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In this work, we introduce a novel approach to measure the flow velocity of liquid foam by tracking
custom-tailored 3D-printed tracers in X-ray radiography. In contrast to optical observations of foam
flow in flat cells, the measurement depth equals 100 mm in the X-ray beam direction. Light-weight
tracers of millimetric size and tetrapod-inspired shape are additively manufactured from stainless steel
powder by selective laser melting. Matching with the foam structure and bubble size, these tracers
follow the foam flow. An X-ray beam passes through the radiotransparent foam channel and is detected
by an X-ray image intensifier. The X-ray transmission images show the two-dimensional projections of
the radiopaque tracers. Utilizing particle tracking velocimetry algorithms, the tracer trajectories are
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measured with both high spatial (0.2 mm) and temporal (25 fps) resolution. Fine and coarse liquid foam
flow of diﬀerent velocities are studied in a partly curved channel with rectangular cross section. The
simultaneous time-resolved measurements of the tracers’ translational motion and their intrinsic rotation
reveal both the local velocity and vorticity of the foam flow. In the semi-circular curved channel section,
the rigid-body-like flow pattern is investigated. Moreover, a relaxation of the foam structure in the
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transition zone between straight and curved section is observed.

1 Introduction
The mechanics of foam flow poses a complex and interesting
academic problem since foam flow combines eﬀects on several
length scales. It incorporates bubble rearrangements, redistribution
of contained liquid, lamella rupture, and sorption processes of
surfactant molecules.1 A better understanding of foam flow would
allow one to improve froth flotation,2 food production or processes
in multi-phase reactors. Highly interesting issues that have been
discussed in the foam community in the past few decades include
flow localization and shear banding. Accompanied by numerical
studies,3 foam flows have been extensively studied experimentally in
quasi-two-dimensional Couette geometries.4 Though the threedimensional case presumably is more realistic, the opacity of foams
prevents one from measuring their bulk behaviour by optical
methods.
Unfortunately, measurement techniques for foam flow are
scarcely available because foam constitutes an opaque, complex
and fragile composition of two or more phases. The only
measurement technique commonly used is optical observation
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of the surface of a foam sample, either at a free surface or close
to a transparent wall.5–8 Consequently, the few existing experiments regarding foam flow are usually done in Hele-Shaw cells,
potentially biasing the flow behaviour.9 By correlating subsequent images, velocity measurements are carried out with
both high temporal and two-dimensional spatial resolution. At a
transparent wall, the bubble size distribution and the local
stress can be derived from the lamella size10 and the deformation
of the bubbles,11 respectively. In addition to optical observation,
highly specialized bulk measurement methods have been developed, but with certain restrictions.
Magnetic resonance imaging, based on nuclear magnetic
resonance, is capable of measuring the liquid fraction and also the
motion of the liquid phase directly. However, individual measurements show high uncertainty, which results in measurement and
averaging times of 90 s.12 Therefore, only steady flows can be
investigated.
Ultrasound Doppler velocimetry has been demonstrated to
be applicable to medium scale foam flows.13 Ultrasound pulses
are sent into the foam and are reflected by air–water interfaces.
The phase shift in the echo reveals the longitudinal velocity of
the foam bulk along the beam axis. Due to high attenuation of
the ultrasound pulse in wet foam, the measurements are
limited to very dry foam below 1% liquid fraction. Utilizing
an array of ultrasound transducers, the planar velocity field is
resolved up to a measurement depth of 200 mm, which is
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approximately one order of magnitude larger than those of
optical techniques.
Positron emission particle tracking allows for the tracking of
radioactively marked tracer particles inside foam or froth14
with spatial resolution of approximately 1 mm and velocities
up to 1 m s1. This technique has been used to observe the
motion of lightweight hydrophobic particles and to conclude
on the three-dimensional foam flow in model flotation cells.
Combined with positron emission tomography, also the liquid
fraction of foam is measurable.15 However, the technique is
restricted to a very low number of tracer particles in order to
distinguish between them,16 which yields only point-wise measurements or long-term measurements in steady flow conditions.
X-ray tomography with synchrotron radiation has been used
to generate tomographic images of the water structure in liquid
foam around a spherical obstacle.17 Tracking the evolution of
this structure reveals the motion and gives insight into the local
rearrangement mechanism in the foam. However, due to the
low attenuation of X-ray in water only velocities below 1 mm s1
and small measurement volumes can be achieved.
Neutron radiography has recently been employed for the
first time to image liquid foam and particle-laden froth. Compared
to X-ray imaging, water oﬀers superior attenuation to neutron
radiation, but the total flux density of neutrons is typically smaller
than for X-ray photons. Neutron imaging is well-suited to measure
the liquid fraction in the froth,18 to observe and track the foam
structure, and to track particles in the froth which interact with
neutrons.19
To visualise and analyse the bulk flow of liquid foam with
both high spatial and temporal resolution, in this work we apply
an X-ray radiographic technique based on custom-tailored tracers.
Particle tracking algorithms20 are used to analyse the translational
motion of the tracers as well as their intrinsic rotation within
the foam flow. This novel method of X-ray particle tracking
velocimetry (X-PTV) gives insight in the bulk flow field, but
also the local vorticity of the foam structure. Calculating
and comparing the velocities of the tracers’ translational and
rotational motion, we aim to show the rigid-body-like flow
pattern of the liquid foam.

2 Experimental setup
2.1

Liquid foam flow

The foam flow experiments are performed inside an acrylic
glass channel with a rectangular cross section of 30 mm  100 mm
and 3 mm wall thickness (Fig. 1). A porous tube is placed at the
bottom of the channel, submerged into the surfactant solution.
Charging the tube with compressed air, bubbles are injected
continuously, generating a steady flow of liquid foam. The flow
develops in the straight channel section, passes through the semicircular curved channel section, and finally flows out into the open
surrounding.
To prepare the surfactant solution, sodium dodecyl sulfate
(SDS) is dissolved in deionized water. The surfactant concentration
cSDS equals 0.1 mol L1, which is one order of magnitude above its
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Fig. 1 Experimental setup: foaming and foam flow inside the channel,
which is equipped for manual insertion of foam tracers. They adhere to the
Plateau border junctions and thus, are carried with the liquid foam from
the straight into the semi-circular curved channel section. The latter
represents the region of interest for the measurements.

critical micelle concentration21 of 0.008 mol L1. This results in
stable foam and a solution surface tension sb of 0.03 N m1.22
Two types of porous tubes with diﬀerent pore sizes are used
for bubble generation, yielding diﬀerent bubble sizes. Evaluated
optically in a pre-study, the bubble size db ranges from 0.5 mm to
1.0 mm diameter for the fine-pored tube, and is monodispersed
with about 4.0 mm diameter for the coarse-pored one. The liquid
fraction of the foam is estimated to be approximately 5% and 1%,
respectively. In the following, these two foam types investigated are
referred to as fine and coarse liquid foam (cf. Table 1).
The bubble injection frequency and the resulting foam flow
velocity depends on the inlet air flow rate. It should be noted
that both porous tubes are supplied with the same constant
pressure levels of compressed air, but have diﬀerent pressure
losses. Consequently, the velocity magnitude tends to be higher
for the coarse foam.
As listed in Table 1, six experimental parameter combinations
of foam bubble size and foam flow velocity are investigated. The
initial flow velocity v0 is measured and averaged in the region of
interest close to the end of the straight channel section.
The tracers are inserted manually into the foam flow. For
this purpose, the straight channel section is equipped with three
tracer feeding ports, allowing one to choose the initial tracer
position x0 at the prescribed positions y0 = (90 mm, 110 mm,
130 mm) and z0 = (75 mm, 25 mm, 50 mm). Since a maximum of
three tracers can be fed in one measurement run in a wellcontrolled manner, several runs with identical foam parameters
are combined to generate the relevant amount of trajectories.
Table 1 Experimental parameter combinations for the two types of liquid
foam investigated: bubble size and corresponding bulk flow velocity v0

Foam type

Fine (f)

Bubble size
Fast flow (ﬀ)
Medium flow (mf)
Slow flow (sf)

0.5
7.8
6.2
3.2

mm
mm
mm
mm

Coarse (c)
to 1.0 mm
s1
s1
s1

4.0 mm  0.5 mm
26.0 mm s1
11.7 mm s1
4.5 mm s1

This journal is © The Royal Society of Chemistry 2020
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Foam flow tracer

X-ray particle tracking velocimetry of liquid foam flow requires
custom-tailored tracers fulfilling two basic criteria:
(i) The tracers follow the flow non-invasively.
(ii) The tracers are trackable in X-ray image sequences.
Criterion (ii) implies a suﬃcient X-ray image contrast
between the tracer and the foam. Considering the measurement
principle, the image contrast primarily depends on the diﬀerence
between their X-ray attenuation coeﬃcients mtracer
c mfoam
. The
X
X
X-ray attenuation, quantified by mX, is a material-specific property
correlating closely with the respective mass density r. Accordingly,
the tracers need to be made of some heavy metal instead of a lightweight polymer material. Even in the case of iron, a material
thickness of at least 0.1 mm is required to yield suﬃcient image
contrast (see Section 3.1, Fig. 3). However, iron spheres with
such a diameter could not act as tracers. They would not follow
the foam flow, but would drop through the foam Plateau
borders due to gravity, violating criterion (i).
Our innovative solution to fulfil both criterion (i) and (ii), is
the application of rod-based purposely shaped tracers to match
with the foam structure and bubble size. Ideally, tetrapod-like
shaped tracers easily stick to the Plateau borders and lamellae.
CAD models of both such a rod-based (typ A1) and plate-based
solid (type A2) are shown in Fig. 2a.
In this work, we have developed artificial tracers made of
stainless steel 316L by selective laser melting. Since the threedimensional solid structures are built up layer by layer, the
tracer shape has to be modified according to the design guidelines
for the additive manufacturing process, yielding three diﬀerent
3D-printable tracer types. Inspired by a four-armed tetrapod, tracer
type B consists of three plate-shaped parts with each 1201 angle in
between (Fig. 2b). Type C is similar, but weight-optimized (Fig. 2c).
To minimize the tracer weight even further, the plate-shaped parts
are shrunk to rod-like ones for type D (Fig. 2d).
The ability of these particles to follow the foam flow can be
estimated considering a simplified bubble–tracer model. The
distributed load pt, resulting from the tracer’s weight force, and
the counteracting Laplace pressure pb on the surface of a single
foam bubble are calculated as
mt  g
4  sb
¼ pt o pb ¼
A
db

(1)

with the tracer mass mt, the gravitational acceleration g, the
bubble–tracer effective contact surface area A, the bubble
surface tension sb and the bubble diameter db. The tracers
weigh 0.015 g on average and have an effective contact surface
area in the order of 10 mm2, yielding 15 N mm2 distributed
load. In comparison, the Laplace pressure equals 120 N mm2
to 240 N mm2 for the fine foam, but only pb = 30 N mm2 for
the coarse one. Consequently, fine foam should easily carry the
tracer while the coarse foam might yield limited ability for
them to follow the foam motion.
Despite diﬀerent tracer shapes and weights, all tracer types
B, C and D are used for the experiments to evaluate their
performance under diﬀerent foam flow conditions (cf. Table 1).

3 Tracer particle tracking
3.1

X-ray transmission imaging

The measurement principle of X-ray transmission imaging is
based on the material-dependent X-ray attenuation. In the first
approximation, the Lambert–Beer law describes the X-ray transmittance I/I0 as
I
¼ expðmX  dz Þ
I0

(2)

with the intensities I0 and I of the emitted and transmitted
X-ray beam, respectively, the X-ray attenuation coefficient mX of
the irradiated material and its thickness dz along the beam
direction. Furthermore, attenuation coefficients are highly
dependent on the X-ray photon energy EX.23
In order to estimate the total X-ray transmission of the
experimental setup (Fig. 1) and to predict the optimum X-ray
photon energy, the following three components and their
attenuation characteristics are considered (Fig. 3). First of all,
the foam tracers need to be radiopaque and have a minimum
X-ray transmittance, which is linked to employ as little X-ray
photon energy as possible for imaging. Second and in contrast
to the tracers, the liquid foam needs to be radiotransparent,
meaning to have at least 80% transmittance. Therefore, taking
into account the foam channel depth d = 100 mm, X-rays with
about 30 keV are required in the case of the fine foam flow. Due
to the lower liquid fraction, EX t 20 keV is suﬃcient for the
coarse foam. Additionally and as the third component, the foam

Fig. 2 Foam flow tracer: CAD models, stereo-microscopic images and X-ray images of diﬀerent tracer types. Based on (a) tetrapod-inspired tracer
models and utilizing selective laser melting, tracers of (b and c) plate-based and (d) rod-based shapes were additively manufactured from stainless steel.
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Fig. 3 X-ray attenuation characteristics, calculated by Beer–Lambert law: X-ray transmittance I/I0, depending on the irradiated material and its thickness
dz along the X-ray beam direction. In addition, the X-ray transmittance depends significantly on the X-ray photon energy EX.

channel walls contribute to the total X-ray transmittance of the
experimental setup. Acrylic glass of 6 mm thickness in total
decreases the initial X-ray beam intensity by approximately 20%
for EX = 30 keV.
3.2

X-ray radiography setup

The foam flow experiments are imaged by means of an X-ray
radiography setup (Fig. 4). Generated by the microfocus X-ray
tube (XS225, Phoenix|X-ray), a horizontally aligned divergent
X-ray beam passes through the 100 mm wide foam-filled
channel and impinges on the input window of the X-ray image
detector system. The X-ray image intensifier (TH9438HX,
Thales) converts the transmitted X-rays into a two-dimensional
visible light distribution, which is recorded using a CCD camera
(CF8/1, Kappa).
To provide X-ray bremsstrahlung with a maximum intensity
at EX E 30 keV, the X-ray imaging studies are performed using
45 kV tube voltage and 0.05 mA tube current. The field of view is
centred on the semi-circular curved section of the foam channel,
including the upper part of the straight section as well as the
outlet, but not the tracer insertion zone, yielding a 0.17 mm px1

Fig. 4 Test arrangement for X-ray radiography of liquid foam flow. Placed
between the microfocus X-ray tube and the X-ray image detector system,
the foam experiment is penetrated by the divergent X-ray beam.

Soft Matter

image pixel size. The time-resolved X-ray image sequences are
captured with a constant frame rate of 25 fps.
3.3

Image processing

The X-ray images show a depth-limited two-dimensional projection
of the tracer-laden liquid foam flow in the acrylic glass channel. In
order to compute the tracer velocities, the data analysis of the
recorded images is divided into two subroutines. First, the image
series is pre-processed to detect each tracer. Second, both the tracer
translational motion and the intrinsic rotation of the tracer around
its centre position are tracked separately. The calculation of the
respective velocities is described in Section 3.4.
The image pre-processing steps are illustrated in Fig. 5.
Starting from the original 8-bit greyscale image (Fig. 5a), the
tracers appear darker than the liquid foam, resulting from the
higher X-ray attenuation of stainless steel compared to water. In
consequence of the X-ray beam divergence, the acrylic glass
channel walls aligned in the beam direction are not projected as
thin black lines, but rather appear as dark grey areal projections.
Therefore, the X-ray image contrast of tracers located close to the
walls is reduced significantly. Applying colour inversion (Fig. 5b)
and subtraction of a time-averaged background image (Fig. 5c),
the channel wall projections are removed and the tracers remain
as the brightest objects within the image. However, the contrast
level of each tracer projection still depends on its respective
position. Subsequently, an edge detection algorithm is used to
improve the image contrast by reconstructing the tracer shape
(Fig. 5d). Finally, binarization by adaptive thresholding and outlier removal is applied, yielding a monochrome image of the
tracer’s shape (Fig. 5e).
Proceeding from the pre-processed images, the tracking
subroutine is performed within the software Fiji and its plugin
TrackMate, employing blob detection based on the Laplacian of
the Gaussian (LoG) and subsequent frame-to-frame linking by
the Linear Assignment Problem (LAP) tracker.24 For each image
series, the blob detector is applied twice, but with diﬀerent
estimated blob diameters as the determining parameter. In the
first step, to track the tracer translational motion following the
streamlines of the foam flow, the diameter is set to 4.0 mm,
corresponding to the average tracer size and thus covering the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Image pre-processing to detect the tracer projections including their specific shape: (a) original 8-bit greyscale image, (b) colour inversion, (c)
subtraction of time-averaged background image, (d) tracer edge detection, (e) binarization by thresholding and outlier removal.

tracer projection entirely. In the second step, to track the tracer
intrinsic rotation, the diameter is reduced to 1.0 mm, which is
smaller than the tracer size. Hence, the blob detector recognizes
only the edges of the tracer projection and characteristic structural
features, like the three small rods of tracer type D.
Fig. 6 exemplarily shows trajectories of the translational
motion (labelled as trans) and the related intrinsic rotation
(rot1, rot2,. . .) of tracers with high and low abilities to follow
the foam motion, respectively. In the latter case, between t2 and
t3, the tracer is not exclusively rotating around the z-axis and
thus, the projected image is not only rotated, but the shape of
the tracer projection changes suddenly within a few frames.
Hence, the rotation tracking subroutine may provide inconsistent
data, for example the trajectory rot2 in Fig. 6b comes to
an abrupt ending. However, the translation tracking is not
aﬀected significantly by such events. In general, the tracer’s
trans-trajectory and corresponding rot-trajectories do not cross,

but run parallel to each other, which indicates a rigid-body-like
foam flow pattern.
3.4

Trajectories and velocity calculation

For each tracer, both algorithms for translation and rotation
tracking output results in the form of trajectories. Looking at
each frame i, a trajectory consists of the respective position
Xi and the corresponding velocity Ui = (Xi+1  Xi1)/(2Dt),
calculated from central diﬀerencing scheme with Dt = 0.04 s
time increments.
The translational motion of the tracer centres is described
by the variables Xt = (xt,yt) with the initial bulk flow velocity v0.
Focussing on the semi-circular curved channel section, the
Cartesian coordinates (xt,yt) are transformed to the polar
: :
:
coordinates (rt,jt), and the velocity components (xt,yt) to (rt,ot).
Savitzky–Golay filtering25 by a 25-point cubic polynomial is
applied to smooth the tracer velocity data. This filter preserves

Fig. 6 Image processing to track both the tracer translational motion (trans) and the intrinsic rotation (rot1, rot2,. . .) of the tracer around its centre
position: (a) example of a tracer type D with high ability to follow the foam motion, (b) example of a tracer type B with low ability to follow the foam
motion. Overlayed with four non-consecutive X-ray images of the same tracer at certain positions within the semi-circular curved section of the foam
channel, the set of trajectories depicts the translational and the rotational motion of this tracer.

This journal is © The Royal Society of Chemistry 2020

Soft Matter

View Article Online

Published on 04 February 2020. Downloaded by Helmholtz-Zentrum Dresden-Rossendorf on 2/5/2020 5:05:16 PM.

Paper

Soft Matter

local velocity minima and maxima, which could indicate deviations
between the motion of tracers and foam.
The intrinsic rotation of each tracer is revealed by a set of
j = 1. . .n trajectories Xir = {Xi1, Xi2,. . .,Xin} in each frame i (see
Fig. 6). These trajectories correspond to the movement of
certain structural features of the tracers. Their motion relative
to the tracer centre is linked to the tracer rotation. Hence, they
are analysed within the Lagrangian frame of reference following the translational motion of the respective tracer’s centre.
Therefore, the rotation trajectories are transformed to a polar
coordinate system, whose origin of coordinates move with X it,
and are described with X ij = (rij,jij). If the radius rij is smaller
than the estimated tracer size of 4.0 mm, this structural feature
is considered to be attached to the corresponding tracer centre.
The average rotational angle jir then is computed by averaging
overall corresponding jij with rij 4.0 mm and applying a central
moving average filter with a window length of 25. The rotational
i
velocity of a tracer or = (ji+1
r  jr)/Dt is derived by a diﬀerencing
scheme with Dt = 0.04 s time increments.
Depending on the tracer’s position in the radial (rt) and
angular direction (jt) in the semi-circular curved channel section,
the angular velocity ot of the translational motion as well as the
rotational velocity or of their intrinsic rotation are analysed.

vj ðrt Þ ¼ v0 

1
or ¼ ðr  uÞez ¼ ot
2

ot(rt) = const.

(3)

ri

Drð~
rÞ ¼
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qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðri þ ro Þð~
r  ri Þ þ ri2  r~

(7)

Case 2 for the velocity distribution in the curved channel
section would be a constant velocity. Consequently, the angular
velocity would scale ot p 1/rt, yielding the theoretical intrinsic
tracer rotation or in eqn (9). This case would be linked to a
steady shear rate of the foam in the curved section.
vj(rt) = v0 = const. = otrt

(8)

1
1 v0 1
¼ ot
or ¼ ðr  uÞez ¼
2
2 rt 2

(9)

To distuinguish between Case 1 and Case 2, the intrinsic
tracer rotation or is normalized with the angular velocity,
yielding the velocity ratio ko between the angular and rotational
velocity.
ko ¼

or
ot

(10)

In case of rigid-body rotation, ko equals 1.0. In the other case
of constant-velocity flow, ko equals 0.5.
In the following, the quantities ot, Dr and ko are analysed
and discussed depending on the tracer’s radial position rt.
4.2

Fig. 7 Illustration of two possible flow cases in the semi-circular curved
channel section: either (Case 1) with a constant angular velocity ot, yielding
the radial displacement Dr when switching from plug flow to rigid-body
rotation, or (Case 2) with a constant velocity vj equal to v0.

(5)

In Case 1, the foam flow has to decelerate (for rt o (ri + ro)/2) and
accelerate (for rt 4 (ri + ro)/2) suddenly at the transition from the
straight to the curved channel section. To fulfil the conservation of
volume, also a radial displacement Dr of the foam has to take place,
as depicted in Fig. 7. The displacement can be calculated by
employing the conversation of volume in horizontal slices. At the
inner (ri) and outer wall (ro), the displacement equals zero.
ð r~þDr
r  ri Þ ¼
ot  rt drt
(6)
v0  ð~

Expected foam flow regimes

The liquid foam moves as a plug flow with constant velocity v0
in the straight channel section. Entering the curved section, the
foam moves along a semi-circular path. In general, two diﬀerent
flow shapes are conceivable, either with a constant velocity vj
equal to v0 or with a constant angular velocity ot (see Fig. 7). The
subindex ()t characterises the variables describing the tracers’
translational motion (see Section 3.4).
Case 1 would be a movement similar to a rigid-body rotation.
In this case, the angular velocity ot would be constant, i.e.,
independent from the radial position rt.

(4)

The theoretical intrinsic tracer rotation is given by the
rotation of the velocity field u.

4 Results
4.1

2  rt
¼ o t  rt
ri þ ro

Tracer translational motion: trajectories

The trajectories of the tracer translational motion with the fine
and coarse foam flow are shown in Fig. 8. An array of trajectories,
containing a number of approximately 50 tracers, is recorded for
the respective parameter combination of foam bubble size and
initial flow velocity. Due to three diﬀerent insertion positions
x0 = {30 mm, 40 mm, 50 mm} in the straight channel section, the
trajectories cover the whole channel width, ranging from the
inner radius ri = 25 mm to the outer radius ro = 55 mm in the
semi-circular curved channel section. After passing the channel
outlet, the tracers seem to move unaligned, since the liquid foam
flow outside the channel diﬀers significantly between consecutive
runs. The tracer position in the z-direction along the X-ray beam
is not considered.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Tracer translational motion (a) with the fine and (b) with the coarse foam moving with medium velocity: the trajectories, depending on the tracer
insertion position x0, cover the inner, middle and outer radius range in the semi-circular curved channel section. Several experimental runs are overlayed,
and each trajectory represents the translational motion of one tracer.

In general, the trajectories run parallel to each other and
follow the channel curvature smoothly, indicating that the
tracers followed the laminar flow very well. However, a few
trajectories show a step-like translational motion in the negative
:
radial direction (rt o 0) and thus, deviate from the foam flow
streamlines locally. Such tracer behaviour is observed particularly
in coarse foam and becomes significantly more distinct with
increasing flow velocity. The interdependence between foam flow
and tracers will be discussed in Section 5.
4.3

Tracer translational motion: angular velocity

In the semi-circular curved channel section, the tracers move along
semi-circular paths. Therefore, the angular velocity ot is analysed,
depending on the radius rt, for various angles jt. Each data point in
Fig. 9 corresponds to one tracer and its respective position (rt,jt). For
further analysis, the measurement data from several runs are
combined with respect to the foam bubble size (f, c) and the initial
flow velocity (ﬀ, mf, sf) (cf. Table 1). Each data series is fitted by a
linear regression, yielding the graphs shown in Fig. 9 and the
corresponding slopes mot = qot/qrt listed in Table 2. Within the
semi-circular curved channel section (jt = {0.25p, 0.5p, 0.75p}), mot
has values close to zero. In a few cases, at the section’s beginning
(jt = 0) and ending (jt = p) as well as for the c-ﬀ data, mot describes
the significant reduction of ot with increasing rt.
Afterwards, ot is again analysed for all jt = [0, p], but
independent of rt. Fig. 10 shows the mean angular velocity
ot ðjt Þ, averaged for each angle jt(rt = [25 mm, 55 mm]), and the
corresponding standard error of the mean. In good approximation, ot either remains at a constant level (f-mf, f-sf, c-mf,
c-sf) or is slightly increasing (f-ﬀ, c-ﬀ), while the foam flow
passed through the semi-circular curved channel section. Near
its beginning (0 o jt o p/6) and ending (5/6p o jt o p), the
largest deviations from the mean are observed.
Finally, in order to analyse the tracer translational motion in
the transition zone between both channel sections, all data for
fine and coarse foam flow, respectively, are combined. The

This journal is © The Royal Society of Chemistry 2020

radial displacement Drt of each tracer in the transition between
straight and curved section is shown in Fig. 11. The data are
subjected to high uncertainty because the detection of the
absolute radial position is biased by the divergence of the
X-ray beam. Also, the displacement depends on the definition
of the start and end positions along the trajectory. In Fig. 11,
the start position is below the channel transition (yt =  20 mm)
and the end position is at jt = p/4, where Fig. 9 suggests a
developed flow. Despite the uncertainty, a clear trend for positive
radial displacement in the centre of the channel and a rough
agreement to the theoretical estimation in eqn (7) are visible.
4.4

Tracer intrinsic rotation: rotational velocity

Besides the tracer translational motion and its constant angular
velocity ot, evaluated in the semi-circular curved channel section,
the velocity or of the tracer intrinsic rotation is analysed.
Hypothesising that the intrinsic rotation is closely linked to
the translational motion, as observed in Fig. 6, the velocity ratio
ko = or/ot is introduced (cf. Section 4.1). Fig. 12 shows the mean
value of ko, depending on the radius rt. Each data point
corresponds to a set of tracers moving along a certain rt in the
angular range p/4 r jt r 3p/4. The error bars represent the
standard error of the mean. Except for the coarse fast-flowing
foam, the angular velocity and the intrinsic rotational velocity
have a similar magnitude, yielding an approximately constant
velocity ratio ko C 1.0.

5 Discussion
The measured quantities allow one to distinguish between rigidbody rotation (eqn (3)) and constant-velocity flow (eqn (8)) in the
semi-circular curved channel section.
The angular velocity ot in Fig. 9 demonstrates that inside the
curved channel in the case of fine foam flow as well as coarse
foam flow with low or medium velocity, a rigid-body-like movement is present: the angular velocity is nearly independent
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Fig. 9 Tracer translational motion (a)–(e) with the fine and (f)–(j) with the coarse foam flow in the semi-circular curved channel section: angular velocity
ot, depending on the radius rt, at various angular positions jt. Each data point corresponds to one tracer at the respective position. Taking into account
the foam type and its initial flow velocity (cf. Table 1), data points from several experimental runs are fitted by linear regression (cf. Table 2).

Table 2 Angular velocity ot, depending on the radius rt of the tracer
trajectories at various angle jt: linear-fitted slope mot/104 rad s1 mm1

jt/rad

f-ﬀ

f-mf

f-sf

c-ﬀ

c-mf

c-sf

0
1/4p
1/2p
3/4p
p

34
5
1
3
23

28
6
5
8
32

7
3
1
1
17

114
67
55
63
179

41
1
13
8
92

16
5
1
3
27

from the radial position. This is in line with the velocity ratio ko
in Fig. 12, showing values close to 1.0 for these cases. Finally,
the measured radial displacement in Fig. 11 coincides with the
predicted displacement in eqn (7).
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However, fast-flowing coarse foam has a tendency towards
the constant-velocity case. The angular velocity ot decreases
with increasing radius rt (see Fig. 9f–j). The reason for the
different velocity field in the case of coarse foam moving at
high velocity could be, that the comparatively higher friction at
the channel side walls tends to balance the velocity over the
cross section. At the same time, the lower yield stress of the
coarse foam allows steady shear strain to take place.
The velocity ratio ko in the case of fast-flowing coarse foam
does not support the tendency towards the constant-velocity
case. Fig. 12d does not show values significantly lower than 1.0,
but shows large fluctuations. Presumably, the comparatively
high shearing rate of the foam causes dropping events of the
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Fig. 10 Tracer translational motion (a) with the fine and (b) with the coarse foam flow in the semi-circular curved channel section: angular velocity ot,
averaged over the radius rt, depending on the angle jt. Taking into account the foam type and its initial flow velocity (cf. Table 1), the mean angular
velocity and the corresponding standard error of the mean, represented by the envelope, are calculated from several experimental runs.

Fig. 11 Radial displacement during the tracer translational motion (a) with the fine and (b) with the coarse foam flow from the straight into the semicircular curved channel section. Each data point corresponds to one tracer. Taking into account the foam type (cf. Table 1), data points from several
experimental runs represent the range of displacement measured. The solid line indicates the theoretical displacement according to eqn (7).

foam tracers, because shearing is linked to local rearrangements
in the foam structure. If such bubble rearrangement takes place
in the vicinity of a tracer, the intermediate stages do not provide
minimum-energy positions. Consequently, this tracer drops
until it finds a new minimum-energy position.
X-ray radiography, combined with purposely shaped tracers,
might give a unique insight into the bulk flow of liquid foam in
various lab- or pilot-scale experimental setups. Using state-ofthe-art X-ray imaging equipment for lab studies, dimensions up
to 0.5 m seem to be perfectly realistic for both the field of view
and the measurement depth. Introducing this X-ray radiographic
technique could be a promising initial step towards benchmark
experiments as well as deeper understanding of turbulence and
shear banding in three-dimensional foams.
Employing X-ray radiography for our foam experiments, we
have not observed shear banding in the bulk flow. For all
experimental parameter combinations of foam bubble size and
initial flow velocity, the angular velocity measured over the radius
of the semi-circular curved channel section remains on a smooth
level, without significant jumps or outliers (cf. Fig. 9). In addition,
the observed rigid-body rotation (Case 1) corresponds to zero
shear rate in the foam. However, our analysis is based on
combining several experimental runs, which necessarily includes

This journal is © The Royal Society of Chemistry 2020

conditional averaging. Therefore, we cannot completely rule out
that shear banding occurs in individual runs. To observe the
occurrence of short-period shear bands, a larger number of
tracers has to be observed simultaneously. But large numbers
of tracers might also aﬀect the foam structure and its flow
behaviour locally.
The three foam tracer types used for these imaging studies
perform slightly diﬀerently. On the one hand, all kinds of
tracers stick and float nearly perfectly with the fine foam flow.
On the other hand, tracers with a plate-shape structure (types B
and C) tend to be too heavy to follow the coarse foam flow in all
circumstances. Due to its comparatively big bubble size and low
liquid fraction as well as the high flow velocity in the experiments (cf. Section 2.1), the coarse foam provides a limited
ability to carry those non-lightweight tracers (cf. Section 2.2).
In individual cases, we observe that the tracer drops, yielding
step-like trajectories (cf. Fig. 6b). The dropping distance is the
range of the bubble size. This dropping event might be linked
to bubble rearrangement due to shearing of the foam. Alternatively,
the tracer might trigger film rupture at first and thus, bubbles
rearrange. This cannot be decided without simultaneous observation
of the foam structure. During such dropping events, the data analysis
of the tracer’s translational motion works out robust, but fails to
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Fig. 12 Tracer translational motion and intrinsic rotation (a)–(c) with the fine and (d)–(f) with the coarse foam flow in the semi-circular curved channel
section: velocity ratio ko, depending on the radius rt. Taking into account the foam type and its initial flow velocity (cf. Table 1), each data point
corresponds to a set of tracers moving along the same radius in several experimental runs. The dashed line at ko= 1 indicates the case of rigid-body
rotation (cf. Section 4.1).

calculate the intrinsic rotation. Consequently, the measurements on
fast-flowing coarse foam are fraught with comparatively higher
uncertainty.
The tracer dimensions of 3 mm to 4 mm equal the foam
bubble size of approximately 4 mm in the coarse foam. Therefore, the tracer intrinsic rotation results from the local velocity
gradient between a pair of neighbouring foam bubbles. In
contrast, the misfit between this tracer size and the smaller
bubbles of maximum 1 mm diameter in the fine foam limits
the spatial resolution to larger bubble clusters.
To optimize the X-ray image contrast between the radiopaque tracers and the radiotransparent liquid foam, the X-ray
tube voltage and current need to be adjusted during the
measurements. Because of the slightly diﬀerent liquid fraction,
fine foam is less radiotransparent than the coarse one under
otherwise identical imaging conditions. Additionally, the intensity of the transmitted X-ray beam is further decreased by
the acrylic glass channel. In particular, the channel walls aligned
in the X-ray beam direction are imaged as two-dimensional
areal projections due to the beam divergence, yielding a significantly reduced image contrast for tracers located close to
these walls.
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Systematic measurement uncertainties arise from the X-ray
beam divergence, and impinge upon the tracer projection size
and the radial position rt in the semi-circular curved channel
section. The X-ray image pixel size of 0.17 mm px1 refers to the
reference plane, which is defined in the foam channel’s centre
(z = 50 mm) in the beam direction. Projections of the tracer
located in front of this plane are enlarged and shifted in the
positive radial direction, whereas the size and the radial position
of tracers closer to the detector plane are systematically undervalued. However, both the angular and rotational velocity are not
aﬀected by the propagation of these uncertainties, since they rely
on the ratio of certain distances in the image. Furthermore, if
tracer size and shape would be more exact, the beam divergence
could give rise to a three-dimensional tracking by analysing and
comparing the tracer projection with the actual tracer size.

6 Conclusions
In this work, we present the first application of 2D X-ray
radiography to image liquid foam flow utilizing 3D-printed
custom-tailored tracers. The method allows one to track the

This journal is © The Royal Society of Chemistry 2020
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tracers inside the foam-filled channel with a 30 mm  100 mm
cross section. The measurement principle is based on the
strong X-ray attenuation of the metallic tracers, yielding twodimensional tracer projections. Both the tracers’ translational
motion and their intrinsic rotation are analysed, revealing a
rigid-body-like flow of the liquid foam.
In particle tracking velocimetry, individual tracer particles,
having low inertia to follow the fluid motion optimally, are
tracked over time to conclude on the fluid velocity. For our
method, we have developed foam tracers with a tetrapodinspired shape, which are additively manufactured from stainless steel by selective laser melting. Besides the foam flow
velocity, the unique three-dimensional shape allows us to track
the tracer intrinsic rotation and thus, to gain additional information on the local vorticity of the foam structure.
X-ray particle tracking velocimetry gives a detailed insight
into the bulk flow of liquid foam, but with certain restrictions.
On the one hand, due to the measurement principle of X-ray
attenuation, X-ray radiography provides only depth-limited twodimensional projection images. On the other hand, the foam
flow could be biased by the light-weight but comparatively larger
tracers. However, X-PTV oﬀers unique measurement possibilities
compared to optical or other radiation-based measurements
techniques for liquid foam. Adapting custom-tailored tracers
for various foam bubble sizes and liquid fractions, the local
velocity and also the vorticity are measurable directly with both
high spatial and temporal resolution. To further the X-PTV
technique and take advantage of the conical diverging X-ray
beam, the tracer’s position along the beam direction could be
reconstructed from its apparent projected size, yielding threedimensional trajectories.
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1 S. Cohen-Addad, R. Höhler and O. Pitois, Annu. Rev. Fluid
Mech., 2013, 45, 241–267.
2 M. C. Fuerstenau and G. J. Jameson, Froth flotation: a century
of innovation, Society for Mining, Metallurgy, and Exploration,
Littleton, Colo, 2007.

This journal is © The Royal Society of Chemistry 2020

Paper
3 I. Cheddadi, P. Saramito, C. Raufaste, P. Marmottant and
F. Graner, Eur. Phys. J. E: Soft Matter Biol. Phys., 2008, 27,
123.
4 G. Katgert, B. P. Tighe, M. E. Möbius and M. van Hecke,
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