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ABSTRACT
Optical methods for investigating multiphase flows are re-

viewed and discussed in the scope of the development of appara-
tus convenient for nuclear fuel reprocessing. Indeed, the various
processes implemented (e.g. leaching, solvent extraction, filtra-
tion, crystallization, etc.) involve either liquid/gas, liquid/liquid
and/or liquid/solid flows. Besides the adaptation of classical
techniques, such as PIV and image processing, that have been
used to quantify velocity fields and particles size distribution in

∗Address all correspondence to this author.

flat-tank reactors, a typical design used in the nuclear industry
to mitigate criticality issues, more innovating techniques are cur-
rently developed. The latter open the way to the measurement
of less usual, although equally important measurements, such as
the droplet composition in a liquid-liquid extraction column, and
mass transfer rate in multiphase flows.

NOMENCLATURE
d10 Mean diameter of the particle population
d32 Surface mean diameter (Sauter diameter) of the particle
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population
d43 Volume mean diameter of the particle population
CCD Charge-Coupled Device
CFD Computational Fluid Dynamics
CMOS Complementary Metal Oxide Semi-conductor
DIH Digital In-line Holography
PIV Particle Image Velocimetry
PSD Particle Size Distribution
PTV Particle Tracking Velocimetry
RD Rainbow Diffractometry
RoI Region of Interest
sCMOS scientific CMOS
SRD Single Rainbow Diffractometry
λ Light wavelength

INTRODUCTION
Most of the separation processes involved in the nuclear fuel

reprocessing industry are based on multiphase flow (liquid-liquid
extraction, dissolution, leaching, filtration, precipitation, etc.),
which complicate the design and scale-up of efficient apparatus.
Therefore, complementing the chemical investigations, achieved
at lab-scale and mostly in nuclear environment, fluid mechanics
studies are carried out, at a larger scale, and using inert fluids,
to apprehend the possible flow effects on the chemical processes
efficiency. The experimental determination of the flow properties
in the related apparatus, especially the velocities of both phases
and properties of the dispersed phase (concentration, size and
shape distribution, etc.) is mandatory and becomes a growing is-
sue. Many techniques are implemented and adapted in this aim,
ranging from the ”simple” high-speed video acquisition coupled
to image processing, to the classical particle imaging velocime-
try (PIV). Others, based on interferometric techniques have to be
specifically developed, such as digital in-line holography (DIH),
rainbow diffractometry (RD) for our applications.

In this paper, the various techniques used and developed at
CEA Marcoule for the characterization of multiphase flow, are
introduced through relevant examples. This article is divided in
three main sections. Section 1 briefly describes how it is possible
to use PIV for an extensive characterization of velocities in mul-
tiphase flow while limiting false vectors and assessing the slip
velocity of the dispersed phase. Section 2 presents two comple-
mentary techniques, DIH and direct imaging, allowing a detailed
geometrical description (size, shape, trajectories, etc.) of the dis-
persed phase. Section 3 gives an overview of two techniques
suitable for monitoring exchanges between phases thanks to an
in-line refractive index measurement. On each of these points,
emphasis will be placed on the contribution of these methods to
numerical modeling.

FIGURE 1: TYPICAL PIV SETUP FOR MULTIPHASE FLOW
CHARACTERIZATION

VELOCIMETRY
The velocity of the continuous phase is classically measured

by PIV. PIV is a flow-field technique providing instantaneous ve-
locity vector measurements in a cross-section of a flow, based
on the measurement of the displacement of seeding particles be-
tween two images thanks to a camera and a laser light. For mul-
tiphase flow characterization, the classical PIV setup can be ad-
vantageously coupled and synchronized with a shadowgraphic
setup allowing to limit false vectors calculation [1]. A typi-
cal PIV setup for multiphase flows measurements is depicted in
Fig.1. With such a setup, the LED light projects the shadow of
the bubbles/droplets onto the PIV sensor. These shadow images
can be processed and used to create dynamic binary masks im-
posed on the particle images before the intercorrelation calcula-
tion in order to limit calculation errors.

Figure 2 illustrates some results obtained with such an ap-
proach on a typical gas/liquid flow achieved in a flat tank. The
flow exhibits a large recirculation with a zero velocity at its cen-
ter. In this example, acquisitions were performed with a sCMOS
camera (2560x2160 pixels of 6.5µm on a side) associated to a
bi-telecentric lens for perspective effects suppression. A dou-
ble cavity pulsed Nd:YAG laser (doubled @ 532nm) was used
to produce a light sheet of about 1mm thick at the center of the
observation zone. The height of this sheet is sufficient to illu-
minate the whole observation zone. The tank was seeded with
Rhodamine 6G-encapsulated PMMA and a high-pass optical fil-
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FIGURE 2: VELOCITY PROFILES OBTAINED BY PIV ON A
GAS/LIQUID FLOW

ter was placed in front of the camera allowing to detect only the
fluorescence signal of the particles. A classic PIV treatment has
been applied using a multi-pass processing, with windows of de-
creasing size, from 128x128 up to 32x32 pixels, and an overlap
of 50%.

As shown in Fig. 2, acceleration effect of the bubbles on the
mean flow velocity can be quantified. In the example consid-
ered, where the inlet flow-rate represents 1/4th of the global flow
rate, the velocity is locally two times higher in two-phase flow
(red symbols) compare to the equivalent single-phase flow (blue
symbols). No significant effect is observed in the recirculating
”stagnant” zone. The full-fields velocity, achieved by PIV too,
and inserted in Fig. 2 illustrate the features of both flows struc-
ture. In addition, the masks derived from the projected shadow
images can be used as input for the particle tracking velocime-
try (PTV) algorithm [2]. In the illustration presented here, the
centroid of each detected area in the binary mask was tracked
between several successive images, providing an evaluation of
the 2-D instantaneous motion of the bubbles (see Fig. 3). By
comparison with the local displacement of the dispersed phase,
it becomes possible to measure the slip velocity, the behavior
and the residence time of the bubbles inside the flow. In this
study, three categories of bubbles can be distinguished, that ex-
hibit three different behaviors (see Table 1) in agreement with
Euler-Euler CFD simulations.

FIGURE 3: ILLUSTRATION OF THE PTV PROCESS AP-
PLIED TO THE GAS DISPERSED PHASE

TABLE 1: DYNAMIC BEHAVIOR OF BUBBLES IN THE
SETUP

Equivalent diameter,
d10 [µm]

Slip velocity
[m/s] 2D-trajectories

<500 ≈0 As the continuous
phase

500∼1000 0∼0.5 Intermediary

>1000 >0.5 Vertical lift

DISPERSED PHASE CHARACTERIZATION
Extensive description of the dispersed phase is the second

concern in multiphase flows measurement. Properties of the dis-
persed phase (e.g. concentration, particle size distribution (PSD)
and shape, etc.) are key features in separation processes, and
this knowledge is moreover required to select appropriate mod-
els (e.g. drag coefficient, etc.) for proper numerical simulations.
In this regard, many techniques can be used, and among them
optical methods, using coherent or incoherent light are gener-
ally preferred because they are non-intrusive. They can achieve
punctual or field measurements.

Direct imaging and image processing
Due to its simplicity, but also to its performance, one of the

most employed techniques to characterize the dispersed phase is
direct imaging (also called shadowgraphy). Direct imaging se-
tups can basically be divided due to their illumination principle,
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FIGURE 4: RESULT OF THE IMAGE PROCESSING ON AN
EXPERIMENTAL ACQUISITION

(incident-light versus transmitted-light), but they always rely on
the association of three elements: a source of light (usually inco-
herent), an acquisition system (lenses+sensor) and a method of
image processing.

Imaging can be applied to obtain a large spectrum of results
(from PSD to local interfacial area), to follow the behavior of a
limited number of particles in a given device or to measure the
evolution of a complete population depending upon the hydrody-
namic conditions [3–6]. Performances of direct imaging meth-
ods are strongly linked to the image processing algorithm. In
this area, methods are many and various, from the classic Hough
transform [7, 8] to more recent studies allowing fully automatic
particle detection and characterization [9]. In any case, direct
imaging methods are still limited to systems considering simple
geometric shapes (circles, ellipses, etc.), diluted media, and pro-
vide only information extracted from 2D projections of the 3D
particulates flow.

Some results obtained by direct imaging associated to an in-
novative image processing are illustrated in Fig.4. In this ex-
ample, the optical setup consists in a high resolution and high
dynamic CMOS (1.1MPixel, 12bits) coupled to a bi-telecentric
lens (magnification x17.2µm/pixel) and associated to a colli-
mated light source. Acquisitions were done with an exposure
time sufficiently short to ”freeze” the bubble’s motion. Note that
such a configuration, associating a bi-telecentric lens and a col-
limated light, is particularly suitable for quantitative shape and
size measurements in two-phase flows as it provides higher con-

FIGURE 5: DEVIATION FROM THE CIRCULARITY OF THE
SMALL BUBBLES POPULATION

trast images. The flow is an academic bubbly flow (air/water)
similar to the one described in the previous section.

Starting from a set of binarized images, the pattern recogni-
tion process is based on the following successive steps:

1. Identification of all the Region of Interest (RoI) in the binary
image. A RoI can be an isolated particle as well as a cluster
of particles.

2. Extraction of the contour of each RoI.
3. Splitting of each contour into curved segments separated by

concavity points (illustrated in blue in Fig.4).
4. Grouping the segments thanks to a merit function and fitting

an ellipse on each group of segment (for more details see
[10]).

5. Ellipse evaluation and bad candidate rejection.

As shown in Fig. 4, this kind of image processing is particularly
suitable for bubbly flow description and provides an exhaustive,
robust ellipses detection even considering large clusters. Since
each ellipse is individually characterized, the properties of the
PSD can be accurately calculated. Moreover, as the morpholog-
ical features of the ellipses (the semi-minor, b and semi-major
axis, a) are evaluated, the deviation from circularity can be pre-
cisely assessed and it becomes possible to propose a classifica-
tion depending on the shape of the particles (see Fig. 5).

Thanks to these improvements, the particles shape is better
described, which is highly valuable for both chemical engineer-
ing (accurate knowledge of the interfacial area) and CFD (drag
force models) purposes.
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FIGURE 6: RECONSTRUCTED OIL DROPLETS TRAJECTO-
RIES IN WATER AT REST BY DIH

Digital in-line holography
As it provides simultaneously the size and tridimensional

position of particles, DIH is a reference technique for the char-
acterization of multi-phase flows [11–15]. Generally speaking,
DIH uses the diffraction patterns produced by the interaction be-
tween a laser beam and objects of microscopic/millimetric size.
It’s a very simple and robust technique using only a coherent
light source and a sensor not necessarily associated to a light
collecting lens. The recorded diffraction pattern provide several
information concerning the particle: its spatial coordinates along
the three axes, and its diameter (assuming spherical shape). This
information is encoded by the contrast and frequency modula-
tion of the fringes. One of the biggest advantages of DIH, is to
allow a volumetric measurement in a single-shot and numerical
refocusing in each plane of the observed volume.

This digital process by which an image of the diffracting ob-
ject is obtained from the recorded light intensity is called holo-
gram reconstruction. It is achieved by calculating the propaga-
tion in the opposite direction to that of the recording. Several
numerical methods described in the literature can be used for
this purpose. Among them, the generalized Fresnel transform,
proposed by Sentis et al. [16], is totally suitable for a multiphase
flows characterization in any kind of optical system, including
cylindrical tanks and pipes.

Figures 6, 7 and 8 present some results obtained by DIH on
a liquid/liquid flow. To describe it succinctly, the optical setup
consists of an unpolarized continuous-wave helium-neon laser
(λ=632.8nm, 30mW) with a fiber-coupled output collimated into
a beam of 50mm in diameter and a high dynamic CMOS sensor

FIGURE 7: 3D VISUALIZATION OF MORE THAN 60
DROPLETS FROM A SINGLE SHOT HOLOGRAM

(1024x1024 pixels of 17µm on a side, 12bits of dynamic). Be-
fore reaching the sensor, the laser light passes through a flow
of oil droplets rising in demineralized water inside a tank. Oil
droplets are generated randomly at the bottom of the tank (for
more details see [15–17]). When the number of droplets is small
(fewer than 20-30 droplets considering a mean diameter of 1
mm) the Royer criterion [18] is met and the paths of particles
can be reconstructed by successive acquisitions using a basic
tracking algorithm (based on a proximity search in the main di-
rection of travel). Moreover, hologram optimization by inverse
approaches [17], makes it possible to obtain submillimeter reso-
lution of particle’s center position in space. This precision allows
individual droplet tracking with only one sensor and the visual-
ization of their effects on the local flow structure, as illustrated in
Fig. 6, even when local accelerations due to interactions between
droplets occur [17]. In Fig. 6, all the droplets have reached their
terminal velocity (ranging from 2.5cm/s to 4.5cm/s depending on
the size), which is perfectly measured by the DIH setup.

Conversely, considering a larger number of droplets in the
field of view, overlapping diffraction patterns are more frequent
and some limitations appear. In this configuration, as for di-
rect imaging, it becomes more difficult to track individual par-
ticle’s trajectory and optimization becomes essential for pro-
cessing clusters. Indeed, the number of measurable droplets is
limited by overlapping of the diffraction patterns and the phe-
nomenon is getting worse if large particles, likely to hide the
signals from the smaller ones, are present. Basically, for the 1-
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FIGURE 8: LOCAL PSD EVALUATED FROM 30 HOLO-
GRAMS ACQUIRED ON THE FLOW FROM FIXED POINT
OF VIEW

mm droplets considered here, the method is efficient if the dis-
persed phase volume fraction remains lower than 1%. Figure 7
displays the 3D visualization of both the position and the diame-
ter of more than 60 droplets, ranging from 0.5mm to 1.5mm (see
colormap).

By accumulating several acquisitions from the same point of
observation, it is then possible to evaluate, in addition to the 3D
position of the drops in space, the PSD of the observed popula-
tion. Figure 8 presents the PSD calculated from 30 holograms
acquired on the same local volume of the two-phase flow (the
Gaussian fit is added to guide the eye of the reader). Finally,
starting from this statistical measurement of the droplets diame-
ter and position, the key parameters of the observed liquid/liquid
flow, i.e. specific diameters (d10, d32, d43), local interfacial area
and local hold-up, are easily assessed.

LOCAL FLOW PROPERTIES
For chemical engineering studies, in addition to flows prop-

erties, an important issue lies in the knowledge of the rate of
mass (respectively heat) transfer between the phases. It’s a more
complicated point, which requires a simultaneous determina-
tion of the size distribution and composition of the particles.
By chance, the refractive index (noted m) is depending on the
medium concentration (respectively temperature) thus offering a
possible way of assessing mass transfer. The corresponding mea-
surement methods, usually based on interferometric techniques,
are less common that the previously discussed one, and specific

FIGURE 9: COMPARISON OF THE REFRACTIVE INDEX
OF DROPLETS WITH VARIOUS SIZES (DS=600∼1550µm)
MEASURED WITH THE RD AND AN ABBE REFRAC-
TOMETER

developments are generally required. Among the elastic light
scattering techniques two are very promising: rainbow diffrac-
tometry (RD) and digital in-line holography (DIH).

RD can provide in-situ characterization of the size and com-
position of an isolated particle in multi-phase systems [19–22].
Usually, the term rainbow refers to the first rainbow, which orig-
inates from the existence of a minimum deviation angle for rays
undergoing a unique internal reflection into the particle. This
phenomenon appears when spherical and transparent particle(s)
with a higher refractive index than the surrounding medium is
enlighted by a beam with a wavelength smaller than its size. As
for forward diffraction exploited in DIH, this phenomenon pro-
duces cones of light alternately bright and dark, which displays
a fringe pattern observable in the focal plane of a lens. This pat-
tern is essentially constituted by the superposition of two fringe
structures, a coarse one of low frequency and high intensity due
to refracted rays and a finer one, called ripple structure. The lat-
ter results from interference between refracted and reflected rays.
The angular position of the fringes pattern is directly linked to the
relative refractive index of the particles, and the spacing between
the fringes of the coarse structure relates to the diameter of the
particles. Direct or inversion methods can be used to retrieve
the particle properties (scalar values or distributions depending
on the operating mode). In this aim, the experimental scattering
diagram is compared with a calculated one, based on an appro-
priate light scattering model (Airy theory, Lorenz-Mie theory,
Geometrical and Physical Optic Approximation, etc.).
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FIGURE 10: TYPICAL RD-SETUP SUITABLE FOR A
LIQUID-LIQUID FLOW CONSIDERING AN AQUEOUS
CONTINUOUS PHASE AT REST AND RISING OIL
DROPLETS

Figure 9 presents some results measured in a liquid-liquid
flow. Figure 10 depicts the RD-setup used for these measure-
ments. It consists in a rectangular tank, initially filled with dem-
ineralized water. At the bottom, oil droplets of various compo-
sitions (Isane and variable % of Marcol) are injected. Droplets
are rising and passing through the center of the probe volume at
about 10 cm above the injection. The emission part of the RD-
system is composed of a continuous high-power single-mode
laser (doubled Nd:YAG 532nm, 5W) with a polarization main-
taining beam delivery optics, a beam expander (x10) and a half-
wave plate. The detection of the RD-system is composed of a
laser-line interference filter, a high-numerical aperture camera
lens focused at infinite (f-number f/d=1.4), and a high resolu-
tion and high dynamic CCD camera (4MPix, 12 bits). A fixed
mirror allows to be placed at the rainbow angle corresponding to
the couple of fluids studied.

As highlighted in Fig. 9, a good agreement is obtained be-
tween the refractive index measured by the Abbe refractome-
ter mA and the one evaluated by the RD-system mD, regardless
of the droplet sizes (DS=600 to 1550µm) and the compositions
(concentration in Marcol inside the droplet from CRD=0 to 12%).
The mean agreement on the refractive index, m, is always better
than 4.10−4, corresponding to an error on the estimation of the
concentration in Marcol of less than 1% or a change in the room
temperature of less than 1.5◦C. Simultaneously, the RD-systems
measures the droplet size with an accuracy better than 1%.

More recently, it has been demonstrated that DIH can also
provide a concurrent evaluation of the size and composition of
spherical transparent particles [23]. Indeed, refracting particles,
when they are illuminated by a coherent light beam, produce a
photonic jet with a maximum of intensity whose relative position
depends on the optical properties of the particle material accord-

FIGURE 11: MEASUREMENT BY DIH OF THE REFRAC-
TIVE INDEX OF THREE DIFFERENT LIQUIDS

ingly to the literature [24,25]. As proved by Sentis et al., it is then
possible to reconstruct the near field of the particles using DIH
and to use a simple geometrical optics approximation (GOA) in
order to retrieve the particles refractive index from the localiza-
tion of the photonic jet maximum, in addition to their size and
3D position. Figure 11 shows the statistical results obtained for
the composition of three sets of 500 droplets. The experimental
setup is strictly identical to the one described in the section re-
garding DIH, excepted the camera which is here a sCMOS with
a better resolution (12 bits, 2560x2160 pixels of 6.5µm). Re-
garding the fluids, two pure liquids: silicone oil and Isane and a
50/50 mixture in volume of Isane and Marcol, have been used.

As shown by Fig.11, refractive indices are correctly re-
trieved (resolution less than 4.10−3) and in good agreement with
the expected values measured with an Abbe refractometer. More-
over, the experimental dispersion remains low for the silicone oil
as well as for the Isane. Conversely, a huge dispersion is ob-
served on the mixed solution. It’s due to the demixing of the
Isane and Marcol mixture during the experimentation and prove
the ability of the method to detect some inhomogeneities within
the droplets, which opens perspectives for reactive flow studies.

RD and DIH are undoubtedly promising method for measur-
ing the composition of the dispersed phase in multiphase flows as
well as exchanges between both, via refractive indices variations.
These two techniques are complementary. The first one allows a
very precise measurement of the local variations (at the surface
of the particles of the dispersed phase) when the second, although
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less precise, can manage larger variations of this parameters with
the same setup.

CONCLUSION AND OUTLOOKS
Nowadays, the design of the separation processes for the

fuel cycle is based on an approach involving tests and devel-
opments on small-scale prototypes as well as a phenomenolog-
ical approach, relying on computational fluid dynamics (CFD)
and chemical engineering. As illustrated in this paper, optical
techniques are, in this framework, an indisputable source of in-
formation on the structure of multiphase flows encountered in
process engineering. Associated to CFD, they form a relevant
tandem for R&D studies devoted notably to nuclear fuel repro-
cessing. This association provides a new approach for under-
standing and studying fluids dynamics in chemical engineering
application and allows to considerably limit the number of full-
scale experiments, which is a notable benefit in nuclear fuel cycle
studies.

Recent progress (3D velocities measurements by DIH, mix-
ing observations in two-phase flows, mass transfer measurement,
etc.) show that optical techniques are constantly improving and
will allow more and more detailed observations of flows and re-
actions. This opens up many perspectives for a better understand-
ing of the phenomena involved in chemical engineering.
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