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Abstract
An experimental method was developed for the fully resolved, quasi-simultaneous measurement of the liquid and solid phases
in a suspension (2% volume fraction). A Lagrangian measurement technique, Shake-The-Box (STB), was used to investigate
suspended particle–vortex interactions in a confined vortex ring. The repeatability of the vortex-ring generator allowed liquidand solid-phase tracers, which were tracked independently, to be combined into a quasi-simultaneous measurement pair. The
liquid-phase results were first verified by particle image velocimetry (PIV), and vorticity field measurements of vortex-ring
formation were found to be nearly identical with both techniques. The suspended particles (measured by STB) were seen to
closely follow the liquid phase through the formation of a stable vortex ring. Furthermore, calculating the vorticity-history
of each fluid parcel revealed the vortex entrainment process, laminar-to-turbulent transition, and instability of the vortex ring
itself. Particle–wall interactions, such as large volumes of ambient particles being transported into the near-wall region, were
observed by extending and labelling fluid parcels’ pathlines based on their source. Finally, individual fluid-parcel trajectory
and vorticity calculations allowed the interactions between coherent structures and suspended particles to be investigated.
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Graphic abstract

1 Introduction
Suspensions are ubiquitous in biological systems (Arvidsson et al. 2016), environmental flows (De Marchis et al.
2016), and various industrial applications such as liquidflow batteries (Qi and Koenig 2016). However, the presence
of suspended particles makes the experimental evaluation
of internal flows far more difficult than that of single-phase
liquid flows. Optical access can be compromised by suspended material and, as a result, early experimental investigations of suspensions were performed at very small volume
fractions, 𝛷 ≪ 1%. Flow behaviour in dilute suspensions
has been measured using optical techniques, such as laser
Doppler velocimetry (Kulick et al. 1994), particle image
velocimetry (PIV) (Kiger and Pan 2002), and phase-Doppler
anemometry (Laín et al. 2002). Other non-optical techniques
were required for quantitative analysis of opaque suspensions. Such techniques include ultrasound image velocimetry
(Gurung and Poelma 2016), X-ray image velocimetry (Park
et al. 2016), and magnetic resonance imaging (Bonn et al.
2008), and are readily applicable to the study of two-phase
flows with volume fractions 𝛷 ⩾ 1%. Optical measurement
systems are typically more accessible and versatile than
non-optical techniques, which encouraged researchers to
match the refractive index of the solid phase of a suspension to that of the carrier liquid medium. Refractive index
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matching (RIM) renders the suspension transparent and
accessible via traditional optical techniques, such as PIV,
particle tracking velocimetry (PTV), laser Doppler velocimetry, and laser-induced fluorescence. Furthermore, RIM
has allowed higher concentration suspensions to be studied;
see Wiederseiner et al. (2011). All of the aforementioned
techniques either measure the velocity of small tracer particles in the liquid phase (or carrier phase in air particle-laden
flows) or track the motion of suspended particles in the solid
phase. However, none of these approaches have allowed for
the evaluation of particle–liquid interactions, particle collisions, or lubrication between particles. Tanaka and Eaton
(2010) used high-resolution PIV to measure the flow field
around a suspended particle, but the small field of view
(FOV) of 3-4 mm resembled a point measurement. Shokri
et al. (2017) simultaneously measured the solid and liquid
phases in dilute suspensions ( 𝛷 < 1%) using a combined
PIV–PTV system. Their technique was capable of measuring turbulence statistics, including slip velocity between
the two phases and turbulent fluctuations of each phase, but
suffered from low particle density (O(100) particles in FOV)
and a restricted FOV. More recently, simultaneous measurement of liquid and solid phases was achieved using hydrogel
particles with similar PIV–PTV systems (Zade et al. 2018;
Baker and Coletti 2019). The large diameter of the hydrogel
particles (approximately 1 cm) is comparable to the scale of
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many macroscopic flow structures and restricts the application of their methods. Picano et al. (2015) conducted fully
resolved direct numerical simulations of turbulent channel
flow in dense suspensions with a particle count O(1000),
however, direct numerical simulations are limited by their
computational cost and are impractical for unsteady flows,
such as the vortex rings in this study.
A novel experimental method for fully resolved, quasisimultaneous measurement of the liquid and solid phases of
a suspension is presented in this study. The solid phase was
created using a superabsorbent polymer (SAP) material that
matches the refractive index of the working fluid, rendering
the suspension optically transparent. Using this SAP material, Zhang and Rival (2018) successfully measured turbulent flows in suspensions with volume fractions as high as
18.4%. A recently developed Lagrangian tracking technique
known as Shake-The-Box (STB) (Schanz et al. 2016) is used
to track fluid parcels and the suspended particles themselves.
STB is capable of tracking at particle densities ten times
higher than traditional PTV, while remaining insusceptible
to ghost particles (Schanz et al. 2016). However, it is very
difficult, if not impossible, to resolve the movement of the
solid and liquid phases simultaneously using STB. Here,
a highly repeatable test case was used so that independent
liquid- and solid-phase recordings could be taken consecutively. While the two phases are not tracked at the same time,
the repeatability of the flow permits these two measurements
to be superimposed. Throughout this paper, this combination of measurements is referred to as a quasi-simultaneous
measurement pair.
In the current study, a confined vortex ring (Fig. 1) was
selected as a reliable and repeatable means to explore vortex–suspension interactions. This flow can be seen as a generalization for many common biological systems, environmental
flows, as well as industrial applications. The mechanism of
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vortex-ring formation in a pure liquid phase has been studied
extensively (Gharib et al. 1998; Krueger and Gharib 2003;
Dabiri 2009; Stewart et al. 2012; Danaila et al. 2018). However, vortex-ring dynamics in suspensions remain unexplored.
In fact, confined vortex rings frequently occur in cardiovascular flows (Baccani et al. 2002; Yazdani et al. 2004; Pierrakos
and Vlachos 2006; Peterson and Plesniak 2008; Kheradvar
and Gharib 2009). Furthermore, the dynamics of these vortex
rings in confined domains (i.e. ventricular and arterial arrangements) is of critical importance. For example, the vortex-ring
formation during the rapid filling in the left ventricular is
considered as an optimized mechanism for blood transport
(Töger et al. 2012). Previous investigations from the biomedical community simply assume blood as a single-phase liquid
despite hematocrit (volume of red blood cells) on the order of
45% (Vlachopoulos et al. 2011). Meanwhile, the fluid dynamics community has often focused on the statistical turbulence
characteristics (e.g. turbulence kinetic energy, dissipation rate)
in suspensions (Cisse et al. 2015; Picano et al. 2015; Fornari
et al. 2016; Zhang and Rival 2018). The interactions between
coherent structures and suspended particles are thus often
ignored, in particular due to a general lack of access to detailed
liquid- and solid-phase measurements. Furthermore, existing
investigations of the mixing effect of vortex rings (Dabiri and
Gharib 2004; Shadden et al. 2006; Olcay and Krueger 2008),
based on entrainment of ambient fluid, only account for local
mass transport. The ability to characterize vortex-induced
mass transport would be particularly insightful for the study
of particle–wall interactions in confined spaces (e.g. left ventricle, aorta, etc.).
The objective of the current study is to demonstrate the
feasibility of quasi-simultaneous measurement of both the
liquid and solid phases of a suspension during the formation
stage of a confined vortex ring. The interaction between the
vortex ring and suspended particles is obtained using STB.
More specifically, flow tracers in the liquid phase, and the
suspended particles themselves are tracked quasi-simultaneously. This not only allows for insight into particle–vortex
interactions, but moreover, with access to the Lagrangian
data, the tracking of fluid parcels from the jet region into
the confined wall region. The paper begins by reviewing the
experimental methods before highlighting the Lagrangian
results, and discussing the transport process from inlet jet to
the confined wall region, as elucidated by tagging and tracking specific fluid parcels in the near-wall region.

2 Methods
Fig. 1  Schematic of confined vortex-ring generation in a suspension.
A piston moves at a constant speed (Uc) through the inner cylinder
( D0) producing a vortex ring that is confined by the outer cylinder
(D). This method of vortex-ring formation is highly repeatable. The
liquid and solid phases are each measured independently, but can be
considered as a quasi-simultaneous measurement pair

2.1 Optically transparent suspension
In this study, particle–vortex interactions were evaluated in a
𝛷 = 2% suspension. The suspension was rendered optically
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transparent using RIM technique involving hydrogel particles made of SAP (absorbency ratio equal to 450 g deionized
water per gram). When fully saturated, the hydrogel particles
match the refractive index and density of water. The solid
particles were uniformly dispersed in the suspension. The
shape of the saturated hydrogel was random, but had a mean
aspect ratio of approximately one, and the particle diameter dp ranged from 0.8 to 1.38 mm. The settling velocity of
the particles was measured to be Vs = 0.6 ± 0.3 mm/s. The
associated mean particle Reynolds number was estimated
as Rep = 0.6.

2.2 Experimental setup
Confined vortex rings were generated by actuating a piston
cylinder (inner diameter, D0 = 38 mm) within a larger Plexiglas tube (inner diameter, D = 76 mm ), as shown in Fig. 2.
The confinement ratio of the vortex ring is two. Confining
the vortex-ring generator effectively reduces the measurement depth (through suspension) to D / 2. The piston was
moved at a constant speed of Uc = 0.16 m/s over a distance
of 152 mm ( L∕D0 = 4). The large confining tube is 457 mm
long and feeds into a 300-mm-long water tank to reduce perturbations from downstream. A Plexiglas optical tank, filled
with water, surrounds the tube and eliminates optical distortions caused by the curvature of the tube wall. Experiments
were performed in a 𝛷 = 2% volume fraction suspension

Pco.edge camera
Opcal tank
Laser sheet

Plexiglas tube

Photron camera

Laser volume
Piston cylinder
Longpass filter

Traverse

Fig. 2  Confined vortex-ring generator and STB measurement system.
A vortex ring was generated in a 𝛷 = 2% suspension by actuating a
piston cylinder at a constant speed Uc = 0.16 m/s, corresponding to
Re𝛤 = 2.3 × 104. The liquid and solid phases in the Plexiglas confinement cylinder were measured by consecutively tagging them with
fluorescent tracers that were tracked by four high-speed cameras fitted
with long-pass filters. A laser volume illuminated the flow for STB
measurements and a thin laser sheet was used with PIV to validate
the repeatability of the vortex-ring generator
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of aforementioned hydrogel particles saturated in deionized
water. The corresponding particle diameter-to-cylinder
diameter ratio was estimated to be dp ∕D0 ∼ 1∕40. The suspension was carefully degassed to minimize the influence
of small air bubbles trapped in between the hydrogel particles. Before each test, the suspension was hand-stirred to
uniformly distribute the hydrogel particles. After stirring, a
rest period of 20 s was deemed long enough to ensure background disturbances in the suspension were sufficiently low
so as not to compromise the measurement. The kinematic
viscosity of the suspension, 𝜇sp , is empirically determined
by Gillies and Shook (2000):

𝜇sp = 𝜇l (1 + 2.5𝛷 + 10𝛷2 + 0.0019e20𝛷 ),

(1)

where the subscripts l and sp denote the liquid and suspension, respectively. In this study, the viscosity ratio of the suspension is 𝜇sp ∕𝜇l = 1.05. The equivalent circulation-based
Reynolds number is Re𝛤 = 2.3 × 104 , where Re𝛤 = Uc L∕𝜈 .
Glezer (1988) showed that the onset of the transition of a
piston cylinder-generated vortex ring can be related to a
Reynolds number ( Re𝛤 ). An initially laminar vortex ring
will begin to transition to a turbulent vortex ring when
Re𝛤 ≈ O(104 ) and, therefore, the ring studied here is considered transitional.
STB measurements were performed with four pco.edge
sCMOS high-speed cameras. Each camera recorded an illuminated volume of 100 × 70 × 20 mm with a resolution of
1100 × 700 pixels and frame rate of 250 Hz. A 3 W solidstate, 532 nm, continuous-wave laser was mounted at 45◦
relative to the side wall of the optical tank and was directed
through a water-filled prism to mitigate refractive distortion.
Two of the aforementioned cameras were swept an angle
of 32◦ relative to the normal plane of the illuminated volume and the other two cameras were swept an angle of 21◦.
Neutrally buoyant fluorescent particles (Cospheric UVPMSBR-0.995, mean particle size 100 μm ) were added to the liquid phase of the suspension to serve as fluid parcel tracers.
The tracers fluoresce at a peak wavelength of 605 nm, producing red light. Long-pass filters (>570 nm ) were used to
allow the transmission of fluorescent light and to prevent
scattered light, which was induced by the slight mismatch
of the refractive indices of the hydrogel particles and water,
from affecting the measurement. To track the solid phase,
a small fraction of the hydrogel particles were dyed in a
dilute rhodamine 6G solution (1 part-per-million), which
emits at a range of 570 nm to 660 nm. Liquid-phase and
solid-phase measurements were performed separately and
then superimposed to create a quasi-simultaneous measurement pair. The images acquired from both measurements
were taken through at most 23 particle–water interfaces.
According to Zhang and Rival (2018), the degradation of
image quality due to the presence of suspended hydrogel
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particles is negligible for these measurements. The images
acquired from both measurements were imported into Davis
8.4.1 (LaVision) and processed using the STB tracking algorithm. The software produced pathlines for every tracer and
returned time-resolved position and velocity data along each.

2.3 Data processing
The short pathlines, obtained from STB measurements,
were extended beyond their measured length following the
method described by Rosi and Rival (2018), which was itself
inspired by flow-map compilation techniques (Brunton and
Rowley 2010; Raben et al. 2014). The pathline-extension
method extends paths forwards and backwards in time using
flow maps fitted at each time step. Backwards- and forwardstime flow maps were fit using a locally weighted scatter plot
smoothing algorithm (within MATLAB 2018a) that considers all pathlines that existed at previous or subsequent time
steps, respectively. The flow maps contain fit functions for
each fluid parcel and solid particle, at every time step that
are generated using the nearest 0.25% of all Lagrangian tracers—approximately 20 tracers. Selecting too few tracers for
the fitting function yields noisy results, while too many tracers smooth out the salient flow physics. Pathlines were then
extended until the beginning or end of the recording, or until
they convected out of the FOV. Pathlines that extend outside
of the FOV were terminated at the periphery. This can occur
in backwards- or forwards-time extension and resulted in a
small number of nonphysical, erroneous pathlines, particularly evident in the early stages of vortex-ring formation. The
resulting pathlines were then smoothed using a third-order
Savitzky–Golay filter spanning 11 time steps.
Upon extending and filtering the original Lagrangian
data, the vorticity along the pathlines was calculated. To
calculate vorticity, the Lagrangian velocity fields were interpolated onto a rectilinear grid and spatially differentiated.
The spatial resolution of the rectilinear grid was 0.8 mm,
approximately the same resolution as the unstructured
Lagrangian data. To calculate the spatial gradient, a leastsquares difference scheme was performed within the rectilinear grid, while a one-sided scheme was applied along the
grid’s periphery. The spatial homogeneity of the unstructured Lagrangian data was such that no extrapolation into
empty regions was required. Vorticity was calculated from
the local gradient and interpolated back onto the pathlines.

2.4 Repeatability: PIV setup
Planar PIV measurements were performed to verify the
repeatability of the confined vortex-ring generation in the
experimental facility. A Photron WX-Mini100 camera, operating at 500 Hz and full resolution (2048 × 2048 pixels), was
used to capture particle images over a FOV of 104 × 76 mm .
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Illumination was provided by the aforementioned 532-nm
laser. The light sheet was 1.5 mm thick and was aligned
along the centreline of the confining tube. In a similar fashion to the STB measurements, neutrally buoyant fluorescent
particles (Cospheric UVPMS-BR-0.995, mean particle size
50 μm ) were paired with long-pass lens filters to minimize
interference from the suspended hydrogel when tracking the
liquid phase. Velocity vector fields were generated using a
two-pass, cross-correlation algorithm with a final interrogation window size of 32 × 32 pixels (spatial resolution of
1.6 × 1.6 mm ) and an effective overlap of 50%.

3 Results and discussion
The following sections outline the use of a confined vortexring experiment to evaluate particle–vortex interactions in
a suspension by quasi-simultaneous STB measurements
of both liquid and solid phases. STB results are compared
against PIV measurements for validation. Tracers in each
phase of the suspension are tracked and then extended to
describe the trajectory of each fluid parcel and solid particle that enters the FOV. Vortex-ring mechanics and particle
transport in the near-wall region are then highlighted by categorizing fluid parcels and solid particles according to their
source, trajectory, and vorticity. This detailed Lagrangian
analysis in turn sheds light on the suspension dynamics of
the confined vortex ring.

3.1 Lagrangian tracking in solid and liquid phases
Fluorescently labelled fluid parcels and solid particles in
a 𝛷 = 2% suspension were tracked using STB. Figure 3
shows the scattered tracer position and velocity data in
each phase at T = 3.5, where T = (tUc )∕D0 is the physical
time scale t normalized by the diameter and velocity of the
piston cylinder. T is equivalent to the stroke-to-diameter
ratio of the piston. The streamwise velocity, u, is normalized by Uc such that u∗ = u∕Uc is the normalized streamwise velocity. Figure 3a shows the tracking result for the
fluorescent tracer particles in the liquid phase of the suspension. An average of N = 9000 parcels were tracked at
each time step and produced pathlines with a mean length
of 20 time steps. The primary vortices and jet flow that are
produced by the actuated piston are clearly revealed. The
particle density of the solid-phase tracers (Fig. 3b) was
considerably lower due to the size of the suspended particles (O(1 mm)), but still produced a whole field measurement that clearly reveals a vortex ring. For the solid phase,
N = 3000 and pathlines were an average of 8 time steps
long. The time-resolved tracking results of both phases
are supplemented by Online Resource 1. Note that these
two measurements were performed independently, but the
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Fig. 3  Instantaneous tracer positions and velocities (u∗) as computed
by the STB algorithm—jet flows from left to right. a Fluid parcels
tracked in the liquid phase. The average number of parcels tracked
per time step was N = 9000 and the mean path length was 20 time
steps. The primary vortices and jet flow are immediately apparent. b
Tracked suspended particles. Compared to the liquid phase, the aver-

age number of tracked particles ( N = 3000) and mean path length
(8 time steps) are smaller due to the larger size of the hydrogel particles, but the same flow features are still revealed. Large velocity
fluctuations in the solid phase arise due to the rotation of irregularly
shaped hydrogel particles. This figure is supplemented by Online
Resource 1

same transient flow behaviour, such as the roll-up of the jet
boundary, breakdown of the primary vortex, and secondary vortex formation, are revealed in each. Furthermore, it
is observed that the liquid- and solid-phase measurements
are generally in-phase. In the jet core it is expected that the
velocity distribution of the two phases is approximately
equal. However, the rotation of the suspended particles
during a measurement can cause the centroids of the particle images to vary, resulting in large velocity fluctuations
in the solid-phase measurement. As stated in Sect. 2.2, the
liquid-phase measurements are not affected by the presence of the suspended particles and the uncertainty can be
considered the same as a single-phase STB measurement.
The solid-phase measurement error is roughly estimated
by comparing the ensemble-averaged velocity between
the solid and liquid phases within the jet potential core
(evaluated at X∕D0 = 0.5 and − 0.2 < Y∕D0 < 0.2 ). In this
range the velocity does not change with time and the slip
velocity between the two phases is negligible as the shear
rate is near zero (Stickel and Powell 2005). The ensembleaveraged velocities were measured to be within 0.8% of
one another, suggesting the measurement error associated
with tracking solid particles is small. To the best of the
authors’ knowledge, this is the first report of a temporally
and spatially resolved, three-dimensional measurement of
both the liquid and solid phases within a suspension, and
could provide a pathway to further understand coherent
structure modification in suspensions.

The short pathlines computed using STB were extended
forwards and backwards beyond their original lifespan
via the pathline-extension method described in Sect. 2.3.
The pathlines of the fluid parcels and solid particles were
extended backwards to the beginning of the recording
( T = 0 ) and extended forwards until T = 8.0 . If a pathline was extended outside of the measurement domain,
it was terminated. After extension, the mean path length
was increased from 20 time steps to 359 time steps. The
extended pathlines plot the full trajectory of the flow tracers from their source to their terminal position at the end
of the recording. The pathlines are particularly useful for
revealing vortex dynamics and transport behaviour from a
Lagrangian perspective. Following extension, the quality of
the STB measurements and the repeatability of the experiment were evaluated by comparing to PIV measurements.

13

3.2 The feasibility of quasi‑simultaneous
suspension measurements
PIV measurements of the suspension’s liquid phase were
conducted to compare to the extended STB results and
evaluate the feasibility of quasi-simultaneous measurements in a confined vortex ring. The two techniques were
compared by computing the vorticity field and tracking
the vortex core. The STB data was first projected onto a
single plane and the irregular Lagrangian velocity vectors
were interpolated onto a rectilinear grid with the same
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Fig. 4  Comparison of instantaneous vorticity fields of the liquid ▸
phase obtained using a PIV and b STB (separate experiments). Scattered Lagrangian velocity data was interpolated onto a rectilinear grid
(identical spatial resolution to the PIV measurement) and spatially
differentiated to obtain vorticity. The two techniques generated nearly
identical vorticity fields. Small differences are present and expected
due to inherent variability in the transitional–turbulent regime. Every
other vector in each direction has been excluded for clarity. In c the
vortex–core trajectory was extracted from time-resolved vorticity
data to demonstrate the repeatability of confined vortex-ring generation and movement in a suspension. The solid lines plot the trajectory of eight different vortex cores using PIV data. The dotted line
denotes the trajectory measured by one run with STB. The largest
difference between the tests is within one measurement window size
(Y∕D0 < 0.02). All nine trajectories were smoothed using a thirdorder Savitzky–Golay filter spanning 11 frames. The collapse of the
nine vortex core trajectories proves that the formation stage of the
vortex ring is highly repeatable

resolution as the PIV measurement. A least-squares difference scheme was performed to calculate the spatial gradient of the STB and PIV velocity fields. According to Rosi
et al. (2015), Lagrangian coherent structures can only be
identified at a tracer-particle density O(0.01 ppp) , where
ppp denotes particles per pixel. In this study, the liquid
phase had a tracer-particle density of 0.012 ppp, whereas
the solid phase had a particle density of only 0.004 ppp.
Therefore, a vorticity field was only calculated for the
liquid-phase STB data. The vorticity fields obtained from
the spatial gradients are shown in Fig. 4a, b. The (X,Y)
coordinates are normalized by the diameter of the piston
cylinder, and denote the streamwise and vertical (radial)
direction, respectively. The origin of the field is located at
the centre of the piston cylinder exit on the axis centreline.
The vorticity 𝜔 is normalized by the diameter and velocity of the piston cylinder to give 𝜔∗ = 𝜔D0 ∕Uc . The two
vorticity fields in Fig. 4 are of near identical shape and
quality. Large-scale fluid structures are measurable and
match for each vortex ring, and validate the use of STB
and pathline extension. The presence of suspended solid
particles did not compromise measurements of the liquid.
Note that the two vorticity fields have been computed for
different vortex rings so small differences are expected.
Furthermore, some variability is likely to be present when
evaluating the behaviour of a transitional flow. In order
to evaluate the repeatability of the vortex-ring generator,
the vortex core was tracked across several experiments.
The trajectory of the core was identified from the vorticity
field by tracking the point of maximum vorticity. Figure 4c
shows the vortex–core trajectories during the vortex-ring
formation stage ( T < 4.0 ) as measured from PIV (lines)
and STB (dots) data. Trajectories were smoothed with a
third-order Savitzky–Golay filter spanning 11 frames and
sub-measurement window accuracy of the vortex–core
location was obtained from a fourth-order polynomial fitting. The vortex trajectories of the PIV measurements were
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(a)

(b)

(c)
almost identical, while the STB result fluctuated slightly
from the mean curve. However, the maximum difference
between the STB and PIV results was only 0.02D0 , which
is smaller than the measurement window size. The vortex
ring moves in a predictable fashion through the formation
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stage and the experiment can be considered highly repeatable, despite the inherent variability that will always be
present in transitional and turbulent flows.
The repeatability of confined vortex-ring formation
allowed liquid- and solid-tracer results to be superimposed
to create a quasi-simultaneous recording. The movement of
fluid parcels and solid particles is depicted in Fig. 5 according to extended Lagrangian pathlines. Tracers have been
colour-labelled according to their source and trajectory
thereafter. The red and blue fluid parcels and solid particles
form the jet of fluid that is expelled from the inner cylinder,
while the gray fluid parcels and solid particles are considered background. The red fluid parcels and solid particles
cross the line Y∕D0 = 0.5, while the blue fluid parcels and
solid particles do not (see Fig. 5a). Figure 5b–d shows the
instantaneous positions of solid and liquid tracers overlaid.
The two measurements were not recorded at the same time
and yet there is little to no discrepancy between the behaviour of the coloured fluid parcels and solid particles. The
suspended hydrogel particles follow the motion of the liquid
reasonably well; see Online Resource 1. Quasi-simultaneous
measurements and the comparison of the motion of the two
phases are limited to flows with a high degree of repeatability, without which the two phases could not be superimposed. Figure 5 is limited to T = 4.0 after which transition
begins and the repeatability necessary for quasi-simultaneous measurements is lost. While transitional effects were not
the focus of this study, it is possible to measure turbulent
statistics for both liquid and solid phases using the same
quasi-simultaneous measurement approach coupled with
ensemble averaging.

(a)

3.3 Lagrangian analysis of the vortex‑ring
formation in a suspension
Vortex-ring formation in a suspension can be described
from a Lagrangian frame of reference by observing how
individual fluid-parcel vorticity evolves. Fluid-parcel vorticity was calculated by interpolating from the computed vorticity fields back onto the scattered data at each time step, as
described in Sect. 2.3. The use of extended pathlines means
a fluid parcel’s vorticity could be tracked so long as it was
in the measurement domain, as inspired by Rosi and Rival
(2018). In Fig. 6, fluid parcels are coloured according to
their origin and the peak vorticity each parcel reaches during
its motion. A threshold, based on the maximum vorticity of
all parcels, was used to determine if parcels were rotational
or not. A parcel was considered rotational once its vorticity
reached a minimum of 20% of the global maximum. The
colour labels are visually described in Fig. 6a: red and blue
parcels begin in the jet, and are rotational and irrotational,
respectively, based on the vorticity threshold. Black denotes
rotational background parcels that are entrained in the vortex ring, and all other tracers are coloured gray. Vortex-ring
structures are clearly visualized during the vortex-ring formation stage (see Fig. 6b). Jet–vortex interactions play an
important role in vortex-ring formation. The red fluid parcels that enter the field of view at T = 2.0 form the shear
layer at the jet boundary. The vortex front is indicated by the
red–gray separation line, and the vortex back is identified
by the red–black separation line in Fig. 6b. The roll-up of
red parcels begins at the vortex–core location ( X∕D0=0.57
at T = 2.0). Background parcels are only entrained into the

(b)

(c)
Fig. 5  a Solid and liquid tracers are coloured according to their
source and trajectory. Red fluid parcels and solid particles exit the
inner cylinder and are transported out of the jet across Y∕D0 = 0.5.
Blue fluid parcels and solid particles remain in the jet over the
recording. Gray fluid parcels and solid particles are considered back-
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(d)
ground. b–d Fluid parcels (solid dots) and solid particles (hollow circles) were tracked separately and then overlaid and plotted at three
instances. The suspended particles were seen to follow the liquid
phase quite closely. Only 1/15 of the fluid parcels and solid particles
are plotted for clarity
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Fig. 6  Vortex-ring formation illustrated from the perspective of mass
transport. a Fluid-parcel tracers are colour-labelled according to their
vorticity and source. Red denotes rotational jet parcels whose vorticity reaches at least 20% of the global maximum for all parcels. All
other jet parcels are labelled blue. Background parcels are labelled
black if their vorticity reaches at least 20% of the maximum, and gray
otherwise. b–f Vorticity-labelled parcels follow extended pathlines
and illustrate five instances of the growth and breakdown of a vortex

ring. The jet–vortex interaction range plays an important role in vortex dynamics. Irrotational background parcels enter the vortex from
the back, where the jet boundary shear layer begins to roll up. The
vortex ring front is clearly identified by the boundary of the jet (blue)
and background (gray) parcels. The vortex-ring front remains smooth
through T = 5.0, after which instabilities arise and quickly grow. This
figure is supplemented by Online Resource 2

vortex ring at the backside of the vortex ring, where the
vortex forces black parcels toward the shear layer. In comparison, there is a relatively small velocity gradient at the
vortex-ring front, and no entrainment is observed. Jet parcels
outside the shear layer (blue) do not roll-up into the vortex.
The vortex core is annular and contains alternating layers of
fluid from the shear layer (red), and those entrained from the
background (black). At T = 2.0 , parcels at the vortex core
have already experienced over two rotations of the growing
vortex (Fig. 6b). The vortex ring maintains its shape and
continues to grow, as more parcels are entrained, until the
piston stroke ends at T = 4.0 (see Fig. 6c). In the absence of
jet flow, entrainment into the vortex core stops, and irrotational parcels in the outer layer of the vortex are deposited
behind the core (see Fig. 6d, e). Instabilities, seen as the
distorted interface between red and black fluid parcels in
Fig. 6e, f, arise when the vortex interacts with the wall. An
irregular separation line along the vortex boundary develops,
which clearly reveals that the vortex ring is undergoing transition (Fig. 6e). The disturbances quickly cause the vortex
ring to break up (Fig. 6f).

3.4 Vortex‑ring‑induced mass transport
During vortex-ring formation and growth, ambient and jet
fluid is transported towards the walls of the confinement
cylinder. In Fig. 7, fluid parcels are coloured according
to their origin and interaction with the near-wall region
( Y∕D0 > 0.8). The colour labels are depicted in Fig. 7a:
red and blue parcels begin in the jet, but only the red parcels enter the near-wall region, black denotes background
parcels that are swept into the near-wall region, and green
parcels are those that originate above the line Y∕D0 = 0.8.
All other tracers are coloured gray. At T = 0 there is a large
volume of background parcels that will be transported to the
wall during the piston stroke. The distinction between black
and gray parcels follows a smooth curve up to X∕D0 = 1.5
before becoming irregular (as seen in Fig. 7b). For T ⩽ 4.0
(Fig. 7c, d), the jet is still present as produced by the moving
piston and the well-formed vortex ring indicates the flow is
still pre-transition. During this period, solid particles, which
follow the fluid parcels, are transported by the outer layer
of the tightly rolled vortex ring. At T = 6.0 , perturbations
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Fig. 7  Fluid parcels in the near-wall region. a Parcels are colour-labelled based on their interaction with the near-wall region
(Y∕D0 > 0.8). Red parcels begin in the jet and enter the near-wall
region in their lifetime, while blue jet parcels do not. Green, black
and gray parcels are those that begin in, enter into, or never enter
into the near-wall region, respectively. b–f Instantaneous parcel loca-

tions, over the duration of the piston stroke and beyond, reveal large
volumes of jet and background parcels transported towards the wall.
Solid particle–wall interactions are seen to occur at the outer layer of
the vortex ring, assuming the particles follow the fluid-parcel tracers.
This figure is supplemented by Online Resource 3

in the vortex core (irregular separation lines in vortex of
Fig. 7e) indicate the initiation of the transition to turbulence.
However, there is still clear separation between the blue and
gray particles. Transport of irrotational fluid at the periphery
of the vortex ring is still undisturbed and particle transport
towards the wall is not significantly changed up to T = 6.0.
At T = 8.0 , breakdown of the vortex is evident (Fig. 7f).
Transport of fluid into the near-wall region becomes highly
irregular.
Near-wall entry time, t∗, is defined as the time it takes a
fluid parcel to enter the near-wall region. Figure 8a, b illustrates the range of near-wall entry times for background
parcels at T = 0 and T = 6.0 , respectively. Jet parcel entry
times are shown at T = 4.0 (Fig. 8c) and T = 6.0 (Fig. 8d).
Extended Lagrangian pathlines that describe the complete
fluid-parcel history allowed the entry time of each parcel to
be calculated. The background parcels at T = 0 are clearly
divided into bands of increasing entry time, corresponding
to when they will be transported to the wall by the motion of
the piston. At T = 6.0, background parcels that have yet to
enter the near-wall region and those that have been deposited
behind the vortex ring are still distinctly separated; some of

the parcels are entrained into the vortex ring. From T = 4.0
to 6.0, Fig. 8c, d reveals how some parcels that are swept
through the near-wall region are left behind by the vortex
and remained irrotational, while others are rolled up into
the vortex again.
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4 Conclusions
The current study presents a novel experimental method for
temporally and spatially resolved, quasi-simultaneous measurements of both the liquid and solid phase of a suspension.
Shake-The-Box (STB) measurements provide Lagrangian
data for each phase of a dilute suspension at very high seeding densities that reveal interactions between the suspended
particles and coherent structures in the flow. The 𝛷 = 2%
suspension was created by saturating super-absorbent hydrogel particles in water such that the mixture was optically
transparent (Zhang and Rival 2018). A confined vortex ring
was chosen as a reliable and repeatable method to explore
vortex–suspension interactions. STB and PIV-based calculations of the vorticity field and vortex–core trajectory,
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(a)

160

(b)

(d)

(c)
Fig. 8  Near-wall entry times, t*, for background parcels at a T = 0
and b T = 6.0, and jet parcels at c T = 4.0 and d T = 6.0. Background
parcels are divided into clear bands according to their entry time,
while the jet parcels reveal how parcels with the same entry time may

be shed from the vortex or be re-entrained into the vortex after passing through the near-wall region. This figure relabels the parcels presented in Fig. 7, where the same jet and background parcels can be
seen coloured according to their trajectory

during vortex formation, were used to verify the experiment’s repeatability; the vortex–core trajectory showed very
little variance, and STB and PIV results agreed to within
grid spacing. A highly repeatable test case allowed the two
phases to be tagged and tracked in consecutive experiments
and then superimposed to simulate a simultaneous measurement. The independent measurements successfully illustrated the same transient flow behaviour through the formation phase of a confined vortex ring, prior to transition.
STB tracking of the solid and liquid phases produced
short pathlines that were extended to span the entire recording following the technique described by Rosi and Rival
(2018). Pathline extension describes the full trajectory of
each fluid parcel and solid particle that enters the measurement domain, and enables the calculation of tracer-specific
velocities and vorticities. The average path length was
increased from 20 time steps to approximately 359 time
steps. Fluid parcels and solid particles were categorized
and coloured according to their source (jet or background),
trajectory and vorticity to reveal vortex-ring formation and
evolution. Suspended particle tracks were shown to be in
phase with the liquid tracers and mimicked their movement,
highlighting the roll-up of the boundary layer, breakdown
of the primary vortex, and formation of a secondary vortex.
The vortex-ring interface, along which roll-up, entrainment
and vortex shedding were observed, was identified by vorticity-labelling fluid parcels. Furthermore, vorticity calculations showed the vortex ring’s transition to turbulence. Mass
transport, induced by the vortex ring, was also investigated
by isolating jet and background particles that were carried
into the near-wall region. Large volumes of background and
jet fluid were transported to the wall by the vortex and were

characterized by their near-wall entry time. Background
parcel entry times presented as regular bands of increasing time, while jet parcels revealed how some parcels, after
passing through the near-wall region, were deposited behind
the vortex ring and others were re-entrained into the vortex.
Quasi-simultaneous measurements of the liquid and solid
phases of a dilute solution are particularly promising for
exploring the interactions between coherent structures and
suspended particles. Accurate measurements of complex,
multi-phase flows will improve our understanding of physiological complications and hemodynamics, while promoting
the use of suspensions for industrial applications. At this
stage, the technique is limited to highly repeatable flows,
but the extension to other challenging, multi-phase flows
is foreseen.
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