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Abstract
In this study, a new ultrasound-based method for measuring both carrier-fluid and
suspended-particle (disperse phase) motion is introduced. The method can extract flow
quantities, such as slip velocity, from statistical information obtained in dense two-phase flows.
The carrier fluid velocity is measured by leveraging the non-reflective properties of nearly-linear
materials at harmonic frequencies to filter out the suspended particles. In contrast, the disperse
phase velocity is measured using the ultrasound’s fundamental imaging mode and the slight
impedance mismatch between the suspended particles and fluid. As a result, the carrier phase
can be captured without cross-talk from the disperse phase. Finally, it is shown that the
proposed technique allows for the measurement of suspension dynamics in vortex rings with
high volume fractions on the order of 40%. Here, the proposed method is tested in dense
suspensions, made from super-absorbent polymer beads with nearly-linear material properties
mixed in deionized water, with volume fractions ranging from 20% to 40%.

Keywords: plane-wave ultrasound image velocimetry, dense suspensions, particle-laden flows,
contrast imaging, vortex-rings, opaque flows

(Some figures may appear in colour only in the online journal)

1. Introduction

The study of dense suspensions is of great value in various
fields such as modelling of blood flow, future in vitro meas-
urements, sediment transport in rivers and oceans, as well as
in a broad range of industrial applications. For example, blood
is composed of ∼40% red blood cells (hematocrit), as well as
white blood cells and platelets, suspended in liquid plasma.
Therefore, the development of an experimental method that
can measure both phases within a dense suspension is of both
scientific and technical value.

So far, examining the behaviour of dense suspensions has
proven difficult, both experimentally and numerically. The
most common approach to measure and separate phases in
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dilute suspensions is via optical techniques where fluorescent
tracers and optical bandpass filters are used to capture either
the disperse or carrier phases (Lindken and Merzkirch 2002,
Poelma et al 2006). A detailed review of experimental tech-
niques to measure opaque flows and suspensions is provided
by Poelma (2020). One of the main challenges in measur-
ing suspensions is the difficulty of obtaining optical access
for non-invasive measurements, since even at a volume frac-
tion of 1% most suspensions are opaque without refract-
ive index matching (RIM). Therefore, researchers have used
refractive index matched particles as the dispersed phase to
allow optical access (Cui and Adrian 1997, Wiederseiner
et al 2011). When the solid phase is refractive index-matched
with the liquid phase, researchers can then tag some of the
solid phase particles to enable traditional tracking methods.
Another method that falls under the RIM category is the
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use of hydrogels (Byron and Variano 2013, Zhang and Rival
2018). These studies benefit from the high water-absorbency
of hydrogels, which results in a refractive index close to that
of water. Recent studies (Zhang and Rival 2018, Zhang et al
2019) have measured carrier phase velocity in dense sus-
pensions with maximum volume fractions of Φ= 20% using
optical measurements, where the signal-to-noise ratio (SNR)
drops due to optical distortions caused by the disperse phase.
Even with RIM methods, high particle densities can make
the fluid translucent or even opaque, leading to large meas-
urement errors, or make experiments altogether impossible
when using traditional optical measurement techniques. In
order to perform flow measurements in suspensions with high
volume fractions, non-optical based techniques such as ultra-
sound imaging can therefore be implemented instead.

In the past two decades, ultrasound imaging has been
developed for fluid-dynamics applications (Crapper et al 2000,
Kheradvar et al 2010, Poelma et al 2011, Gurung and Poelma
2016, Jeronimo et al 2019, 2020). Ultrasound imaging veloci-
metry (UIV), or echo-particle image velocimetry (echo-PIV),
is now being widely used in many studies as a non-invasive
tool for fluid-velocity measurements (see review by Poelma
2017). Conventional ultrasound imaging suffers from low
frame rates, which often limits the flow investigations to low
Reynolds number regimes. Plane-wave ultrasound imaging
(Montaldo et al 2009) was developed to overcome this lim-
itation. Badescu et al (2018) have performed plane-wave UIV
measurements on a vortex ring to validate this high-frame-rate
technique and presented promising results. Although the mor-
phology of the vortex was captured correctly, Badescu et al
(2018) elaborate that a more quantitative study is required
to validate the results of plane-wave UIV with other estab-
lished methods. Hogendoorn and Poelma (2019) also used
plane-wave UIV for turbulent-flow measurements in a pipe.
Hogendoorn and Poelma (2019) took advantage of the high
frame rate offered by plane-wave ultrasound imaging to obtain
oversampled data and applied a sliding correlation average to
increase the SNR. UIV is also a robust method for flow meas-
urements in opaque suspensions (Gurung and Poelma 2016,
Kupsch et al 2019). Kupsch et al (2019) used UIV to measure
solid phase velocity in an 8% volume fraction zinc-electrolyte-
suspension for flow battery applications, and Gurung and
Poelma (2016) successfully measured flow velocity and tur-
bulent statistics using harmonic ultrasound imaging in a 3%
volume fraction suspension. Additionally, Gurung and Poelma
(2016) measured the velocity of the disperse phase and repor-
ted that the development of a method that can additionally
measure the carrier phase would be highly advantageous for
further research. They have also proposed the possibility of
using a disperse phase that is acoustically silent, coupled
with the non-linear response of contrast microbubbles, to only
detect the carrier phase, which is the basis of the method
demonstrated in the current study.

While ultrasound imaging does not require careful, and
often difficult, RIM when observing dense suspensions, tradi-
tional UIV measurements are incapable of providing detailed
information of each phase in the flow. For UIV measure-
ments, the liquid is generally seeded with tracers that faithfully

follow the flow. In a suspension, on the other hand, the seed-
ing particles and the disperse phase will reflect the ultrasound
signal. Hence, a simple UIV of dense suspensions provides a
mix of information pertaining to the disperse-phase particles
and tracers in the carrier fluid without a method of distinguish-
ing between the two phases. Therefore, a method is required to
isolate and measure the particle displacements in each phase
of the suspension.

In this study, our goal is to investigate the feasibility of an
ultrasound imaging method to measure both phases in dense
suspension flows with high volume fractions on the order of
Φ= 40%. Both fundamental and harmonic modes of ultra-
sound imaging are utilized to measure the displacement of
disperse and carrier phases, respectively. It is known that
materials with linear properties do not reflect the harmon-
ics of an acoustic signal (Anvari et al 2015). Therefore, by
using particles in the disperse phase with nearly-linear mater-
ial characteristics we can use harmonic imaging to filter out
the disperse phase and only capture the carrier phase. The
experimental procedure is illustrated in figure 1 and a detailed
explanation is given in section 2.3. This is conceptually ana-
logous to the use of fluorescent particles and optical band-
pass filters. Section 2 provides details of our experimental
facility and plane-wave ultrasound imaging technique that
captures both phases separately. We validate our plane-wave
UIV results by translating the ultrasound transducer in a stag-
nant fluid and obtain the error between the actual and cal-
culated displacements. Additionally, optical PIV results are
used to validate the plane-wave UIV results on a vortex ring.
In section 3 we present the UIV results including slip velo-
city for dense suspensions with volume fractions ranging from
20% to 40%.

2. Experimental setup and methods

Several UIV measurements were performed using a vortex-
ring generator to investigate the capability of ultrasound ima-
ging to detect both phases of dense suspensions using funda-
mental and harmonic imaging. This section provides details of
the experimental setup and dense suspensions that were used
in the current study. The principle of the measurement method,
i.e. the plane-wave ultrasound imaging technique, and benefits
of fundamental and harmonic imaging modes, are explained
in section 2.3, followed by the data processing steps. Previ-
ous PIV experiments that provide validation for our UIV res-
ults are also explained briefly in section 2.5 along with an
uncertainty analysis.

2.1. Vortex-ring generator

Figure 2 shows the experimental setup for our vortex-ring
generator. A confined vortex ring was generated by a pis-
ton driving the flow in a cylinder with an inner diameter of
d0 = 38.2 mm. The piston is controlled by a linear traverse
that moves at a constant speed of Up = 0.16–0.32 m s−1

over a stroke length of L = 191 mm (L/d0 = 5). The gen-
erated vortex ring is confined within an acrylic tube with an
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Figure 1. Schematic of the proposed procedure to capture both disperse and carrier phases using UIV. First, the disperse phase is imaged
using the fundamental mode. Then after adding contrast agents to the fluid, only the carrier phase can be captured using the harmonic
imaging mode, where the disperse phase is filtered out. Section 2.3 provides detailed explanation.
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Figure 2. Experimental setup of vortex-ring generator. The piston, controlled by a linear traverse, pushes fluid out into an acrylic tube with
a diameter of d = 76.2 mm. To achieve better signal quality, the acrylic tube wall was machined to reduce the wall thickness at the location
of the ultrasound probe. To reduce ultrasound reflections, the acrylic tube wall underneath the area of interest was replaced by a rubber strip
to absorb sound waves with minimal reflections.

inner diameter of d= 76.2 mm and a length of 457 mm. For
ultrasound imaging, reflected acoustic signals from the lower
pipe wall reduce the quality of the images. To minimize acous-
tic reflection, a small section of the acrylic tube wall, under
the area of interest, was machined and replaced with rubber
that absorbs the ultrasound wave (see figure 2). In our pre-
vious studies, we have shown that this setup produces highly
repeatable vortex rings, allowing for accurate and independent
flowmeasurements (Zhang et al 2019, Zhang and Rival 2020).
Each case was measured ten times and the results were in turn
phase averaged.

2.2. Two-phase working fluids

To prepare the suspensions, various concentrations of super-
absorbent polymer (SAP) beads (LiquiBlock 2G-110 from
Emerging Technologies, Inc.) were mixed with pure deionized
water (DIW). These SAP beads have an absorption coefficient
of 450 gwater/gSAP when mixed with DIW. Three working flu-
ids were tested in this study, as shown in table 1. The pure
DIW and Φ = 20% suspension cases were tested to provide
results for validation against optical PIV data. We demonstrate
the ability to measure dense suspensions using the proposed
method by testing a Φ = 40% volume fraction suspension as
well. The suspensions were prepared by first degassing the

Table 1. Weight of dry SAP (hydrogel) added to each 1000 g of
fluid before mixing.

Solution
SAP

weight (g)

Soaked SAP
diameter

range (mm) Optical quality

Φ = 00% (DIWa) 0 Transparent
Φ = 20% in DIW 0.44 0.9–1.4 Translucent
Φ = 40% in DIW 0.88 0.9–1.4 Opaque
a DIW: deionized water.

DIW, and then adding SAP beads, which were sifted using
a 180 µm sieve. After mixing, the suspension was degassed to
remove any trapped air bubbles.

2.3. Plane-wave ultrasound imaging

A Vantage 128 ultrasound system (Verasonics Inc.) with an
L14-5/38 linear ultrasound probe (128 elements with 0.3 mm
pixel pitch) was used to acquire radio frequency (RF) sig-
nals. This research-grade ultrasound system is capable of
acquiring RF data using plane-wave technology. In the plane-
wave imaging technique, all of the transducer’s elements
are activated together to form a planar acoustic wave. This
mode of imaging will provide significantly higher frame rates

3
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Table 2. Ultrasound parameters used for RF data acquisition and
image reconstruction.

Imaging mode Fundamental Harmonic

Transmit frequency (MHz) 13.88 9.61
Voltage (V) 35 25
Number of plane-waves 8–10 8–10
dt between plane-waves (µs) 110 110
dt between frames (µs) 2000 and 3200 2000 and 3200
Pixel size in x direction (mm) 0.05 0.05
Pixel size in y direction (mm) 0.05 0.05

than conventional ultrasound imaging techniques (e.g. phased-
array mode). Acquiring ultrasound images with a single plane-
wave pulse will result in a low SNR with some artificial
reflections. To increase the SNR and eliminate the artifacts
in the images, a series of tilted plane-waves with different
angles is used to reconstruct a single frame (Montaldo et al
2009). A detailed review of plane-wave imaging is provided
in Montaldo et al (2009) and Tanter and Fink (2014). In this
study, we used a multi-plane-waves (plane-wave compound-
ing) approach with Verasonics’ pixel-oriented reconstruction
software to obtain high-quality B-mode images from RF data.
Table 2 provides a list of parameters used for data acquisition
and image reconstruction. The Up= 0.32 and 0.16 m s−1 flow
cases weremeasured using 8 and 10 plane-waves, respectively.
Using a higher number of plane-waves may provide slightly
higher quality images at the cost of two drawbacks: (1) lower
frame rate; and (2) missing particle images in high vertical
(in the beam direction) velocity (uy) regions. We found that
using a higher number of plane-waves (i.e. 20) with the men-
tioned parameters will deteriorate the particle image recon-
struction where |uy|> 0.15 m s−1, resulting in unsuccessful
particle image reconstruction at these areas leading to black
regions with no particles. In a multi-plane-wave approach,
the reconstruction software combines information from sev-
eral separately-measured plane waves to produce a single
image. As a result, we suspect that if the particle displace-
ment is larger than the resolution along the axis of acoustic-
wave propagation during several plane-wave transmissions for
a single frame, then the reconstruction software will be unable
to determine the location of the particle accurately. Addition-
ally, since the RF signal generally has a higher resolution in
the vertical (y, axial) direction than in the horizontal (x) dir-
ection, we did not observe this phenomenon for any values
of horizontal velocity ux ⩽ 0.35 m s−1. In the reconstruction
step, we set the image pixel size in both x and y directions
to be equal to 0.05 mm, which is one-sixth of the transducer
pixel pitch (0.3 mm). This resulted in 768 square pixels in the
x direction, six times more pixels than the actual number of
transducer elements (128). We investigated the effect of vari-
ous pixel sizes and noted that the Verasonics pixel-oriented
reconstruction method benefits from a smaller pixel size (i.e.
0.05 mm), rather than choosing a pixel size in the x direc-
tion equal to the transducer element pitch (0.3 mm). How-
ever, refining the pixel size to smaller values than 0.05 mm did
not improve the accuracy of our results. B-mode ultrasound

Table 3. Accuracy of calculated displacements with UIV setup.

Actual dx, dy (mm) dx error (%) dy error (%)

0.127 5.20 4.6
0.254 4.02 3.4
0.508 0.80 2.7
0.762 0.78 2.4
1.016 0.74 2.0

Figure 3. Characteristics of the bandpass filter used for harmonic
imaging. Both filter centre frequency and bandwidth are set to
18.5 MHz.

images were acquired at a depth of 36 mmwith a frame rate of
312–500 Hz.

Ultrasound settings (i.e. power, time-gain compensation,
image gain, power, frequency) were adjusted to obtain high
contrast images without bursting the contrast agent micro-
bubbles. The rejection setting for ultrasound imaging was set
to zero. Acoustic beam power was controlled by the transducer
voltage (25–35 V) to avoid bursting the contrast agent micro-
bubbles and minimize the ultrasound streaming effect (Sar-
vazyan et al 2010, Poelma 2017, Jeronimo et al 2020).

2.3.1. Disperse phase detection with fundamental imaging.
Using both fundamental and harmonic ultrasound imaging
allowed us to independently measure the motion of both
the disperse phase (hydrogel) and the carrier phase (DIW),
respectively. In fundamental imaging, backscattered (reflec-
ted) acoustic waves are filtered to only record the same fre-
quency as the transmitting (Tx) frequency. Therefore, the
reflected acoustic wave from the soaked hydrogels was detec-
ted, which in turn allowed us to image hydrogel particles. This
resulted in themeasurement of hydrogel-particle displacement
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Figure 4. Normalized vorticity (ω
∗
) obtained from (a), (c) optical PIV and (b), (d) UIV for Up= 0.16 m s−1 in both pure DIW and 20%

suspension. Only 1/3 of the velocity vectors are plotted for clarity.

and in turn the velocity of the disperse phase by applying a PIV
algorithm, as explained in section 2.4.

2.3.2. Carrier phase detection with harmonic imaging. Har-
monics (multiples of the fundamental/transmitted frequency)
are generated in the reflected acoustic signals due to the non-
linearity of the material being tested, which distorts the incid-
ent wave (Anvari et al 2015). Because of the material’s non-
linearity, the high-pressure portion of the acoustic wave travels
faster than the low-pressure portion, resulting in a distor-
tion of the shape of the wave. This change in the waveform
leads to the generation of harmonics reflections from a tis-
sue, contrast agent, or other substance. In the harmonic ima-
ging mode, reflected acoustic signals are band-pass filtered to
only record the frequency equal to the second harmonic of
transmitting (Tx) frequency. Some materials, such as tissues

and hydrogels, behave almost linearly when exposed to low
amplitude acoustic waves, but present non-linear characterist-
ics at high power. Since hydrogels (SAP) mostly consist of
water they exhibit minute amounts of compressibility. There-
fore, the high-pressure and low-pressure portions of the ultra-
sound beam travel at almost the same speed under low acous-
tic power, resulting in minimal changes to the fundamental
signal, which in turn results in undetectable harmonic pro-
duction. This behaviour allows us to image the carrier-phase
flow tracers by filtering out the disperse phase particles using
harmonic imaging mode. Figure 3 shows the characteristics
of the bandpass filter used for harmonic imaging mode. This
filter was chosen after comparing the image quality of sev-
eral filters with various centre frequencies and bandwidths.
We have used the Verasonics Filter Design Toolbox to set the
hardware digital filter, which changes the filter characteristics
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Figure 5. Comparison of vorticity maps obtained via UIV for (a), (d) 20% suspension with Up = 0.16 m s−1, 40% suspension with (b),
(e) Up = 0.16 m s−1, and (c), (f) Up = 0.32 m s−1. Top and bottom rows illustrates ω

∗
for carrier and disperse phases, respectively. Only

1/3 of the velocity vectors are plotted for clarity.

in the hardware in real-time. Therefore, the recorded RF only
has either a fundamental or harmonic response.

2.3.3. Procedure to capture both phases. After measuring
the hydrogel-particle images using the fundamental mode, an
ultrasound contrast agent, with a diameter of 1–10 µm, is
added to the fluid as a flow tracer. The contrast agent was
added to the fluid immediately before running the contrast
experiments, long after the hydrogels were saturated with DI
water, so as to ensure that contrast agents do not interfere
with the water absorption process in the SAP beads. As men-
tioned above, harmonic imaging only detects the contrast-
agent particles with no cross-talk, i.e. hydrogel particles are
not visible in the harmonic images. Therefore, harmonic ima-
ging detects the displacement of tracers that faithfully follow
the carrier liquid phase, which can be used to measure flow
velocity via PIV processing, as described in the next section.
Figure 1 illustrates steps in our experimental procedure to cap-
ture both phases. This procedure is analogous to using fluor-
escent particles and optical bandpass filters on a camera to fil-
ter either phase of a two-phase flow, and thus allowing one
to capture only one phase at a time. Therefore, the current
method is based on separate (non-instantaneous) recordings of
fundamental and harmonic images, which provide slip velocit-
ies based on statistical ensemble-averaged data sets.

2.4. Particle image velocimetry data processing

Acquired images were then processed using Davis 8.4
(La-Vision) to obtain velocity maps. The PIV time series cor-
relation was used, for which a multi-pass option with decreas-
ing window size (from 64 to 32 pixels with 50% overlap)
was chosen. The spatial resolution in the final results were
1.6 mm with a vector spacing of 0.8 mm. In the vector post-
processing step, an allowable displacement range, a correl-
ation peak ratio, and median filters were applied. Velocity
results were also smoothed using a 3× 3 smoothing func-
tion in the DaVis (LaVision) software. The plane-wave ima-
ging mode does not require the correction of velocities based
on the beam-sweeping velocity that is necessary in phased-
array ultrasound imaging (Poelma et al 2011, Zhou et al 2013,
Poelma 2017). All parameters are nondimensionalized (shown
by

∗
) using a cylinder diameter of d0, piston velocity (Up) and

a time scale of T= d0/Up.

2.5. UIV accuracy analysis and validation against optical PIV

To validate our ultrasound image velocimetry setup, wemoun-
ted the ultrasound transducer on a translation stage with
an accuracy of 0.0254 mm. The transducer was placed in
a stagnant (fully settled) 40% suspension with a layer of
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Figure 6. Comparison of carrier and disperse phase velocities along the vortex core in (a) Φ= 20% suspension with Up = 0.16 m s−1,
(b) Φ= 40% suspension with Up = 0.16 m s−1, and (c) Φ= 40% suspension with Up = 0.32 m s−1. Error bars indicate the standard
deviation of the averaged results over ten realizations.

DIW on top, and then accurately moved using the translation
stage. A series of images was captured with various known,
physical displacements in both the x and y directions. These
images were post-processed using Davis software to calcu-
late the measured displacement. The calculated displacements
were then compared with the actual displacements to obtain
a measure of the accuracy of our setup. Table 3 summarizes
the results of this analysis and demonstrates the high accur-
acy of our setup. It is mentioned that the ultrasound trans-
ducer has an element (pixel) pitch of 0.3 mm. Therefore,
any displacement lower than 0.3 mm in the x-direction (e.g.
first two rows of table 3) is considered as the sub-pixel dis-
placement and has higher error. The third displacement in
table 3, dx = 0.508 mm, is more than the element pitch,
which causes a sharp reduction in the dx error. Additionally,
the UIV results are validated by optical PIV results in the
same experimental facility with pure DIW and a Φ = 20%
suspension. A Photron WX-Mini 100 camera, with a resol-
ution of 2048 × 2048 pixels, and a 3 W solid-state, 532 nm
continuous-wave laser were used to obtain planar PIV data.
In PIV experiments, fluorescent particles were added to the
carrier phase as flow tracers and a long-pass filter eliminated
unwanted reflections. Velocity distributions were obtained

using a multi-pass cross-correlation algorithm with a decreas-
ing window and final interrogation size of 32 × 32 with a
50% overlap. More details of the PIV experiment are available
in Zhang et al (2019) and Zhang and Rival (2020). Figure 4
illustrates vorticity plots of the carrier phase obtained from
PIV and UIV. These results demonstrate the accuracy of our
UIV experiments, which closely match the optical PIV res-
ults. The vorticity map for the 20% suspension using optical
PIV (figure 4(c)) is noisier than UIV results because the sus-
pension is not fully transparent, which results in a lower SNR.
This is a clear example of the advantage of ultrasound imaging
and UIV, which do not require optical access and can resolve
flow structures in dense suspensions.

3. Results and discussion

Figure 5 shows the normalized vorticity (ω
∗
) of the car-

rier phase (top row) and the disperse phase (bottom row) in
Φ= 20% and Φ= 40% suspensions. We can see that the vor-
ticity maps and vortex-ring topologies are different in these
cases. Based on the vorticity plot, the vortex inΦ= 40% is dif-
fuse and does not present a strong vorticity peak in its centre
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compared to the pure-DIW and Φ= 20% results. Adding
suspended particles effectively increases fluid viscosity by
approximately two and nine times for Φ= 20% and Φ= 40%,
respectively, in comparison to pure DIW (Gillies and Shook
2000). The differences observed in figure 5 between 20% and
40% suspensions are associated with the complex interac-
tions between suspended particles and the overall change in
effective viscosity.

The proposed measurement method can measure the velo-
city of both phases in dense suspensions separately. As a
result, the slip velocity can be calculated as the difference
between the velocity of the two phases in dense suspensions.
Figure 6 shows axial velocity profiles across the vortex ring for
Φ = 20% and Φ = 40% suspensions. The suspended hydro-
gels are completely saturated in water (450 gwater/gSAP), which
causes a negligible difference between the densities of the sus-
pended hydrogel and DIW. Therefore, in figure 6 the disperse
phase velocity closely follows the carrier phase velocity while
exhibiting a slip velocity. Figure 6 suggests that there is a slip
velocity (|U∗

disperse −U∗
carrier|) of about 6% between disperse

and carrier phases in the interior regions and about 7%–10%
closer to the wall.

The above results show that the proposed technique can
measure velocity fields in dense suspensions with volume frac-
tions on the order of Φ= 40%. Moreover, the proposed tech-
nique is capable of detecting each phase separately, which in
turn allows one to obtain the slip velocity.

4. Conclusions

We have presented an ultrasound-based technique capable of
measuring both carrier and suspended phases in dense sus-
pensions with volume fractions up to 40%. Measuring both
carrier and disperse phases in dense suspensions is partic-
ularly important for modelling of blood flow, as well as a
myriad of other environmental and industrial applications. We
used suspended particles with nearly-linearmaterial properties
(i.e. hydrogels) resulting in no harmonic signal backscattering.
Therefore, harmonic ultrasound imaging was able to filter out
the suspended particles and only capture the carrier phase. In
contrast, the displacement of suspended particles in the dis-
perse phase was captured using the fundamental ultrasound
imaging mode. This ultrasound imaging technique allows us
to study both phases of a dense suspension separately, which is
potentially useful to reveal important physics associated with
the slip velocity or particle-wall interactions. Additionally,
this method will provide experimental results that can be used
to validate and enhance predictive models for suspensions.

In order to check the viability of this method, the evol-
ution of velocity and vorticity for confined vortex rings in
pure water and Φ= 20% suspension was measured against
a baseline optical PIV technique using RIM. The validation
exercise revealed the high accuracy of the UIV experiments.
Additionally, we translated the ultrasound transducer in a stag-
nant suspension and demonstrated the accuracy of particle
displacement measurements. After validating the UIV results,
dense suspensions, consisting of a SAP (hydrogel) in DIW

with volume fractions of Φ= 20% and Φ= 40%, were tested.
We were able to demonstrate that harmonic imaging was cap-
able of filtering out the disperse phase and isolating the con-
trast agent microbubbles.

The current plane-wave ultrasound system has improved
resolution with less particle image distortion, compared to the
conventional phased-array systems. The higher resolution and
frame rates attainable with plane-wave techniques improves
the dynamic range of ultrasound-based velocimetry, and res-
ults in lower particle ambiguity during detection, which is cru-
cial for future echo-Lagrangian particle tracking studies. Such
a Lagrangian approach has the potential to provide inform-
ation about mixing and particle-wall interactions. Another
avenue for future research is to extend the proposed method to
capture both phases simultaneously by storing raw, unfiltered
RF files containing both fundamental and harmonic frequen-
cies. This will allow for the isolation of each phase in the
post-processing step instead of in the data acquisition step by
applying appropriate filters and detecting the possible signa-
ture of each phase in the raw signal. Finally, more research is
required to discover alternative materials with linear proper-
ties to substitute hydrogels, providing more options for future
experiments, and, perhaps, facilitating the extension to in vivo
measurements.
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