around the pipeline can solve this problem 

effectively. To ensure that the measurement method has a wider range of applicability, 

a new measurement method has been devised: ultrasonic process tomography (UPT). 

Tomographic imaging technology is now considered to be one of the most valuable 

technologies in monitoring multiphase flow. Compared with other imaging methods, 

such as electrical tomography,97 x-ray tomography,98 and optical tomography,99 the 

ultrasonic method has the following features: hard field (the physical field is not 

affected by changes in the physical properties and composition of the medium), safe, 

simple structure, no ionizing radiation, harmless to the human body, and cheap. This 

technology has therefore become widely used in biomedical engineering, non-

destructive testing, geophysical applications, pattern recognition, and temperature and 

velocity field measurements.100 Ultrasonic computer tomography (UCT) was first 

applied in the field of medical engineering101 and then gradually applied to the 

monitoring of industrial processes from the middle 1970s onward. Different from the 

UCT used in medical engineering, industrial process monitoring ultrasound 

tomography is often simply called ultrasound process tomography. 
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UPT can be regarded as a combination of computer application technology and 

modern testing technology. It adopts two-phase flow as the main measurement object 

and uses non-contact or noninvasive sensors to perform non-destructive visual 

monitoring of internal physical changes in closed process piping, vessels, and reactors. 

Finally, the two- or three-dimensional distribution of process parameters is displayed 

using a reconstruction algorithm. Process tomography has been widely used in the field 

of two-phase flow parameter detection, mainly for the following: 

(1) It provides direct real-time images of a certain cross-section of the measured 

multiphase fluid pipeline, which can be used for flow pattern identification. 

(2) The local concentration distribution of each component of a multiphase fluid can 

be obtained by image processing and analysis, and the total concentration of each phase 

can be obtained by further processing. 

(3) By combining flow imaging technology with relevant flow velocity measurement 

technology, online real-time measurement of the total mass flow rate of a multiphase 

fluid, the mass flow rate of phase separation, and the flow velocity distribution of a 

fluid on the tube section can all be realized. 

3.2.6.1 Principles of ultrasonic process tomography 

The essence of this technology is to carry out a Radon transform and an inverse 

transform for a certain characteristic distribution of the measured object field with the 

physically realizable system. The working process is as follows: a specially designed 

sensor array is used to obtain information about the measured object field in a non-

contact or noninvasive way, and then qualitative or quantitative image reconstruction 

algorithms are used to reconstruct an image of the measured object field online in real 

time. By analyzing and comparing the image information at different times, the 

distribution state and motion change characteristics of the measured object field can be 

obtained (for example, the distribution state of a two-phase fluid in a certain cross-

section of a pipeline or reaction vessel or the flow morphology of a two-phase fluid).29, 

102, 103 

At present, there are main two types of UPT imaging: the transmission type and the 

reflection type, and there are also two types of image reconstruction: ray theory 

(geometric acoustics theory)104 and diffraction theory (wave acoustics theory).105 The 

ultrasonic transmitter and receiver of transmission UPT are located on both sides of the 

measured medium, and the information about the medium is obtained from the 

transmitted and received ultrasonic waves. The ultrasonic transmitter and receiver of 
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reflection UPT are located on the same side of the medium, and the image information 

is obtained by receiving the reflected ultrasonic echo. The ultrasonic imaging system in 

transmission mode is shown in Fig. 17. 

The ray theory part of reconstruction theory regards the propagation path of 

ultrasonic rays as a straight line under the condition of no scattering; that is, the effect 

of medium inhomogeneity on the sound field is ignored. Diffraction theory (diffraction 

tomography) considers the scattering effect of sound waves, studies the influence of 

medium heterogeneity on the sound field under the condition of weak scattering, and 

establishes the relationship between the parameters of the medium and the boundary 

value of the scattered sound field (the received data) in order to reconstruct the 

distribution image of the medium parameters. 

 

FIG. 17. Ultrasonic imaging system in transmission mode. 

3.2.6.2 Applications of ultrasonic process tomography 

Process tomography has developed rapidly in recent years, and a variety of process 

tomography systems have been applied in several areas, including fluidized beds, 

pneumatic conveying systems, powder concentration monitoring separators, hydraulic 

condition monitoring, etc.106, 107 As a form of imaging technology, it can be used in 

many aspects of gas–solid, liquid–solid, gas–liquid, and liquid–liquid two-phase flow 

measurement, but, due to the placement of multiple transducers around the measuring 

devices, it places high demands on the measuring environment, resulting in limited 

industrial applications. The following are the main applications of ultrasonic 

tomography for the measurement of flow state and temperature and velocity fields. 

1. Two-phase flow state measurement 

Measurement of the oil–water two-phase fraction by ultrasonic tomography is chosen 

as an example to illustrate the tomographic technology in detail. Su et al.108 chose 16 

ultrasonic transducers to form a transmission mode array in order to measure oil–water 

two-phase fractions. Oil and water are pumped into the single-phase measuring tube 

from their respective tanks, which then flow through single-phase flowmeters with 
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different flow rate ranges as inlet reference (less than 1% relative error, on average). 

Following calibration, the fluid enters the stainless steel tube with an inner diameter of 

50 mm and an outer diameter of 80 mm. The quick-shut valves are for online phase 

fraction reference. The flow rate of the water is in the range of 0.3–4 m3/h (0.04–

0.57 m/s), while the flow rate of the oil is 0.5–4 m3/h (0.07–0.57 m/s). The proportion 

of water varies from 7.3% to 88.3% to obtain five forms of flow, namely, stratified flow, 

stratified flow with mixing at the interface, dispersion of water in oil (or oil in water), 

oil-in-water emulsion, and water in oil emulsion. 

The structure of the measurement system is as follows: the excitation signal is 

generated by a direct digital synthesizer and amplified by a power amplifier to excite 

the transducer to continuously transmit ultrasonic waves with a peak value of 20 V. The 

ultrasonic receiving board receives the ultrasonic attenuation signal and transmits the 

signals processed by demodulation and compression in a field-programmable gate array 

(FPGA) to a computer through a CompactPCI (CPCI) bus. Sixteen ultrasonic 

transducers with a diameter of 9 mm are installed at regular intervals along the pipe 

section. The sampling begins after 20 s, when the flow pattern is stable and continuous. 

The base frequency of the ultrasonic transducer is 1 MHz and the sampling frequency 

is 5 MHz. An average peak-to-peak distance is then calculated for each data set of 4000 

points. 

 

FIG. 18. Structure of the measurement system. 

Analysis of the phase fraction proceeds as follows: due to scattering, absorption, and 

diffusion, the ultrasonic attenuation coefficient presents a nonlinear response to the 

dispersed phase fraction of oil–water two-phase flow. This nonlinear response requires 

a physics-based mathematical model to establish a linear correlation, and the phase 

volume fraction is estimated from the ultrasonic attenuation coefficient and the physical 

parameters of the oil–water two-phase flow. Based on a theoretical analysis of complex 

ultrasonic transmission and reflection, a unified prediction model based on the physical 
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mechanism of ultrasonic attenuation in layered oil–water two-phase flow can be 

established. Finally, the proposed system and model are validated by the horizontal oil–

water two-phase flow experiment. Five flow patterns were tested, and the average error 

of the phase fraction estimation was within 5%. 

2. Temperature field measurement 

The field distribution of furnace temperatures directly affects the ignition and burning 

of pulverized coal and, consequently, the safety of the boiler. The real-time online 

measurement of the temperature field is important for improving the efficiency of 

combustion in the boiler, saving energy, improving the structural design of furnaces for 

thermal processes, obtaining optimal control strategies, and reducing environmental 

pollution.102 At present, industrial instruments for high-temperature measurement 

include mainly thermocouples and radiation thermometers. Thermocouples are contact-

measuring instruments requiring full heat exchange with the measured medium for 

accurate measurement. Since the specific heats of gases are very low, there are two 

problems associated with the use of a thermocouple for measuring gas temperatures: 

the long heat transfer time and the slow system response. In addition, the temperature 

field near the measuring point can be affected by the heat absorption of the 

thermocouple, so that the temperature measured by the thermocouple is not the actual 

temperature of the gas at that point. Radiation thermometers are non-contact 

thermometers and do not affect the temperature field near the measuring point. However, 

disturbances in industrial environments, such as interference with the optical path, 

external light sources, and emissivity changes, are common and can all affect the 

measurements.109, 110 

The temperature detection technology employed by the acoustic method has many 

advantages, such as high precision temperature measurements, a non-contact mode, 

wide measuring range (minus to 3000°C), simple installation of the measuring device, 

easy operation, and continuous real-time measurement, which are all of great practical 

value in the measurement of the temperature field.111 In addition, the system is stable 

and reliable in actual use and can meet the requirements for accurate measurement and 

online control of the temperature field in both industrial production and scientific 

research settings, especially in high-temperature measuring environments where the 

method can undoubtedly have broad industrial application. 

The basic principle of acoustic temperature measurement is as follows: the 

propagation velocity of the acoustic wave in gas is a single-value function of the 

medium temperature, which can be called “acoustic travel time tomography.” At 
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present, such a measuring system and its corresponding devices are used mostly in gas 

media: the sound wave propagates directly through the gas where the temperature is to 

be measured, which means that the acoustic temperature measurement is the direct 

measurement of the temperature field. In an ideal gas medium, the sound velocity is 

proportional to the square root of the absolute temperature of the medium, which 

satisfies Eq. (4): 

 c RT m Z T= = ,    (4) 

where c represents the velocity of sound wave propagation in different gas media, with 

units of meters per second (m/s); m represents the molecular weight of the gas in 

kilograms per mole (kg/mol); γ represents the ratio of the specific heat capacity at 

constant pressure to the specific heat capacity at constant volume of a gas medium, 

which is dimensionless; R is the sound constant, which is 8.314 in joules per mole per 

kelvin (J/mol/K); T is the absolute temperature in kelvin; and Z can be expressed as: 

 Z R m= .    (5) 

When the gas medium is a well-defined mixture of gases, Z is a constant. In general, 

the Z of air is 20.05.112 

In this experiment, the acoustic wave propagates directly in the gas medium to be 

measured, and the sensor used to transmit and receive the acoustic wave is placed in an 

area of unknown temperature to form an acoustic path. Since the distance between the 

two points is a known fixed constant d, the travel time ∆t of the sound wave on this 

path can be measured and the average speed of the sound wave along this acoustic path 

can then be obtained.113 Given that the relationship between the speed of sound and the 

absolute temperature of the medium is known, the average temperature T of the medium 

over a sound path can be obtained when the average velocity over that path is obtained 

[Eq. (6)]. Multiple acoustic transmitting and receiving sensors are installed around the 

section whose temperature is to be measured to form several acoustic paths, and the 

temperature field is reasonably divided. 

 
2( ) 273.15T d Z t=  −     (6) 

The typical layout of the sensors and the division of the temperature field is shown 

in Fig. 19. The temperature field on the section is evenly divided into 16 small areas, 

and eight acoustic transmitting and receiving sensors are installed around the section, 

forming a total of 24 independent transmitting–receiving paths. According to a set of 

procedure, each acoustic transmitting or receiving sensor is switched on and off 
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sequentially within a detection period in order to obtain a set of acoustic travel times, 

and then, using a reconstruction algorithm, the section temperature distribution is 

obtained.114 

 

FIG. 19. Block diagram of the sensors and division of the temperature field. 

3.2.6.3 Features of ultrasonic process tomography 

At present, ultrasonic flow tomography is one of the main streams in the development 

of flow tomography, but there are still many limitations: 

(1) Real-time measurement 

Compared with electromagnetic waves, ultrasonic waves have a slower transmission 

speed, the data acquisition time is long, and the speed of movement in multiphase flow 

that can be measured by the system is limited. In addition, the ultrasonic transmitter has 

a long time interval between two transmissions, which extends data acquisition times 

and increases the difficulty of real-time measurement. 

(2) Limited scope of application 

For gas–liquid–liquid three-phase systems, such as oil–gas–water, both the droplets and 

bubbles of three-phase flow can form multiple phase interfaces and generate reflections, 

so that it is impossible to distinguish between oil and gas in the phase interfaces. In 

addition, with the presence of the gas phase, the projected data can only reflect the 

bubble contours in the imaging region, but cannot reflect the physical characteristics of 
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the medium inside the bubble. For this reason, the extensive application of process 

tomography has several limitations. 

(3) Image reconstruction algorithm 

The image reconstruction algorithms used in ultrasonic flow tomography are mainly 

back-projection reconstruction algorithms, but the resolution and quality of the 

reconstructed images are not ideal. 

3.2.6.4 Future development of ultrasonic process tomography 

To improve the real-time performance, measurement accuracy, and image quality of 

tomographic imaging systems, multi-mechanism and multimode tomography will form 

the mainstream of future development of the technology. These can extend the system’s 

applicable range and measurement precision by increasing the quantity of information 

available. For example, stemming from medical research, multimode tomographic co-

reconstruction is increasingly being used in industry, and Tianjin University has carried 

out research into electrical capacitance/electrical resistance two-mode tomography.115 

This establishes the way forward for ultrasound process tomography, and research into 

multimode tomography has also recently made some progress. Steiner et al. combined 

electrical impedance tomography with ultrasound reflection tomography to form a bio-

electromechanical tomography system, which improved the accuracy of detecting 

tumors of small size and depth.116, 117 However, data fusion is difficult because of 

differences in the theoretical basis and measurement principles of the various imaging 

methods, and follow-up research is therefore needed.118 

In short, with the continual development of industry, there are ever higher 

requirements for the real-time performance, measurement accuracy, and image quality 

of process tomography imaging systems. Although there are some limitations, multi-

mechanism and multimode tomography will continue to be an effective method for 

solving these problems, which is also the development trend of process tomography. 

4. Discussion 

At present, ultrasonic measurement methods have been able to meet the different 

requirements for the measurement of velocity, concentration, temperature, flow pattern, 

and other parameters in two-phase flow. In general, the passive method has rarely been 

used in industrial settings due to its limitations, while the active method plays an 

important role in different industrial sectors. For example, the backscattering method is 

used mainly for measuring the concentration of particles in liquid–solid two-phase flow 
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and has already been used to measure the concentration of yeast particles with sizes of 

approximately 10 µm. However, it is very rarely used in the measurement of gas–solid 

two-phase flow, the main reason for this being that high-frequency ultrasound cannot 

be used in air and sound decays approximately one thousand times faster in gases than 

in liquids. 

The ultrasonic Doppler method is used in industry mainly for velocity and flow rate 

measurements, and there are now many commercial products available, but its 

limitation is that the concentration of flowing particles must be high. 

In the process of ultrasonic propagation, reflections occur when ultrasound strikes 

the interface between two substances with different acoustic impedances. The greater 

the difference in acoustic impedance between the two substances, the more obvious the 

reflection phenomenon. From an analysis of the differences between the echo and 

transmitted wave, one can obtain the required information. The method is generally 

applied to gas–liquid two-phase flow systems, including flow pattern recognition, 

boundary surface monitoring, determining stratified flow liquid film thickness, etc. 

Because the impedance difference between the gas and liquid phases is large, one can 

obtain important information from the boundary surface reflection.119 Due to its simple 

principle of operation, some researchers have artificially added a reflector to measure 

liquid density. The echo reflection method can also be used in liquid–solid two-phase 

systems for measuring particle concentration, but the scope of its application and effects 

is not as good as that of the attenuation spectrum method because the acoustic distance 

measured in the echo reflection method is twice that of the attenuation spectrum method 

for the same case, and absorption and scattering attenuation is more obvious for the 

echo reflection method. 

The basic principle of the attenuation spectrum method is transmission, and two 

transducers need to be placed opposite each other in the experimental arrangement. This 

method can realize the measurement of concentration and particle size in gas–solid, 

liquid–solid, and gas–liquid two-phase flow. Studies of this method have been very 

comprehensive, but the attenuation spectrum method is limited to single-point 

measurement only. 

The sound velocity spectrum method shares the same principle as the attenuation 

spectrum method, both of which are applied using a theoretical model inversion in order 

to obtain the concentration and particle size distribution that is closest to the actual 

parameters. However, since the correlation between sound velocity, particle size, and 

concentration information is not as good as that of the attenuation coefficient, 
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application of the sound spectrum method is not widely employed. In general, the 

superposition of the sound velocity and attenuation spectrum methods is used to 

calculate single-point measurements. 

To obtain more abundant two-phase flow information, single-point measurement is 

insufficient, the distribution of concentrations and particle sizes on the cross-section 

needs to be measured, and tomography is an important tool for solving this problem. 

By placing multiple sensors in many directions or rotating the measuring system, the 

measurement of each angle on the section can be realized, which is much better than all 

other methods at present. However, its disadvantages are also obvious. The 

measurement system in an industrial setting cannot be rotated due to the constraints of 

production conditions or production processes. In addition, to achieve a high 

calculation accuracy, it is often necessary to arrange multiple transducers in the 360° 

direction, which places high demands on the spatial requirements of the measuring 

environment. That is to say, there is still a lot of potential for the continued development 

of acoustic tomography. To solve this problem, the reflection principle should be the 

entry point because, for the transmission principle, two transducers are needed to realize 

the measurement in the one-dimensional direction, while only one transducer is needed 

for the reflection principle. In this way, the space problem in industrial environments 

can be solved, which needs to be the research focus of future studies. As for 

measurement accuracy, previous studies combined with our research have shown that 

the collaborative use of different methods can make up for the deficiencies of a single 

method, which will be the direction for future development. 

Table IV is a summary of the different ultrasonic measurement methods, from which 

the advantages and disadvantages of each method can be more intuitively understood. 

TABLE IV. Summary of the different ultrasonic measurement methods. 

Measurement method Features Advantages Disadvantages 

Passive 

No active sound source; 

sound waves are generated 

by experimental materials 

and the environment 

Simple in structure; 

non-contact 

continuous online 

measurement 

Complex extraction 

of effective signals; 

easily affected by 

environmental noise 

Backscattering 

Transducers are located in 

the same azimuth; signals 

reflected from the 

Suitable for 

industrial 

environments where 

Measured particle 

concentrations and 

sizes are limited; 
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measured objects are 

analyzed 

transducers cannot 

be placed face to face 

unsuitable for gas-

phase media 

Attenuation 

spectrometry 

Transmitting and receiving 

transducers are placed in 

opposing directions; based 

on attenuation models 

Applicable to a wide 

range of 

concentrations and 

particle sizes 

Comprehensive 

understanding of the 

physical properties is 

needed 

 

Sound velocity spectrum 

Principles are consistent 

with attenuation spectrum 

method 

A wide range of 

concentrations and 

particle sizes 

Accuracy is worse 

Echo reflection 

Transducers are in the same 

direction; reflection from 

the larger interface is the 

information source 

Multiple parameters 

can be measured 

simultaneously 

Acoustic distance is 

doubled compared to 

other methods 

Ultrasonic Doppler 

Transducers are arranged in 

angular opposition; the 

reflections of the flowing 

particles is received 

Mainly used to 

measure flow rate in 

the pipeline; mature 

commercial products  

Concentrations of 

two-phase flow are 

limited; not suitable 

for small particles 

Ultrasonic process 

tomography 

Transducers are arranged in 

arrays; a Radon transform 

and algorithm are used to 

reconstruct data 

More probes can 

achieve more 

accurate information 

of the flow field 

The arrangement of 

transducers affects 

flow fields; to get 

high accuracy is 

difficult 

5. Conclusions and future prospects 

The use of ultrasonic technology in industry has been reviewed for two-phase flow 

measurement applications. The measurement methods reviewed include the passive and 

active methods, and the measured parameters include mainly the particle size and 

concentration distributions of solid-phase particles, flow pattern identification, and 

velocity measurement. In conclusion, the applications of ultrasonic methods to two-

phase flow measurement have the following characteristics. 

(1) Few ultrasonic measurement methods exist for gas–solid two-phase flow. Only 

the ultrasonic attenuation spectrum and ultrasonic tomography methods, which are 

based on the transmission principle, have particular applications in gas–solid two-phase 
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flow. This is because ultrasonic attenuation in a gas medium is very rapid and the 

transmission method has a shorter sound path compared with reflection and scattering; 

thus, the measurement method based on the transmission principle is more effective. 

(2) In most cases, a liquid phase appears in multiphase flow measurement, such as 

the identification of the flow pattern in gas–liquid two-phase flow (echo reflection) and 

the concentration and particle size distribution of solid-phase particles in liquid–solid 

two-phase flow (backscattering, attenuation spectrum). 

(3) Each approach has a relatively mature field of application. For example, the 

ultrasonic Doppler method is used mostly for the measurement of two-phase flow 

velocity and flow rate, the attenuation spectrum method is used mostly for the 

measurement of solid-phase particle sizes and concentrations, the passive method is 

effective in epidemic identification, and the echo reflection method is used mostly for 

gas–liquid two-phase flow pattern identification and gas–liquid interface monitoring. 

 (4) The ultrasonic method for the measurement of two-phase flow also faces some 

difficulties and challenges, such as the study of other measuring parameters for gas–

solid two-phase flow parameters, the effects of real industrial environmental noise on 

measurement, simplification of the ultrasonic tomographic imaging system to adapt to 

complex industrial conditions, and improvements in the real-time performance and 

measurement accuracy of ultrasonic imaging systems. 

(5) At present, the development of existing ultrasonic measurement methods are 

limited. To achieve more accurate and efficient measurement, it will be more promising 

to combine different ultrasonic measurement methods or integrate acoustic, electrical 

and optical methods to achieve multi-physical field measurement.  
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