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A B S T R A C T

The presence of one or more dispersed phases in a continuous carrier flow adds challenges to the experimental 
characterization of multiphase flows. Numerous experimental techniques have been developed over the past 50 
years that overcome the challenges introduced by the optical opacity and the presence of phase interfaces, some 
providing global quantities while others offering local or spatial information of the distinct phases. This paper 
reviews several experimental techniques for dispersed multiphase flow measurements that are relevant to various 
types of flows with a gaseous, solid, or liquid phase dispersed in a gas or liquid carrier, and that are considered 
important by the authors based on their collective experience. Additionally, the paper highlights promising areas 
of ongoing development aimed at advancing multiphase flow measurement techniques.

1. Introduction

Dispersed multiphase flows are ubiquitous, from natural and indus-
trial processes to consumer products and daily activities. Rain, ash in 
volcanic eruptions, sandstorms, sediments and microplastics in envi-
ronmental flows, are a few examples of a dispersed phase transported in 
a continuous carrier phase. Industrial applications relying on multiphase 
flows include chemical and fuel production, energy conversion, and 
beverage and food processing. Characterizing these multiphase envi-
ronments typically involves quantifying the properties and behavior of 
the discrete phase (or phases) and those of the carrier flow. Measure-
ments may include dispersed phase particle or bubble size and shape, 
local volume fraction, and dispersed and continuous phase velocities. 
Other measures of interest for system performance are global in nature 
such as regime identification, overall pressure drop, average diffusion 
coefficients, heat and mass transfer rates, dispersed phase residence 
time, and power consumption. In all cases, measurements are needed to 
monitor and optimize process conditions as well as to develop empirical 
correlations, inspire first-principal models, and validate computational 

tools.
Multiphase flow measurement techniques have been reviewed in 

multiple publications. Since the seminal work by Hewitt describing a 
wide range of methods for two-phase flows (Hewitt, 1978), several re-
view works have documented the progress on experimental techniques 
over the past decades (Bachalo, 1994; Powell, 2008; Snoek, 1990) with 
most recent reviews focusing on field imaging techniques (Hampel, 
2023; Poelma, 2020). A comprehensive background on dispersed 
multiphase flows, including experimental and modeling approaches, 
and perspectives, is available (Balachandar, 2024; Balachandar and 
Eaton, 2010; Brandt and Coletti, 2022; Capecelatro and Wagner, 2024; 
Ni, 2024; Subramaniam, 2020). The current work provides a summary 
of the types of experimental techniques developed over the last 50 years 
that are of interest and important to the authors with the aim to give a 
perspective on what experimental developments are being advanced, 
and where new progress is needed to improve the science and technol-
ogy of dispersed multiphase flows. Our focus is on the measurement of 
various characteristics of gas, solid, or liquid inclusions in a gas or liquid 
carrier phase, at volume loadings spanning from very dilute to dense 
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regimes. Techniques included in this work span invasive probes and 
optical and laser-based imaging, which are more suitable to dilute flows, 
to soft- and hard-field electromagnetic sensing methods, which can 
provide measurements in particle-dense flow regimes. The reference list 
used in the review is extensive, but not all-inclusive. Following the 
description of the techniques of interest, a discussion on emerging new 
developments and future areas of opportunity is presented, prior to brief 
concluding remarks.

2. Current state-of-the-art experimental techniques

2.1. Invasive probes

Invasive probes typically apply to gas or liquid dispersed phases and 
are designed such that the signal produced by the dispersed and carrier 
phases differs significantly, and such that the sensing element is small 
enough to minimally affect the local environment. Interpretation of the 
signal must consider the local interaction of the probe with the interface 
between phases, and this is strongly dependent on the probe size 
compared to the relevant length scale of the dispersed phase (e.g., the 
bubble size (Guet et al., 2003; Yamada and Saito, 2012)). Interfaces may 
be deformed by the probe, and the path of small inclusions may deviate 
as they encounter the probe (Cartellier and Achard, 1991; Vejražka 
et al., 2010). Careful calibration of these probes using high-speed im-
aging is often necessary to correctly interpret the probe signal. Selected 
examples of the different invasive probes are described below.

2.1.1. Hot wire
Hot wire (and hot film) anemometry systems for the measurement of 

dispersed phase volume fractions, dispersed phase passing time, and 
dispersed phase and carrier phase velocity statistics have traditionally 
been carried out with a common Wheatstone bridge in constant tem-
perature mode. This takes advantage of the extreme differences in 
convective heat transfer coefficients associated with the differences in 
density between phases. Furthermore, the stability of the Wheatstone 
bridge signal allows for accurate differentiation between the signals 
associated with the two phases, and the preservation of the signal, 
without overshoots, to reconstruct the maximum amount of carrier flow 
velocity signal during passage of dispersed phase inclusions (Abel and 
Resch, 1978; Farrar and Bruun, 1989). Hence, due to the different 
thermal capacity of the different phases, the hot wire anemometer signal 
undergoes a very fast transition in liquid/gas systems, and to a certain 
degree also in liquid/liquid systems, making the detection of the time of 
arrival of the phase interface at the tip of the probe an accurate and 
reliable measurement. As the dispersed phase leaves the probe, an in-
verse transition in the signal occurs, pinpointing the time when the 
second interface passes. Based on this basic principle, three different 
types of measurements are possible, and have been made: local void 
fraction (Abel and Resch, 1978; Delhaye, 1969; Toral, 1981), bubble or 
droplet size or chord length (Bremhorst and Gilmore, 1976; Farrar and 
Bruun, 1989), and local velocity of the continuous or dispersed phase 
(Bruun, 1995; Farrar et al., 1995; Zenit et al., 2001).

2.1.2. Optical
An optical probe generally uses a fiber optics-based endoscope to 

illuminate the flow and collect the light scattered by the dispersed 
phase. The scattered light is then used to extract the Doppler shift fre-
quency or amplitude signal, that can be related to the residence time, 
size, or velocity of the dispersed phase. Coherent light has inherent 
advantages to extracting information, but many different light pre-
conditioning setups can be used to enhance the measurements, such as 
multiplexing in time or in frequency. Optical probes have been used to 
quantify the volume fraction of a dispersed gas phase in a continuous 
carrier fluid through chord length measurements. The principle is simple 
and parallels that of the hot wire measurements: track the signal as a 
function of time and differentiate the response in the dispersed phase 

from the continuous phase. The percentage of time in the dispersed flow 
can be converted to a volume fraction, with thresholding of the signal 
based on its intensity to account for the time when the bubble/droplet is 
transecting the probe (not the approach period), and assuming that 
continuous and dispersed phases have the same mean velocity. More 
refined versions of the signal processing replace intensity thresholding 
with light phase shifts to identify transitions between phases on the 
optical signal profiting from the 180 degrees phase change in the re-
flected light when the optical probe is emitting while immersed in the 
continuous phase or in the dispersed phase (Alonzo et al., 2023; Car-
tellier, 1992b; Cartellier and Achard, 1991; Lefebvre et al., 2022). The 
transit time can then be clearly identified, without the need of sensitive 
intensity thresholds accounting for bubble proximity. Assumptions 
about the bubbles transecting the optical signal along their diameter, 
and of the bubble velocity, allow bubble diameters and dispersed phase 
volume fraction to be estimated. Alternatively, the optical signal can be 
used to measure the bubble velocity by using amplitude or frequency 
modulation of the recorded signal when coherent light is used, or via the 
Doppler shift of the scattered light (Alonzo et al., 2023; Cartellier, 
1992a; Lefebvre et al., 2022).

2.1.3. Electrical impedance probes
Measurement of a substance’s electrical impedance may also be used 

to discern the interface between different phases of a multiphase flow. In 
a typical application, one or more sharp electrodes (“needles”) are 
inserted into the flow. Each needle is sheathed in a grounded outer 
housing separated from the needle by an electrically insulated layer. A 
circuit is made between the tip of the needle and the grounded housing 
(or another nearby needle), with current passing through the fluid 
(Munholand and Soucy, 2005). These probes are referred to as resis-
tance, capacitance, or impedance probes, depending on what provides 
the highest contrast based on the properties of the continuous and 
dispersed phases. Resistance probes are employed when the contrast in 
phases is dominated by the difference in resistivity (e.g., tap water and 
air). Capacitive probes are used when the contrast is mainly due to 
changes in the reactivity and in the absence of significant inductive ef-
fects (e.g., hydrocarbons and air). Resistance probes may have carrier 
frequencies on the order of 1 to 100s of kHz, while capacitive probes 
typically have carrier frequencies on the order of 100 kHz or higher 
(Ceccio and George, 1996). An impedance probe can be used to measure 
both the resistive and reactive components of the material impedance 
(Monrós-Andreu et al., 2016). Similar to hot wire and optical probes, it is 
possible to detect the passage of phase boundaries through the probe if 
the distinct phases have significantly different electrical impedances.

Signal processing of the probe output is a critical element of these 
setups. The time variation of the signal from a single-point probe can be 
used to estimate the local volume fraction (Leung et al., 1995). 
Multi-point probes can use time-of-flight information to estimate inter-
facial velocity and area concentration and other higher-order position 
and velocity correlations (Da Silva et al., 2007; Monrós-Andreu et al., 
2016; Zhao et al., 2005).

Electrical impedance probes may also be used to determine the bulk 
average properties of a multiphase mixture (Ceccio and George, 1996). 
In this case, the probe is used to measure the average impedance of the 
mixture in each interrogation volume from which the local volume 
fraction is then inferred. Direct calibration can be used (e.g., measure-
ment of each individual phase, such as liquid and gas), or the fraction of 
a dispersed mixture can be computed based on the impedance for each 
material phase along with a mixture model, such as the Maxwell-Hewitt 
relationship (George et al., 2000b; Peña and Rodriguez, 2015; Torc-
zynski et al., 1995). Both needle point and surface mounted electrode 
configurations can be used for bulk impedance measurements (Cho 
et al., 2005; Elbing et al., 2008; George et al., 2000a). Da Silva (Da Silva, 
2008) presents a review of impedance-based probes.

It is possible to combine several simultaneous point-wise measure-
ments to map the 2D or 3D distribution of the impedance and, when 
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interpolated, the field properties of the multiphase flow. This can be 
accomplished with an array of individual probes or compound probes 
with multiple sensing elements. It is also possible to create a matrix of 
local impedance measurements using an array of crossed wires to create 
a “wire mesh sensor” (Li et al., 2025; Prasser et al., 2001). Reviews of 
these techniques are available (Peña and Rodriguez, 2015; Tompkins 
et al., 2018). Significant consideration must be given to the effect that 
the wire mesh sensors may have on the flow itself at both the scale of the 
mesh points and across the entire measurement plane.

2.2. Imaging methods

2.2.1. Backlit and shadowgraphy
While the designations of backlit and shadowgraphy are often used 

interchangeably, shadowgraphy is a type of backlit imaging where 
collimated light is used for volumetric illumination instead of the 
diverging light source typically used in backlit imaging. In both cases, 
the measurement volume is located between the illumination source and 
the lens system of the camera collecting the images. Visible light is 
largely reflected and refracted by an object, hence creating a shadow. As 
such, these techniques inform of the presence or absence of an obstacle 
along the light beam path, but not generally on the obstacle depth along 
the beam path. Depending on the illumination and on the dispersed 
objects, a dark shadow may form on the imaging sensor, or light can be 
refracted in such a way that the center of the object appears bright, even 
brighter than the background if light focusing occurs (Bothell et al., 
2020). Optical backlit imaging methods work well for bubbles, which 
often challenge side illumination (light scattering), with image pro-
cessing used to fill bright internal regions in their image projections 
(Pillers and Heindel, 2023). The resulting shadowgraphy or backlit 
images show low-intensity pixels revealing the shape of objects pro-
jected on the plane perpendicular to the beam path, as shown in Fig. 1. 
Changes in the illumination configuration, such as the use of spatial 
filtering or coherent light, can convert a shadowgraphy setup into that 
required for Schlieren or holography, respectively (Tropea et al., 2007).

In backlit imaging, a diverging light source is typically used. When 
precisely determining an interface location in a complex 3D multiphase 
flow, a small depth of field is preferred (Fig. 1b) (Ricard et al., 2021), 
making it possible to measure the projected spatial extent of a liquid jet 
(Tolfts et al., 2023) in one or two orthogonal projections by duplicating 
the setup (Kaczmarek et al., 2022). Small depth of field and high 
magnification can capture sharp edges between two interfaces, critical 
to computing phase presence probability maps (Machicoane et al., 2020) 
and droplet size measurements. Large depth of field may be preferred in 
other imaging applications like particle tracking velocimetry with single 
or multi-camera setups (Machicoane et al., 2014; Tan et al., 2020; Toschi 
and Bodenschatz, 2009).

A collimated light source is used for shadowgraphy, which is 
commonly afocal, i.e. yielding an infinite depth of field. While this is 
impractical when imaging an optically dense flow like the near-field 
region of a spray, shadowgraphy is ideal for object sizing in dilute 

multiphase flows (Fdida and Blaisot, 2009) and when the measurement 
volume is large (Machicoane et al., 2013), since the size of the object on 
the image plane does not depend on its position within the measurement 
volume (Fig. 1a). This lack of size sensitivity to in-depth position facil-
itates camera calibrations and can be used to perform 3D particle 
tracking with only two orthogonal cameras and without the need of 
powerful illumination sources (Huck et al., 2017).

2.2.2. Liquid-vapor phase detection at the wall
Optical measurements provide useful quantitative information in 

near-wall gas-liquid flows. The liquid can form a thin film in contact 
with the surface or can appear at the base of a growing bubble (micro-
layer). The determination of the film thickness is of paramount impor-
tance for measurement and modeling of local wall heat flux and shear 
stress found in phase change. Several optical techniques have been 
proposed to characterize wall contact (Kossolapov et al., 2021). Other 
techniques like micro-thermometers, time-domain thermos-reflectance, 
and confocal sensors provide excellent time resolution but are limited to 
pointwise measurements.

Techniques using visible light are the most promising and econom-
ical for measuring wall vapor/liquid film thickness. Differences of 
refraction index between the vapor and liquid phases allow detecting 
microlayers by thin-film fringe interferences when illumination is pro-
vided by a coherent laser source. The challenges with this approach are 
the possible appearance of parasitic interference patterns or laser 
speckle patterns, and its sensitivity to parallelism of the substrate faces 
(Koffman and Plesset, 1983). To mitigate these effects, incoherent 
broadband light has been used to exploit total internal reflection (Nishio 
et al., 1998; Surtaev et al., 2018). White light interferometry has also 
been used to measure the microlayer thickness (Glovnea et al., 2003; 
Tecchio et al., 2024). Finally, a monochromatic, narrow-band visible 
light source can also be used, which has only recently become possible 
with the development of powerful LED lights (Kossolapov et al., 2021). 
As shown in Fig. 2, the presence of interference fringes reveals the ex-
istence of a microlayer at the base of a growing bubble surrounding the 
central dry area.

2.2.3. Infrared thermometry
Boiling and condensation are examples of multiphase flows with 

phase change, in which determining heat transfer and local temperature 
distributions are important. Infrared thermometry can be used to 
quantify local temperature distributions (Meola and Carlomagno, 2004), 
or to visualize the distribution of liquid and gas phases on a surface, 
enabling identification of the triple contact line, using a technique called 
DEtection of Phase by Infrared Thermometry (DEPIcT) (Kim and 
Buongiorno, 2011). Once the temperature on a surface has been 
assessed, inverse numerical techniques can be used to derive the local 
heat flux, which is key to understand and model two-phase heat transfer. 
Given the relatively fast evolution of vapor-liquid flow phenomena, 
high-speed infrared cameras are required for most studies. Theofanous 
et al. (Theofanous et al., 2002) were the first to efficiently use 

Fig. 1. (a) Shadowgraphy of a freely moving ice sphere melting in a turbulent water flow. The low-temperature meltwater plumes are highlighted since shadow-
graphy measures the spatial second derivative of the medium optical index. The setup includes a parallel beam traversing the flow which is focused on the camera 
sensor (Machicoane et al., 2013); (b) Backlit imaging of the exit of a two-fluid coaxial atomizer. A very small depth of field (aperture F/2) combined with high spatial 
resolution provides a very sharp gradient at the gas-liquid interface and results in quasi-2D measurements of liquid presence.
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high-speed IR imaging to investigate temperature distributions on a 
boiling surface. When using high-speed IR measurements, reflections of 
background radiation may influence the results and must be accurately 
quantified (Sielaff et al., 2019).

IR thermometry may also be used to directly detect the temperature 
of a liquid interface like a sessile drop. Although the liquid surface 
should ideally be as close as possible to a black opaque surface, and no 
liquid presents those ideal characteristics, the effects of surface reflec-
tion and semi-transparency of the liquid surface can be quantified to 
enable characterizing the thermal motion inside a sessile drop (Brutin 
et al., 2011).

Finally, a combination of infrared and visible light imaging can be 
employed to simultaneously detect phase and measure temperature 
distributions over a boiling surface, by using a coating transparent to 
visible light and opaque to IR (Kossolapov et al., 2021), as shown in 
Fig. 2.

2.3. Laser-based

2.3.1. Holography
Holography is inherently a three-dimensional measurement that 

captures the phase and amplitude of the light diffracted by all objects 
present along a beam path (Katz and Sheng, 2010). In digital in-line 
holography, a camera is used to record the diffracted waves from a 
collimated incoming beam. The setup is typically simpler than most 
other three-dimensional imaging techniques as it only requires a mod-
erate power laser and one camera. However, the technique is limited by 
the volume fraction of the dispersed phase that can be tracked. The 
collimated nature of the beam, which limits depth biases, offers the 
possibility to accurately measure the size of the imaged objects, but this 
also makes the positioning of objects along the beam direction less ac-
curate than in the transverse direction. The accuracy of the position 
along the beam direction can be increased by using inverse recon-
struction methods, allowing even objects out of the camera 
depth-of-field range to be detected at the expense of increased compu-
tational cost (Seifi et al., 2013; Soulez et al., 2007).

Holography is well-suited for measuring dispersed multiphase flows 
with small inclusions and undergoing phase change. It enables particle 
sizing and tracking (Méès et al., 2020), with recent developments 
encompassing tomographic velocimetry measurements (Gao and Katz, 
2018).

2.3.2. Particle image velocimetry and particle tracking velocimetry
Particle Image Velocimetry (PIV) and Particle Tracking Velocimetry 

(PTV) rely on light scattering by particles to measure the continuous 
carrier and discrete inclusion velocities. To simultaneously measure the 

velocity of all phases, phase discrimination is required in the images 
acquired with high resolution cameras. The locations of the centroids of 
the particles from each independent phase can be then tracked using a 
particle tracking algorithm (Clark et al., 2019; Ouellette et al., 2006; 
Zhang et al., 2008), or PIV cross-correlation algorithms can be applied to 
the images with flow tracers to obtain the continuous phase velocity 
field.

Diverse methods have been proposed for phase discrimination, 
including digital separation using image processing algorithms (Hassan 
et al., 1992; Honkanen and Nobach, 2005; Khalitov and Longmire, 2002; 
Kiger and Pan, 2000; Li et al., 2021; Oakley et al., 1997), and optical 
separation during data collection using wavelength discrimination in 
dual camera systems (Kosiwczuk et al., 2005, Poelma et al., 2006). 
Correlation peak discrimination is also possible when there is a signifi-
cant velocity difference between phases (Delnoij et al., 1999; Rotten-
kolber et al., 2002). The choice of approach for phase separation is 
highly dependent on the specific characteristics of the multiphase flow 
system, with each digital and optical separation presenting advantages 
and disadvantages which must be considered in a case-by-case basis 
(Ergin, 2017; Li et al., 2021; Poelma et al., 2006). Most recently, con-
volutional neural networks have been proposed for phase discrimina-
tion, enhancing image processing based methods (Vennemann and 
Rösgen, 2020; Wang et al., 2022b). In addition to supporting phase 
discrimination, machine learning (ML) approaches are also being pro-
posed to optimize 3D PTV reconstructions from tomographic measure-
ments (Zhang et al., 2024) and to reconstruct missing data in PIV and 
PTV measurements (Morimoto et al., 2021; Vlasenko et al., 2015).

There is potential for major improvements in measurement quality, 
and major decreases in uncertainty and error bounds for the carrier flow 
velocity and turbulence statistics in close proximity to the dispersed 
phase particles. Measurements near phase interfaces are of particular 
interest in turbulent multiphase flows and are generally challenged by 
particle scattering (Knowles and Kiger, 2012; Martin and García, 2009; 
Poelma et al., 2006; Seol et al., 2007; Tanaka and Eaton, 2010).

2.3.3. Phase doppler particle analysis
The use of Phase Doppler Particle Analysis (PDPA) in dispersed 

multiphase flows was pioneered by Bachalo (Bachalo, 1994; Bachalo 
and Houser, 1984; Sankar et al., 1991) and commercialized under 
different trademarks. It uses the same principle as Laser Doppler 
Anemometry (LDA), in which 1, 2, or 3 components of the velocity of a 
scatterer are obtained as it crosses the probe volume (the region of the 
flow in which the 2, 4, or 6 laser beams of different wavelengths cross) 
by measuring the Doppler shift in the scattered light. In addition, by 
placing three photodetectors at slightly different angles at the receiver 
end, PDPA also measures the phase difference of the scattered light 
between two pairs of detectors, from which the diameter of the inclusion 
can be computed from Mie theory, assuming the inclusions are spherical 
and larger than the light wavelengths.

PDPA is routinely used in dilute bubbly and particulate flows (vol-
ume fraction below 10-3, and diameters below 1 mm), and in liquid-gas 
flows. Since its development, it has become the workhorse for mea-
surements in the dilute region of sprays (Aliseda et al., 2008; Bachalo, 
2000; Lasheras et al., 1998; Varga et al., 2003). Tracking the number 
and velocity of particles in different class sizes can be used to determine 
the birth, growth, and death of particles of different sizes. These statis-
tical measurements can only be interpreted spatially if the flow is sta-
tistically stationary, as the measurements are conducted at a point 
(small probe volume) as a function of time.

The versatility and reliability of LDA and PDPA have been exploited 
to fully characterize diverse dilute multiphase flows, including isotropic 
homogeneous turbulence (Aliseda et al., 2002; Bateson and Aliseda, 
2012; Ferran et al., 2023; Mora et al., 2021), free-shear flows (Hishida 
et al., 1992; Travis et al., 2022), and wall bounded flows (Aliseda and 
Lasheras, 2006; Felton and Loth, 2002; Kulick et al., 1994; Rogers and 
Eaton, 1991). One of the limitations of PDPA is that it cannot accurately 

Fig. 2. Schematic of the optical setup used for phase and surface temperature 
detection (left) and a sample of the acquired image (right) (Reproduced from 
(Kossolapov et al., 2021)).
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measure the signal from all particles that cross the probe volume, 
although if signal rejection is not biased against specific class sizes the 
diameter distribution is accurately captured (Black and McQuay, 2001). 
Moreover, with adequate post-processing, the volume flux of the 
dispersed phase through the probe volume can be reconstructed, effec-
tively filling in those particles whose signal is filtered out (Corcoran 
et al., 2000). The volume fraction of the dispersed phase can also be 
quantified when assumptions about the carrier phase velocity can be 
made, for example that the velocity of the smallest size particles is the 
same as the local instantaneous carrier flow velocity (Bachalo, 1994; 
Ferran et al., 2023; Huck et al., 2022; Rácz et al., 2022; Sankar et al., 
1991), the volume fraction of the dispersed phase can be quantified 
(Roisman and Tropea, 2001).

Another drawback of PDPA measurements is that number densities 
are often underestimated for the smallest particles, typically those be-
tween 1.5-10 microns in diameter (Sankar et al., 1991), depending on 
the wavelength and laser intensity/transmitting-receiving optics (Knop 
et al., 2021; Qiu and Sommerfeld, 1992; Qiu et al., 2001).

2.4. Soft-field measurements

Soft-field measurement techniques are those in which the electric or 
magnetic sensing field is strongly influenced by the properties of the 
medium being measured and their spatial distribution (Abdul Wahab 
et al., 2015). Depending on how the waves interact with the surrounding 
media, some techniques can be classified as either soft-field or hard-field 
(described in Section 2.5). Because the measurement quantity is affected 
by the entire medium, the reconstruction algorithms for soft-field to-
mography are complex, with reconstruction outputs that can be very 
sensitive to noise and small measurement variations, and that involve 
iteration and error minimization techniques (Cui et al., 2016; Fessler, 
2020; Yorkey et al., 1987).

2.4.1. Electrical tomography
The measurement principles of the resistance, capacitance, or 

impedance probe techniques discussed in Section 2.1.3 have been 

extended to field measurements using tomographic reconstructions of 
resistance, capacitance, or impedance measurements from detectors 
arranged in the periphery of the multiphase flow system (Cui et al., 
2021; Rasel et al., 2022; Yao and Takei, 2017). Fig. 3a shows a schematic 
diagram of a simple electrical impedance tomography (EIT) electrode 
arrangement for collecting impedance data. Here the impedance be-
tween pairs of electrodes is measured by applying a constant current 
input and output, in this case at two electrodes. The resulting voltage at 
all electrodes is recorded, producing one “projection”. With N elec-
trodes, there are RN = N(N − 1)/2 linearly independent projections. 
Practical implementation of EIT electrode arrays can be more complex, 
incorporating a variety of electrode geometries (e.g., circular, planar, 
spiral) along with “guard” electrodes that can be used to manage current 
flows outside and at the boundary of the measurement domain. Similar 
arrangements can be used for electrical resistance tomography (ERT) or 
electrical capacitance tomography (ECT).

Fig. 3b presents a typical EIT reconstructed image, which illustrates 
how different reconstruction methods can yield varying impedance 
distributions in the domain. Challenges to the implementation of EIT 
rest primarily with the fact that there usually is not a unique solution to 
the impedance distribution given a finite number of measured pro-
jections. This results from the fact that the current lines within the 
domain are significantly altered by the phase distribution itself; hence, 
the “soft field” designation. Additional a priori constraints on the 
impedance field are often imposed to force the candidate reconstruction 
toward a desired phase topology. Some EIT systems that are meant to 
examine contrast in capacitance can have significant current flows not 
just within the multiphase flow but also within the flow container itself. 
In these cases, the impedance of the flow and the container must be part 
of the reconstruction.

Other practical challenges with the implementation of EIT include 
the nature of the data collection itself, limitations in the electrode size 
and geometry, and current leakage. Even with these challenges, EIT 
(ECT or ERT) has proven to be a relatively low-cost method to non-
invasively interrogate the field properties of a multiphase flow with high 
temporal resolution, with particularly successful implementations for 

Fig. 3. (a) Schematic diagram of a simple EIT electrode geometry applied to circular domain (Reproduced from (George et al., 2000b)). (b) An example EIT 
reconstruction of air bubbles dispersed in oil using four different reconstruction methods (Reproduced from (Rasel et al., 2022)).
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process control (Tapp et al., 2003).

2.4.2. Magnetic resonance imaging
Magnetic resonance imaging (MRI) techniques enable measurements 

in optically opaque multiphase flows, including combinations of solids, 
liquids, and gases. No constraint is imposed on the flow geometry 
imaged, but the flow apparatus must fit within a clinical or research- 
grade MRI scanner, and it must be MRI compatible (non-ferromag-
netic). MRI is rooted in nuclear magnetic resonance (NRM), to which 
Lauterbur (Lauterbur, 1973) and Mansfield (Mansfield, 1977) added the 
ability of spatial distinctions by using magnetic field gradients super-
posed to the main magnetic field. A pulse radiofrequency excitation 
creates a net magnetization that disturbs the spin of the atomic nuclei 
(generally hydrogen protons in water) away from alignment with the 
magnetic field. As spins precess post-excitation while re-aligning with 
the main field, the precessing magnetization produces an induced 
electric current, the signal measured at antennas in an RF coil. By 
selectively varying the magnetic field gradients and the RF excitation 
frequencies across multiple transmit/receive cycles, it is possible to 
reconstruct three-dimensional images of the spatial distribution of 
distinct phases as well as mean velocity fields.

The spatial resolution is generally limited by the measurement 
signal-to-noise ratio and scan time. Resolutions as small as several mi-
crons can be achieved with state-of-the-art high-field scanners (e.g., 
9.4T), while submillimeter spatial resolution is most common with 3T 
scanners. The scan time depends on the dimensionality and spatial 
resolution of the output, but also on the substances imaged and imaging 
sequence, ranging from milliseconds for 1D imaging to minutes for 3D 
imagining with high spatial resolution. Due to its versatility in terms of 
measurement quantities, MRI extends to many fields beyond its main 
thrust in medical and biomedical applications. Fukushima (Fukushima, 
1999) provides an early review of the use of MRI with a focus on velocity 
and concentration profiles in a wide variety of multiphase flows. Many 
reviews have followed (Clarke et al., 2023; Elkins and Alley, 2007; 
Gladden and Sederman, 2017; Mantle and Sederman, 2003; Stannarius, 
2017). Reference books (Brown et al., 2014; Callaghan, 1993) are 
available that provide in depth details on MRI, sequence design, and 
reconstruction strategies.

Contrast agents in small concentrations are often added in flow ex-
periments to reduce scan times and increase signal strength by 
decreasing the relaxation times of hydrogen nuclei. The relation be-
tween concentration of a contrast agent and signal magnitude has also 
been exploited to measure turbulent transport of a passive scalar via 
concentration field measurements (Banko et al., 2020; Benson et al., 
2010). Signal magnitude has been largely used in multiphase flows for 
void fraction measurements in granular media (Stannarius, 2017), 
moving bubbles (Tayler et al., 2012a), and particles (Borup et al., 2018), 
as well as to identify cavitation (Adair et al., 2018). The sensitivity of 
MRI signal to temperature is also widely exploited for thermometry in 
medical applications (Rieke and Butts Pauly, 2008), and heat transfer 
experiments (Serial et al., 2023; Zhang et al., 2022).

Many of the works already introduced combine measurements of 
concentration, temperature, or void fraction with velocimetry. Phase 
encoding, or phase contrast (PC) imaging (Dumoulin et al., 1989; Pelc 
et al., 1991a), is the most common method for mean velocity field 
measurements and has been used in many complex flow configurations 
(Banko et al., 2015; Bruschewski et al., 2023; Elkins et al., 2003; 
Grundmann et al., 2012). Time periodic flows can also be measured by 
using gated scans and distributing the different phase encodes required 
for spatial localization over successive cycles (Pelc et al., 1991b). This 
modality, termed PC cine MRI, is commonly used for blood flow (Markl 
et al., 2003; Markl et al., 2012) and has been applied for measurements 
in rotating (Hoffman et al., 2020) or pulsatile flows (Benson et al., 
2023). Shorter acquisition times are needed in fast moving or unsteady 
flows, and to some extent they can be achieved with tradeoffs in spatial 
resolution and signal-to-noise ratio (Elkins and Alley, 2007). Sequences 

using echo planar imaging (EPI) and multi-shot EPI largely decrease 
acquisition times to hundreds of milliseconds and have been used in 
drops and rising bubbles (Amar et al., 2010; Kemper et al., 2021). 
Acquisition times can also be reduced by non-uniform undersampling 
using compressed sensing techniques (Fu et al., 2015; Tayler et al., 
2012b).

There are several sources of uncertainty in MRI measurements that 
depend on the scanner (the non-linearity of fields and gradients), the 
sequences, and also on the multiphase flow under study, with scan pa-
rameters that need to be optimized for each experiment (Elkins and 
Alley, 2007). The velocimetry measurement accuracy has been 
addressed using statistical measures (Bruschewski et al., 2016) and by 
comparison to PIV (Elkins et al., 2009; John et al., 2020). The robustness 
of MRI velocimetry to hardware, sequence, and user defined MRI pa-
rameters has been demonstrated in MRI challenges where measurements 
on the same flow phantom were compared across different groups using 
different scan manufacturers and sequences (Benson et al., 2023; Benson 
et al., 2020).

As MRI hardware continues evolving, with medical-grade scanners 
becoming more easily accessible, and with the increase of affordable low 
field scanners, the development of tailored MRI techniques has a strong 
potential in multiphase flows measurements.

2.5. Hard-field measurements

In contrast to soft-field measurement techniques, hard-field tech-
niques measure a property that is independent of the volumetric dis-
tribution of the discrete phase. Hard-field measurements are easier to 
interpret than soft-field measurements because the wave paths are 
predictable. Examples of hard-field techniques include X-ray, optical, 
ultrasonic tomography (in relatively dilute multiphase systems), and 
short-range radar systems.

2.5.1. Acoustic/ultrasound
Contrast in the acoustic properties of the phases in a multiphase flow 

invite the use of sound waves to interrogate the phase distribution and 
other properties of the flow. In many cases ultrasound is employed to 
determine phase boundaries and velocities in the spatially averaged bulk 
or as 2D or 3D distributions. Recent reviews of these methods are 
available (Fan and Wang, 2021; Hossein et al., 2021; Poelma, 2016, 
2020; Tan et al., 2021).

One modality of ultrasound measurements relies on the Doppler ef-
fect, whereby the frequency of a reflected sound wave is increased (or 
decreased) as the object reflecting the sound is moving toward (or away) 
from the receiver. Ultrasound waves with frequencies on the order of 1- 
10 MHz can be transmitted into a flow using either continuous 
(Continuous Wave Ultrasound Doppler, CWUD) or pulsed (Pulsed Wave 
Ultrasound Doppler, PWUD) waves. Ultrasound that reflects off partic-
ulates or larger phase boundaries in a moving fluid will undergo a 
Doppler shift, and measurement of the reflected signal will yield the 
phase velocity. Ultrasonic Doppler methods are quite amenable to ho-
mogeneous dispersed flows, where the path of sound propagation and 
reflection are relatively well understood a priori. They may also be used 
when there are strong variations in the phase topology, such as in the 
cases of stratified, annular, or bubbly flow (Figueiredo et al., 2016). The 
interaction of the sound wave with compressible phases of the flow can 
result in changes to the bulk sound speed and/or acoustic resonance. In 
these cases, interpretation of the acoustic return is more challenging, 
and may require extensive calibration with known flow topologies along 
with sophisticated data processing.

It is also possible to use ultrasound for flow imaging (Poelma, 2016). 
These methods use technology that has been developed for medical ul-
trasonic imaging, allowing for whole field resolution of the phases of the 
flow, or even measurements of phase velocities with time resolved 
methods, named Ultrasound Imaging Velocimetry or echo-Particle Im-
aging Velocimetry. Efforts are underway to adapt and optimize medical 
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imaging systems for multiphase flows, which will likely involve new 
specific signal processing algorithms.

Finally, Hossein et al. (Hossein et al., 2021) reviewed how sound 
emitted from the multiphase flow itself can be used as a diagnostic tool. 
Phase interactions within the bulk of the flow and at the flow boundary 
can create sound across a range of frequencies, including audible and 
ultrasonic, which can be correlated to the flow parameters of interest, 
such as flow speed, phase fraction, or topology.

2.5.2. Millimeter wave
Millimeter waves (MMW) are radio frequency waves in the 30-300 

GHz frequency range, with wavelengths on the order of 1 to 10 mm. 
MMW interferometry has been conventionally exploited for electron 
density measurements in plasma systems (Hartfuss et al., 1997), and 
only in the last decade the use of MMW has extended to medical imaging 
(Topfer and Oberhammer, 2015; Wang et al., 2014), and short-range 
sensing in autonomous vehicles (Polese et al., 2023).

Techniques for multiphase flows have been more common in the low 
microwave frequency range, based on measurements of transmitted or 
reflected waves whose amplitude and phase vary with the bulk complex 
dielectric constants of the mixture. One of the first microwave sensors 
was developed for oil measurements (Ashton et al., 1994), and it is 
common in industrial monitoring (Nyfors, 2000). Microwave techniques 
are used for the identification and concentration of specific ingredients 
in liquid mixtures (Bo and Nyfors, 2002; Gennarelli et al., 2013), and oil 
and moisture content in porous materials and emulsions (Aggarwal and 
Johnston, 1986; Pal, 1994). Microwaves can also be used as a soft-field 
technique for microwave tomographic imaging (MTW) (Mallach et al., 
2017; Wu, 2015)

Increasing the frequency into the MMW band allows for better spatial 
and temporal resolution, and for compact hardware with multiple small 
antennas, but penetration depths are reduced. Dispersed multiphase 
flows with air as the dominant phase and dielectric materials with low 
tangent losses are ideal candidates for MMW sensing. They have been 
used to measure the liquid, vapor, ice, and mixture composition of 
clouds, the size and shape of drops or ice crystals (Hogan et al., 2000; 
Oue et al., 2015), and their velocity and atmospheric turbulence profiles 
(Kollias et al., 2001). Reviews on MMW atmospheric radars are available 
(Kollias et al., 2016; Kollias et al., 2007). Similar techniques have been 
used in volcanology to measure ash size distributions and velocities 
using pulsed-Doppler radars or frequency modulated continuous wave 
(FMCW) radars (Bryan et al., 2017; Hort and Scharff, 2016). CW Doppler 
radars have also been proposed to measure ejecta velocities generated 
by the impingement of rocket plumes on a planetary surface (Kemmerer 
et al., 2023).

FMCW MMW radars can be used to measure the volume fraction in 
dispersed multiphase flows. One of the first demonstrations used a 
custom-made radar system to measure volume loading in a pneumati-
cally conveyed system carrying 30 μm wheat flour particles (Baer et al., 
2014). Recently, using a compact and inexpensive Texas Instrument 
FMCW MMW radar and a passive reflector, interferometry was used to 
measure the path integrated concentration of 103 μm glass microspheres 
in a rapidly evolving cloud with 50 μs temporal resolution (Rasmont 
et al., 2023). With FMCW radars now available as off-the-shelf inte-
grated systems for automotive applications, MMW interferometry 
emerges as a low-cost and low-complexity technique to measure 
path-integrated number or volume concentration in optically opaque 
regimes. The technique has been recently validated and its measurement 
accuracy evaluated for different calibration methodologies (Rasmont 
et al., 2025b). By extending the setup to a multi-path measurement 
system, as shown in Fig. 4, using exclusively one radar integrating emit 
and receive antennas and multiple passive reflectors, MMW interfer-
ometry has been extended to a tomographic imaging system providing 
high speed measurements of particle concentration distributions 
(Rasmont et al., 2024). Local volume concentrations up to 3% were 
measured.

The spatial resolution of MMW interferometry is limited to centi-
meters when passive reflectors and simple off-the-shelf radars with a 
reduced number of antennas are used. Future developments exploiting 
phase array radars and active reflectors offer promising opportunities 
for improved spatial resolutions. The same system used for volume 
fraction measurements also provides velocimetry using the Doppler- 
shift return.

2.5.3. X-ray imaging
X-ray imaging is performed by placing an X-ray source behind a 

sample such that a beam is shot through it to be imaged by a detector. X- 
rays, unlike visible light, benefit from weak scattering by gas-liquid 
interfaces and have been shown to be among the best candidates for 
probing optically dense multiphase flows due to its penetrative nature 
and high energy (Aliseda and Heindel, 2021; Heindel, 2024). In most 
X-ray imaging systems, the X-ray beam is absorbed by a scintillator 
crystal that re-emits visible light proportional to the X-ray intensity and 
this light is then captured by a camera. X-rays are generally safer than 
γ-rays because the sources only emit X-rays when they are powered and 
their energy can be controlled by varying the input voltage (Chaouki 
et al., 1997; Toye et al., 1996). X-rays also have better available de-
tectors and smaller spot sizes than γ-rays, which provides better spatial 
resolution (Heindel, 2011).

At the lab scale, X-ray imaging has been primarily developed to 
perform 3D tomographic reconstructions of the sample composition. 
Tomographic measurements require rotating the object of interest; for 
multiphase flows, this could lead to non-negligible Coriolis effects and 
non-trivial mechanical issues. This difficulty may be overcome by using 
multiple sources and detectors or by spinning the X-ray equipment 
around the experiment (Heindel, 2024). However, X-ray imaging with a 
single source and detector, called radiography, can still give access to 
time-resolved projected mass distribution maps. Many developments in 
lab-scale X-ray imaging techniques adapted to multiphase flows have 
emerged over the past few decades (Heindel, 2011, 2018; Heindel, 
2024). In the context of cavitation for example, 2D measurements of the 
projected time-average void fraction with high temporal resolution have 
been conducted using tube-source X-rays (Ganesh et al., 2016; Maurice 
et al., 2021). Many other examples of multiphase flow imaging using 
X-rays are summarized in a recent review (Heindel, 2024).

Beyond quantitative local time-average mass measurements, X-ray 
imaging has been used for X-ray particle tracking velocimetry (XPTV) in 
fluidized beds (Chen et al., 2019a, b) and granular mixers (Kingston 
et al., 2015; Nadeem et al., 2023). New micro-focus X-ray tubes with a 

Fig. 4. Particle concentration measurement via MMW tomography during su-
personic jet impingement on a granular surface, experiment described in 
(Rasmont et al., 2024). (a) Instantaneous snapshot from high-speed camera; (b) 
radar-reflectors arrangement; and (c) radial distribution of particle concentra-
tion at a plane above the surface sampled at 10 kHz during a 1 sec 
flow-on experiment.
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liquid metal jet anode X-ray have recently been used to track 
micron-sized particles at kHz imaging speeds (Parker et al., 2024). 
Additionally, using only 2D time-resolved radiography and spheres of 
known size, one can obtain the 3D position and perform tracking with 
only one projection when using a diverging X-ray cone beam (Stamati 
et al., 2023).

High-speed synchrotron X-ray imaging has also been used for 
multiphase flow studies (Heindel, 2018; Kastengren et al., 2023; Kas-
tengren and Powell, 2014). Ideal multiphase flows include cavitation 
(Biasiori-Poulanges et al., 2023; Khlifa et al., 2017) and spray formation 
(Bothell et al., 2022; Li et al., 2017; Machicoane et al., 2019; Tolfts et al., 
2024) because of the required small spatial and temporal scales as well 
as the optically dense nature of these turbulent multiphase flows.

2.5.4. γ-rays
In contrast to X-rays, γ-rays have higher photon energies that provide 

better penetration through dense-walled containment vessels. X-rays 
also require external cooling systems and a stable high voltage power 
supply, whereas γ-rays are provided by isotopic sources, which are 
insensitive to thermal and electrical fluctuations. These factors make 
γ-ray densitometry a workhorse for industrial tomography in the 
chemical and process industries (Bieberle et al., 2013; de Mesquita et al., 
2016; Johansen, 2015).

Several groups have used γ-rays for projected void fraction or density 
measures in various multiphase flows. Single projection measurements 
have been used to quantify void fraction in a variety of systems, 
including industrial-sized bubble columns with stainless steel walls (Jin 
et al., 2005), pilot scale packed beds with gas-liquid up flow (Toukan 
et al., 2017), and a 440 mm diameter column filled with structured 
packing and a volatile fluid (Hoffmann and Kögl, 2017). Chord-average 
void fractions have also been reported for concurrent downflow bubble 
columns (Hernandez-Alvarado et al., 2017).

Rotating the γ-ray source and detector array (Shaikh et al., 2023) or 
arranging multiple sources and detectors around the flow of interest 
(Yan et al., 2021) allows for the use of reconstruction techniques to 
visualize the time-average void fraction across a given plane. These 
γ-ray tomographic techniques have been applied to bubble columns (de 
Mesquita et al., 2016), bubble columns with internals (Sultan et al., 
2018), gas-liquid-solid slurry bubble columns (George et al., 2001; 
Shaikh et al., 2021), and an aerated stirred-tank reactor (Khopkar et al., 
2005).

Two different γ-ray sources with different energies can also be used 
and have the advantage of providing dual energy measurements that can 
be applied to three-phase systems. A dual-source γ-ray computed to-
mography system has been used to visualize and quantify void fraction 
in a pebble bed reactor (Al Falahi and Al-Dahhan, 2016), bubble column 
(Sultan et al., 2018), spouted bed (Al-Juwaya et al., 2017), and fluidized 
bed (Efhaima and Al-Dahhan, 2015).

3. Outlook

3.1. New developments

Tackling detailed experimental multiphase flow studies typically 
requires the combination of several experimental techniques for 
measuring the same quantity of interest but in different regimes, or 
different quantities of interest. Spray measurements are one example 
where several techniques exist to measure droplet size, each preferred 
depending on the region of the spray and atomization parameters. 
Methods may be combined to fully characterize a broad droplet size 
population, accurately measuring droplet diameter using Phase Doppler 
Interferometry and direct backlit imaging (Huck et al., 2022), and 
quantifying the 3D volume of larger lumps of fluids using backlit im-
aging from several projections (Masuk et al., 2019). In addition, droplet 
velocities can be simultaneously measured with LDA and high-speed 
imaging, with other techniques needed for measurements of the 

carrier phase. Some of these measurements can now be performed 
simultaneously thanks to more compact and robust systems as tech-
nologies mature.

In general, combining diagnostics for multi-parameter measure-
ments is challenged by the complexity of the different measurement 
techniques and their setups, incompatibilities on their requirements, 
and crosstalk between systems. Recent reviews have specifically focused 
on the combination of established measurement techniques for simul-
taneous measurements in single and multiphase flows (Hao et al., 2023; 
Li et al., 2023).

New developments in advanced techniques for probing multiphase 
flows will continue to strengthen multi-technique approaches, with new 
strategies for synchronized measurements using different sensing prin-
ciples while avoiding signal interference. New hardware and software 
advances push the limits of measurement resolution and signal-to-noise 
ratio and increase accessibility to advanced dedicated equipment. One 
recent example of a multi-technique approach enabled by highly 
specialized testing facilities with high potential to dense multiphase 
flows is the leveraging of simultaneous X-ray and neutron imaging to 
measure the evolution of moisture migration in porous media while 
reconstructing its changing 3D geometry (Sleiman et al., 2021).

In the area of dispersed multiphase flows, advanced multi-antenna 
technology and compact radar systems present great potential and are 
now widely accessible at low cost; their rise driven by increasing de-
mand for communication bandwidth and short-range autonomous 
vehicle sensing. The small size of MMW components allows combining 
multiple arrays of antennas in compact configurations, with techniques 
like Multiple-Input Multiple Output (MIMO) and beam forming (Heath 
et al., 2016; Sun et al., 2014) boosting the resolution and dynamic range 
while enabling simultaneous measurements of velocity and concentra-
tion from different properties of the recorded signal. The use of active 
reflectors or tags, selectively modulating the waves, also increases the 
measurement range and resolution (Soltanaghaei et al., 2021), and 
limits crosstalk, at the expense of added complexity. The main strengths 
of MMW radars for dispersed multiphase flows are their high temporal 
resolution, and their capability to measure in a range of volume loadings 
which is usually restricted to optical techniques due to excessive 
attenuation and being too dilute for X-ray imaging. In addition, they are 
easy to integrate with other diagnostics without signal interference. 
MMW systems can be incorporated into high-speed and X-ray imaging 
setups for the study of time-varying dispersed multiphase flows which 
undergo a wide range of volume loading conditions, as is the case of a 
gas plume interacting with a granular surface (Rasmont et al., 2025a). 
The increasing accessibility to lab-scale X-ray imaging, and advanced 
micro-focus X-ray tubes (Parker et al., 2024) also facilitate 
multi-technique approaches.

Hardware developments are key to advanced diagnostics and 
improved spatial and temporal resolution. Sensors continue to shrink, 
becoming less intrusive in flow measurements, and higher speed lasers, 
electronics, and camera sensors, with increasing image sizes and sensi-
bility, enable faster acquisitions and time-resolved measurements. 
Improved sensors and cameras are dramatically increasing the amount 
of data that can be collected, requiring new data analysis and data 
management methods. As larger amounts of experimental multiphase 
flow data become available, artificial intelligence (AI) and data-driven 
ML approaches are increasingly being used for classification, pattern 
recognition, model discovery, and development of closure models 
(Al-Naser et al., 2016; Basha et al., 2024; Quintino et al., 2021; Zhu 
et al., 2022). Neural networks are well suited and widely exploited for 
image segmentation and data enhancement (Foster et al., 2025) and 
have a large potential in dispersed multiphase flows to facilitate the 
detection and characterization of the dispersed phase (Hessenkemper 
et al., 2022). ML techniques are also being exploited for faster and more 
accurate flow field and trajectory reconstructions from PIV and PTV 
measurements, respectively (Tirelli et al., 2023; Wang et al., 2022a), and 
data-driven ML has also been used to develop bubble and droplet size 
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distribution predictions based on measured flow conditions (Basha 
et al., 2024; Zhu et al., 2022).

Experimental data are key to drive the discovery of physical mech-
anisms, and to develop and validate models, but it is not possible to 
measure all the desired quantities of interest in a dispersed multiphase 
flow experiment. Data assimilation and ML techniques combining large 
volumes of sparse data from different diagnostics with numerical sim-
ulations present a promising opportunity to reconstruct missing exper-
imental data (Zhao et al., 2024) and to develop physics-constrained 
models with predictive capabilities.

The tremendous advances in numerical simulations of multiphase 
flows, and the increase in computational power over the past decades, 
now enable high-fidelity simulations of regimes comparable to labora-
tory scale experiments in many cases. Joint experimental-numerical 
studies remain a necessary avenue to advance multiphase flow science 
and technology in a manner that is inaccessible to experimental analysis 
or numerical simulations alone. Simulations provide the three- 
dimensional time-resolved information necessary to understand the 
flow physics (Balachandar, 2024; Elghobashi, 2019; Fox, 2012; Sub-
ramaniam, 2020; Subramaniam and Balachandar, 2022; Tryggvason 
et al., 2011), while experiments showcase the ground truth required to 
identify missing physics in the equations and validate physics-based 
models. Only the synergistic coupling of both approaches can fully un-
ravel complex phenomena. A few recent examples of the power of joint 
experimental-numerical studies include: (i) the instability mechanism in 
the primary breakup region of planar coflowing sheets (Fuster et al., 
2013), (ii) the development of a phenomenological equation to predict 
the velocity of the jets formed by bubble bursting contributing to aerosol 
formation above the ocean (Deike et al., 2018), (iii) the development 
length and particle-particle collision models required in dilute turbulent 
particle-laden flow simulations (Esmaily et al., 2020), and (iv) the 
importance of contact line dynamics when modeling the exit region of 
an airblast atomizer (Vu et al., 2023). Careful data preprocessing must 
be executed when performing one-to-one comparisons to account for 
real effects on the diagnostic techniques (e.g., laser thickness, distor-
tions, implicit biases, etc.) and the implemented computational model 
(e.g., numerical method, convergence, grid resolution, etc.).

It is important to remember that there is no experimental technique 
or combination that can simultaneously measure the three-dimensional 
properties of the dispersed and continuous phases in a time-resolved 
manner. Likewise, there is rarely a situation of scientific or practical 
interest in which a numerical simulation of a dispersed multiphase flow, 
especially in a turbulent carrier phase, can be considered a true Direct 
Numerical Simulation without any modeling involved. Thus, experi-
ments are critical in guiding and validating the use of models for 
dispersed/continuous phase flow interactions. At the same time, simu-
lations can provide a wealth of spatial and temporal information that is 
simply not accessible in experiments.

3.2. Future research opportunities

Dispersed multiphase flows encompass a wide range of physical 
phenomena important to diverse applications with large societal and 
technological impact. A few selected research directions of growing 
scientific interest, with strong potential for major advances, are briefly 
introduced here and include areas such as medical treatment, environ-
mental preservation, industrial processes, high-speed or reactive flows, 
and space exploration.

Dispersed multiphase flows are intrinsic to human body fluids, 
medical applications, and disease transmission. The importance of 
fundamental knowledge on droplet dispersion and evaporation in a 
turbulent flow was irrefutably evident during the COVID-19 pandemic, 
when it became clear that airborne transmission of pathogen-laden 
droplets and particles was an important contributor to rapid disease 
spread (Balachandar et al., 2020; Bourouiba, 2021). Additionally, tar-
geting inhaled drug-aerosol delivery to predetermined lung areas 

requires knowledge of particle transport and deposition in the complex 
human airways (Banko et al., 2015; Kleinstreuer and Zhang, 2010). 
Active research is being focused on micro-particle or droplet encapsu-
lated drugs delivered into the bloodstream, which serve as cavitation 
nuclei with targeted drug release then triggered by ultrasounds (Stride 
and Coussios, 2019). Ultrasound techniques, now commonly used in 
bubbly flows, emerged as a biomedical imaging diagnostic that later 
found is way as a therapeutic tool, with acoustic cavitation used to de-
posit heat deep within the body for ablation of tumor cells, and for 
enhanced mass transport across inaccessible interfaces such as the 
blood-brain barrier (Brennen, 2015; Coussios and Roy, 2008; Yuan et al., 
2015).

Bubble and droplet-laden flows undergoing phase change (e.g., 
evaporation, dissolution, melting, freezing) involve momentum and 
energy coupling between phases, that often occur over a wide range of 
length and time scales within a carrier turbulent flow (Ni, 2024). In 
addition to a myriad of industrial processes, dispersed droplet and 
particle laden flows with phase change, or mass and energy exchange, 
are intrinsic to many large-scale environmental flows that affect our 
ecosystem (Dauxois et al., 2021). An example is the bubble-mediated 
air–sea mass exchange and gas spray production, which control the 
fluxes of gases, moisture, and sea salt that regulate the ocean–atmo-
sphere interaction from local to global scales (Deike, 2022).

Another example of the importance of particle-laden flows with mass 
transport is the attempts to slow global warming by carbon sequestra-
tion, from the atmosphere or flue gases, by using microparticles with 
liquid carbonate cores and silicone shells to increase the surface area, 
and thus the carbon dioxide absorption rate (Vericella et al., 2015). 
Droplet breakup and vaporization are also of upmost importance in 
compressible flow regimes, in which shock-driven breakup creates 
additional hydrodynamic instabilities. The compressible multiphase 
flow regime is key to liquid-fueled detonation (Young et al., 2025), and 
to supersonic flight, with small drops becoming impactors that are first 
processed by a bow shock prior to their hypervelocity impact onto the 
vehicle (Dworzanczyk et al., 2025).

With increasing interest in space exploration, prolonged human ac-
tivity in microgravity conditions, and efforts to sustained operation on 
other planetary and celestial bodies, like Mars or the Moon, there is an 
increasing need to advance our understanding of multiphase flow pro-
cesses under varying gravitational effects and reduced pressure envi-
ronments. Many multiphase flow phenomena are noticeably affected by 
gravitational acceleration, including phase separation, bubble dynamics 
and detachment, and in general the dynamics of the dispersed phase 
with non-negligible mass. Experiments at varying gravitational accel-
eration serve to assess theoretical and empirical models, and to evaluate 
the performance of devices such as propellant storage, two-phase heat 
exchangers, or regenerative life support systems. Phase separation, 
boiling and critical heat flux, instabilities and transient conditions are 
some of the priority multiphase flow research areas for safe in-space 
operations (Garivalis and Di Marco, 2022; Konishi and Mudawar, 
2015; Nejati et al., 2020; Ulucakli and Merte, 1990; Zhao and Rezkallah, 
1993).

One interesting effect in reduced gravity is captured by the Bond 
number, which scales the size of the experiment with the capillary 
length. The capillary length increases with decreasing gravity (inversely 
proportional to the square root of gravity), therefore “small” capillaries 
become “large” in microgravity, allowing more detailed diagnostics of 
local phenomena (Di Marco et al., 2009). The International Space Sta-
tion can be used to study gravity effects (Sielaff et al., 2022). On Earth, 
gravity effects can be studied in small scale experiments in a centrifuge, 
drop tower, or parabolic flight (Brendel et al., 2023). The dynamics of 
particles at high Knudsen numbers become important at the very low 
pressures of the Moon during the propulsive descent of a lander (Cuesta 
et al., 2025; Rahimi et al., 2020). Lifted regolith particles not only 
prevent surface visibility, as documented during the Apollo Missions and 
the recent Firefly Blue Gosht lunar descent, but also endanger the 
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vehicle and nearby infrastructure, with similar and unknown risks 
during Martian descents. Electrostatic charging, and electrical storms on 
Mars (Di Renzo and Urzay, 2018) are other fascinating particle-laden 
flow phenomena to be unraveled.

Finally, advanced laser diagnostics for regimes involving high tem-
perature and reactive multiphase flows, relevant to hypersonics and 
combustion environments, have seen enormous progress in the last de-
cades, with still much potential to further develop experimental di-
agnostics for quantitative measurements. The continuous progress 
towards compact and broadly accessible hardware that can be used in 
harsh environments, in laboratory or field experiments, is well posed to 
bring fast-paced advances on all aspects of dispersed multiphase flows. 
All these challenges and opportunities make it exciting to be a multi-
phase flow experimentalist.

4. Conclusions

Dispersed multiphase flows are ubiquitous and involve a wide range 
of multi-physics phenomena. Continuous advancements in experimental 
methods are needed to better understand the underlying physics of 
dispersed multiphase flows, and to guide and validate models that can 
be used for system design and prediction. Despite the experimental 
complexities introduced by the presence of the dispersed phase when 
compared to single phase flow experiments, several methods are 
currently available that provide many of the desired quantities of in-
terest. Experimental techniques reviewed in this work include invasive 
probes, optical and laser-based imaging, and soft- and hard-field elec-
tromagnetic sensing methods with tomographic capabilities for three- 
dimensional measurements. Hardware developments continuously 
push the limits of existing techniques in terms of temporal and spatial 
resolution and offer opportunities for tailoring selected hardware that 
were originally developed for other applications (i.e., medical imaging, 
telecommunications, or materials inspection) to multiphase flows mea-
surements. Dispersed multiphase flows with high volume loadings of the 
dispersed phase, and those involving high-temperature, high-speed, and 
reactive environments, still pose major challenges to experimental 
measurements, with many opportunities for researchers to make their 
mark in experimental multiphase flows.
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L. Villafañe et al.                                                                                                                                                                                                                               International Journal of Multiphase Flow 189 (2025) 105239 

10 

http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0001
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0001
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0001
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0001
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0002
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0002
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0003
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0003
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0004
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0004
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0004
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0005
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0005
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0005
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0006
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0006
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0006
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0007
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0007
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0007
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0008
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0008
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0008
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0009
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0009
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0010
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0010
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0010
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0011
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0011
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0012
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0012
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0012
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0013
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0013
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0014
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0014
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0014
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0014
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0015
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0015
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0016
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0016
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0017
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0017
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0017
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0018
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0018
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0018
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0019
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0019
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0020
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0020
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0021
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0021
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0021
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0022
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0022
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0022
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0023
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0023
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0024
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0024
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0024
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0025
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0025
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0025
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0026
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0026
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0026
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0026
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0027
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0027
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0027
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0028
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0028
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0028
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0029
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0029
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0029
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0030
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0030
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0030
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0031
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0031
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0032
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0032
http://refhub.elsevier.com/S0301-9322(25)00117-X/sbref0032


Borup, D.D., Elkins, C.J., Eaton, J.K., 2018. Development and validation of an MRI-based 
method for 3D particle concentration measurement. Int. J. Heat. Fluid. Flow. 71, 
275–287.

Bothell, J.K., Machicoane, N., Li, D., Morgan, T.B., Aliseda, A., Kastengren, A.L., 
Heindel, T.J., 2020. Comparison of X-ray and optical measurements in the near-field 
of an optically dense coaxial air-assisted atomizer. Int. J. Multiph. Flow 125, 
103219.

Bothell, J.K., Morgan, T.B., Kastengren, A.L., Heindel, T.J., 2022. Fluid flow observations 
of the spray near-field using high-speed X-ray imaging. Journal of Flow Visualization 
and Image Processing 29 (2), 1–26.

Bourouiba, L., 2021. The fluid dynamics of disease transmission. Annu Rev. Fluid. Mech. 
53 (1), 473–508.

Brandt, L., Coletti, F., 2022. Particle-laden turbulence: progress and perspectives. Annu 
Rev. Fluid. Mech. 54, 159–189.

Bremhorst, K., Gilmore, D., 1976. Response of hot wire anemometer probes to a stream of 
air bubbles in a water flow. J. Phys. e 9 (5), 347.

Brendel, L.P., Weibel, J.A., Braun, J.E., Groll, E.A., 2023. Microgravity two-phase flow 
research in the context of vapor compression cycle experiments on parabolic flights. 
Int. J. Multiph. Flow 160, 104358.

Brennen, C.E., 2015. Cavitation in medicine. Interface Focus. 5 (5), 20150022.
Brown, R.W., Cheng, Y.C.N., Haacke, E.M., Thompson, M.R., Venkatesan, R., 2014. 

Magnetic Resonance Imaging: Physical Principles and Sequence Design. John Wiley 
& Sons.

Bruschewski, M., Freudenhammer, D., Buchenberg, W.B., Schiffer, H.-P., Grundmann, S., 
2016. Estimation of the measurement uncertainty in magnetic resonance 
velocimetry based on statistical models. Exp. Fluids. 57 (5), 83.

Bruschewski, M., Wüstenhagen, C., Domnick, C., Krewinkel, R., Shiau, C.-C., 
Grundmann, S., Han, J.-C., 2023. Assessment of the flow field and heat transfer in a 
vane cooling system using magnetic resonance velocimetry, thermochromic liquid 
crystals, and computational fluid dynamics. J. Turbomach. 145 (3), 031010.

Brutin, D., Sobac, B., Rigollet, F., Le Niliot, C., 2011. Infrared visualization of thermal 
motion inside a sessile drop deposited onto a heated surface. Exp. Therm. Fluid. Sci. 
35 (3), 521–530.

Bruun, H.H., 1995. Hot-Wire Anemometry: Principles and Signal Analysis. Oxford 
University Press.

Bryan, S., Clarke, A., Vanderkluysen, L., Groppi, C., Paine, S., Bliss, D.W., Aberle, J., 
Mauskopf, P., 2017. Measuring water vapor and ash in volcanic eruptions with a 
millimeter-wave radar/imager. IEEE Transactions on Geoscience and Remote 
Sensing 55 (6), 3177–3185.

Callaghan, P.T., 1993. Principles of Nuclear Magnetic Resonance Microscopy. Clarendon 
Press.

Capecelatro, J., Wagner, J.L., 2024. Gas–particle dynamics in high-speed flows. Annu 
Rev. Fluid. Mech. 56, 379–403.

Cartellier, A., 1992a. Local velocity and size measurements of particles in dense 
suspensions: theory and design of endoscopic grating velocimeter–Granulometers. 
Appl. Opt. 31 (18), 3493–3505.

Cartellier, A., 1992b. Simultaneous void fraction measurement, bubble velocity, and size 
estimate using a single optical probe in gas–liquid two-phase flows. Review of 
Scientific Instruments 63 (11), 5442–5453.

Cartellier, A., Achard, J., 1991. Local phase detection probes in fluid/fluid two-phase 
flows. Review of Scientific Instruments 62 (2), 279–303.

Ceccio, S.L., George, D.L., 1996. A review of electrical impedance techniques for the 
measurement of multiphase flows. J. Fluids. Eng. 118, 391–399.

Chaouki, J., Larachi, F., Dudukovic, M.P., 1997. Noninvasive tomography and 
velocimetric monitoring of multiphase flows. Ind. Eng. Chem. Res. 36, 4476–4503.

Chen, X., Zhong, W., Heindel, T.J., 2019a. Orientation of cylindrical particles in a 
fluidized bed based on stereo X-ray particle tracking velocimetry (XPTV). Chem. 
Eng. Sci. 203, 104–112.

Chen, X., Zhong, W., Heindel, T.J., 2019b. Using stereo XPTV to determine cylindrical 
particle distribution and velocity in a binary fluidized bed. AIChE Journal 65 (2), 
520–535.

Cho, J., Perlin, M., Ceccio, S.L., 2005. Measurement of near-wall stratified bubbly flows 
using electrical impedance. Measurement Science and Technology 16 (4), 1021.

Clark, A., Machicoane, N., Aliseda, A., 2019. A quantitative study of track initialization 
of the four-frame best estimate algorithm for three-dimensional Lagrangian particle 
tracking. Measurement Science and Technology 30 (4), 045302.

Clarke, D.A., Hogendoorn, W., Penn, A., Serial, M.R., 2023. Magnetic resonance imaging 
in granular flows: an overview of recent advances. Particuology.

Corcoran, T.E., Hitron, R., Humphrey, W., Chigier, N., 2000. Optical measurement of 
nebulizer sprays: A quantitative comparison of diffraction, phase doppler 
interferometry, and time of flight techniques. J. Aerosol. Sci. 31 (1), 35–50.

Coussios, C.C., Roy, R.A., 2008. Applications of acoustics and cavitation to noninvasive 
therapy and drug delivery. Annu Rev. Fluid. Mech. 40 (1), 395–420.

Cuesta, C.J., Davies, J., Worrall, K., Cammarano, A., Zare-Behtash, H., 2025. Plume- 
surface interactions: A review of experimental work. Acta Astronaut. 226, 892–912.

Cui, Z., Wang, Q., Xue, Q., Fan, W., Zhang, L., Cao, Z., Sun, B., Wang, H., Yang, W., 2016. 
A review on image reconstruction algorithms for electrical capacitance/resistance 
tomography. Sensor Review 36 (4), 429–445.

Cui, Z., Zhang, Q., Gao, K., Xia, Z., Wang, H., 2021. Electrical impedance sensors for 
multi-phase flow measurement: A review. IEEE Sens. J. 21 (24), 27252–27267.

Da, Silva, M.J., 2008. PhD Thesis. Technische Universität Dresden, Dresden, Germany. 
Da Silva, M.J., Schleicher, E., Hampel, U., 2007. A novel needle probe based on high- 

speed complex permittivity measurements for investigation of dynamic fluid flows. 
IEEE Trans. Instrum. Meas. 56 (4), 1249–1256.

Dauxois, T., Peacock, T., Bauer, P., Caulfield, C.P., Cenedese, C., Gorlé, C., Haller, G., 
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ve Tekniği Dergisi 37 (2), 61–74.

Esmaily, M., Villafane, L., Banko, A., Iaccarino, G., Eaton, J., Mani, A., 2020. 
A benchmark for particle-laden turbulent duct flow: A joint computational and 
experimental study. Int. J. Multiph. Flow 132, 103410.

Fan, J., Wang, F., 2021. Review of ultrasonic measurement methods for two-phase flow. 
Rev. Sci. Instruments 92 (9), 091502.

Farrar, B., Bruun, H., 1989. Interaction effects between a cylindrical hot-film 
anemometer probe and bubbles in air/water and oil/water flows. J. Phys. e 22 (2), 
114.

Farrar, B., Samways, A., Ali, J., Bruun, H., 1995. A computer-based hot-film technique 
for two-phase flow measurements. Measurement Sci. Technol. 6 (10), 1528–1537.

Fdida, N., Blaisot, J.-B., 2009. Drop size distribution measured by imaging: 
determination of the measurement volume by the calibration of the point spread 
function. Meas. Sci. Technol. 21 (2), 025501.

Felton, K., Loth, E., 2002. Diffusion of spherical bubbles in a turbulent boundary layer. 
Int. J. Multiph. Flow 28 (1), 69–92.

Ferran, A., Machicoane, N., Aliseda, A., Obligado, M., 2023. An experimental study on 
the settling velocity of inertial particles in different homogeneous isotropic turbulent 
flows. J. Fluid. Mech. 970, A23.

Fessler, J.A., 2020. Optimization methods for magnetic resonance image reconstruction: 
key models and Optimization algorithms. IEEE Signal. Process. Mag. 37 (1), 33–40.

Figueiredo, M.M.F., Goncalves, J.L., Nakashima, A.M.V., Fileti, A.M.F., Carvalho, R.D.M., 
2016. The use of an ultrasonic technique and neural networks for identification of 
the flow pattern and measurement of the gas volume fraction in multiphase flows. 
Exp. Therm. Fluid. Sci. 70, 29–50.

Foster, C.W., Oruganti, S., Panerai, F., 2025. Super-resolved microstructure of pyrolyzing 
superlight ablators. Npj. Mater. Degrad. 9 (1), 9.

Fox, R.O., 2012. Large-eddy-simulation tools for multiphase flows. Annu Rev. Fluid. 
Mech. 44 (1), 47–76.

Fu, M., Zhao, B., Carignan, C., Shosted, R.K., Perry, J.L., Kuehn, D.P., Liang, Z.-P., 
Sutton, B.P., 2015. High-resolution dynamic speech imaging with joint low-rank and 
sparsity constraints. Magn. Reson. Med. 73 (5), 1820–1832.

Fukushima, E., 1999. Nuclear magnetic resonance as a tool to study flow. Annu Rev. 
Fluid. Mech. 31, 95–123.

Fuster, D., Matas, J.-P., Marty, S., Popinet, S., Hoepffner, J., Cartellier, A., Zaleski, S., 
2013. Instability regimes in the primary breakup region of planar coflowing sheets. 
J. Fluid. Mech. 736, 150–176.
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Soulez, F., Denis, L., Thiébaut, É., Fournier, C., Goepfert, C., 2007. Inverse problem 
approach in particle digital holography: out-of-field particle detection made 
possible. J. Opt. Soc. Am. A 24 (12), 3708–3716.
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