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Abbreviations BSD, bubble size distribution; PET, positron 
emission tomography; PIV, particle image velocimetry, RPT; radioac-
tive particle tracking; NMR, nuclear magnetic resonance imaging

Introduction
Multiphase flow systems have been applied extensively in 

chemical, physical, petrochemical and biochemical processing 
industries.1–3 Among different multiphase flow systems, bubbly flow 
is a two phase flow where small bubbles are dispersed or suspended 
in a liquid continuum. Typical features of this flow are moving 
and deformable interfaces of bubbles in time and space domains 
and complex interactions between the interfaces, and also between 
the bubbles and the liquid flow. Bubbly flows occur frequently 
in natural systems and are also used for different applications in 
energy-producing and chemical and petroleum industries. Some of 
the common applications involve bubble columns which are used as 
reactors in a variety of chemical and biochemical processes, e.g. the 
Fischer-Tropsch process for hydrocarbon synthesis, hydrogenation of 
unsaturated oil, coal liquefaction, fermentation, waste water treatment 
etc.4,5 Bubbly flows are also ubiquitously found in flotation cells6 and 
spargers7 and have recently been investigated extensively for aeration 
studies.8–12 Concentration, size and velocity distributions of solid or 
liquid particles suspended in gas or liquid are important in many 
processes such as meteorological research, biology, environmental 
protection, chemistry, medicine and agricultural engineering. Further, 
commercial activities such as conversion of natural gas to fuels and 
chemicals have prompted further fundamental research in fluid and 
bubble dynamics, transport phenomena and the effects due to scale up 
of three-phase fluidization systems. 

The prediction of pressure drop and wall heat transfer is necessary 
in many of these processes and these are strongly dependent upon the 
concentration, morphology and spatial distribution of the bubbles.13 
Similarly, in many liquid-gas systems, gases are dispersed in liquids 
to obtain large interfacial area for chemical reactions, heat and mass 
transfer processes. The rate of these processes is determined by 
bubble surface area flux which is closely linked to the bubble size 
distribution.14

Discussion
Different techniques have been employed to measure bubble 

size distributions. Broadly, it can be divided into two categories-
intrusive and non-intrusive techniques.15 Both these methods have 
been extensively reported in the literature and a brief description of 
different intrusive and non-intrusive techniques is provided below, 

Intrusive techniques

Considerable intrusive techniques have been developed to study 
bubble behavior in gas–liquid and gas-liquid-solid fluidized systems. 
These intrusive techniques include impedance (conductivity or 
resistivity) probes, capillary suction probes,16 optical fiber probes, 
ultrasound probes, endoscopic probes, wire-mesh sensors17 and hot 
film anemometry.

The impedance probe has been applied to measure the bubble 
volume fraction, bubble length and bubble rise velocity in three-phase 
fluidized beds utilizing the difference in conductivity between the 
liquid and the gas phase.18,19 Similarly, the dual electrical resistivity 
probe has been used to study the bubble size,20–22 bubble rise 
velocity22–24 and gas volume.21,24 To discern the local flow structures in 
fluidized beds, the conductivity probe signal can be analyzed based on 
the statistical, fractal, chaos and wavelet analyses.25 The optical fiber 
probe utilizes the principle that the light transmits in liquid medium 
and is reflected by the gas medium or bubbles and is effective when the 
difference in the refraction index between the gas and liquid phases is 
large. The optical fiber probe has been used to measure the gas volume 
fraction,26–28 bubble size,28,29 bubble frequency in a three-phase 
fluidized bed,26–28 directional distribution of bubble size,30,31 bubble 
rise velocity,28,29 direction of movement and shape of the bubble.32 
The specific advantage for using the optic fiber probe technique lies 
in the fact that it can be effectively applied to high-pressure and high-
temperature conditions for the bubble property measurement.

A slew of other intrusive techniques have been employed by 
researchers across the world for studying bubbly flows. For instance, 
the statistical analysis of acoustic signals was used by Al-Masry et 
al.33 to study the BSD and bubble frequency in bubble columns. These 
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Abstract

Bubbly flows occur frequently in natural systems and are also used for different 
applications in energy-producing and chemical and petroleum industries. The 
characterization of bubbles is important in many chemical and petrochemical 
engineering applications. In such applications, the concentration, morphology and 
spatial distribution of bubbles determines the pressure drop and wall heat transfer. Past 
studies have reported different techniques for the characterization of these bubbles. 
Broadly, these can be characterized into two -intrusive and non-intrusive. The current 
paper presents a detailed review on both the intrusive and non-intrusive techniques 
which have been used for the characterization of the gas-liquid systems or gas-liquid-
solid systems in general, and bubbly flows in particular.
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acoustic signals undergo significant attenuation due to reflection on gas 
bubbles and thus are unsuitable for use under high void fractions.34 A 
combination of imaging system with fiber optic probe and endoscopic 
probe has been used by some authors in liquid-solid or gas-solid 
systems.35,36 Dual-probe hot-film anemometry has been used by Wang 
& Ching37 to measure bubble velocities in the gas–liquid flow at 
low solids concentration conditions. Hot film anemometry is limited 
in its use because it can measure the properties only at low solids 
concentration and also in the case of uniform temperature distribution 
in the measured volume. 

However, it is worth noting that the probe measures the point 
properties. The primary disadvantage for intrusive probe techniques is 
that the probe interferes with the flow field and the bubble dynamics. 
The immersed probe in the flow can cause disintegration, acceleration 
or elongation of the bubbles.38–42 Reduction in the size of the probe, 
although reduces the effect of the interference, but makes the probe 
susceptible to damage. 

Non-intrusive techniques

Contrary to the intrusive technique, the non-intrusive technique 
has the advantage of no measurement interference with the flow 
field. The non-intrusive techniques have been used for a variety of 
information including the cross-sectional bed density profile to the 
particle trajectory map.43–46 Some of the non-intrusive techniques, 
typically used to measure the three-phase fluidized bed properties 
include X-ray, γ-ray, positron emission tomography (PET), pressure 
transducer, visualization techniques, particle image Velocimetry 
(PIV), radioactive particle tracking (RPT), ultrasonic tomography, 
nuclear magnetic resonance imaging (NMR), laser techniques and 
electrical tomography. Some measurement examples in three-phase 
fluidized beds are described below.

To study the bubble flow behavior in the bubble column and three-
phase fluidized beds, pressure drop measurement is coupled with a 
statistical analysis technique.47–51 The pressure fluctuation signals in 
these transducers represent the overall hydrodynamic behavior in the 
bubble column. In other words, different bubble phenomena in the 
flow such as bubble coalescence and bubble breakup, bubble burst at 
the top surface, and bubble formation at the distributor contribute to 
these signals. The X-ray technique is another important non-intrusive 
technique that has been widely used to investigate the bubble flow 
behavior such as bubble size and shape, bubble rise velocity, bubble 
growth and bubble breakage (see).52 The X-ray technique consists of 
the X-ray source to generate the X-ray beam, an image intensifier to 
produce an image, a CCD video camera to capture the image, and 
the image analysis system. Another modification of this technique is 
the X-ray computer assisted tomography (CAT) that provides a high 
spatial resolution, was developed by Kumar et al.,53 and have been 
used subsequently to measure the phase holdups.45 Similarly, the 
γ-ray density gauge technique has been employed to study the bubble 
size, bubble frequency and bubble coalescence. In this technique, 
the voidage between the radiation source and detector in the bed is 
obtained by relating the ionization of gas to the amount of radiation 
received by the detector. It has been used to study the jet and bubble 
behavior, voidage distribution in the bubble column, gas holdups in 
the prior studies.54–57 It should be noted that owing to its long scanning 
time, this technique is suited for studying the time-averaged flow 
properties only, and not for the study of bubble formation and bubble 
dynamics in the bed.

Non-intrusive laser techniques are also widely used to study bubble 
behavior, including the PIV, laser Doppler anemometry (LDA), phase 
Doppler anemometry (PDA) and laser Doppler Velocimetry (LDV). 
Several authors have used these techniques to investigate the bubble 
characteristics such as bubble size distribution,58–60 liquid velocity and 
turbulence,61 velocity of liquid and bubbles62 etc. For all the above-
mentioned laser techniques, the laser beam needs to penetrate the flow 
system and are thus limited only to the low gas holdup conditions.

Some other non-intrusive techniques are used for tracking the 
particle movement, and/or mapping the instantaneous or time-
averaged, local or cross-sectional averaged, phase holdups and phase 
velocities. These include PET, RPT, ultrasonic tomography, nuclear 
magnetic resonance imaging, electrical impedance tomography and 
electrical capacitance tomography. Another interesting technique 
involves direct visualization with digital image analysis. It offers 
many advantages in terms of flexibility, relative insensitivity to the 
optical properties of the dispersed phase, easier optics alignment as 
compared to laser-diffraction methods, as well as the capability of 
providing the velocity and size information of the dispersed phase 
simultaneously. The optical image analyses have been used recently 
for quantifying the bubble size distribution.63–66 Luo et al.67 utilized 
the visualization technique to study the bubble characteristics and 
bubble formation behavior. A number of studies have been recently 
conducted using this approach with different algorithms for image 
analysis.8,65,66,68–74 Although it is very convenient and time efficient 
for online monitoring and analysis of a large number of images, to 
implement this technique for real-time analysis of the bubbly flow 
images from different engineering applications pose multifarious 
challenges. Generally, due to the excessive coalescence and break-
up of bubbles, most of the proposed techniques for bubble image 
processing produce significant errors when applied to flows with 
high gas and liquid velocities. These errors are closely related to the 
challenge of extracting accurate bubble information from large clusters 
due to the coalescence of bubbles. Overall, these techniques are still 
limited in their robustness to resolve large bubble clusters particularly 
under highly unsteady flows with large void fractions of bubbles. 
Another limitation of these techniques is related to their ability to deal 
with a wide range of bubble size distribution. In addition, algorithms 
with significant improvements in computational speed are needed for 
fast processing of a large number of images and online monitoring of 
bubble concentration and distribution.

Conclusion
Multiphase flows, particularly bubbly flows, are important in 

many industrial applications particularly chemical and petrochemical 
processing industries. Some of the common applications include 
bubble columns, flotation cells, spargers and fluidized beds. In 
many of these applications, the concentration, size and velocity of 
these bubbles suspended in liquid are important. The prediction of 
heat and mass transfer rates, pressure drop etc. is important for these 
applications. In the current review paper, different kinds of techniques 
for the characterization of these bubbles are discussed. First, a detailed 
account of the intrusive techniques is presented. Different intrusive 
techniques are discussed including impedance probe, electrical 
resistivity probe, optical fiber probe, hot film anemometry etc. It is 
noted that the major limitation of using the intrusive technique is 
the interference of the probe with the flow field. Thus, non-intrusive 
techniques are preferred over intrusive techniques. Then, a description 
of non-intrusive techniques are presented including x-ray technique, 
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γ-ray density gauge technique, laser techniques like LDV, PIV, PDA 
etc. Finally, a description of image analysis technique for the study of 
bubbly flows is suggested. However, the image analysis has its own 
limitations, particularly in flows with high void-fraction.
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