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Abstract

Ultrasound imaging velocimetry (UIV) is a maturing technique for measuring the dispersed phase in two-phase flows. It
enables measurements of dense suspensions when optical methods fail. This study explores UIV’s applicability to measure
the flow field in a swirling flow reactor (SFR) for solid—liquid mixing of dense suspensions. Despite UI'V’s historical focus
on unidirectional flows like arteries and axisymmetric pipes, this research demonstrates its adaptation to an inherently com-
plex 3D flow field, i.e., a swirling sudden expansion flow in an SFR. Using high-speed plane-wave imaging and correlation
averaging techniques, satisfactory velocity profiles are achieved while preserving sufficient temporal information. Firstly, the
applicability of UIV in this specific setup is demonstrated by comparing UIV with stereoscopic particle image velocimetry
measurements of a single-phase flow in the SFR, both indicating a Coanda jet flow (CoJF). Secondly, several bulk velocities
and volume concentrations (up to 50 vol%) are measured with UIV for a suspension of water and 2.3-mm glass beads. A
transducer is installed in two orientations and captures all three velocity components when combining the two datasets. A
timestep optimization process is implemented to avoid the need for manual finetuning of the acquisition frequency. A time-
domain spectral analysis on the dispersed phase velocity fields in the SFR reveals dominant frequencies between 1.21 and
2.42 Hz, similar to those found in single-phase flow. The general flow structure of the dispersed phase in suspension is very
similar to the latter; however, the addition of particles confines the central recirculation zone (CRZ) to the center. Finally, the
implementation of swirl to keep solid-liquid mixtures in suspension in the SFR is experimentally confirmed by this study.
Quantitative UTV measurements confirm favorable flow structures for mixing, specifically a CoJF that avoids sedimentation.
The concentration of solids in an SFR can even be increased up to 50 vol% while still maintaining a uniform suspension.

1 Introduction (STRs) have dominated these applications, representing over

95% of industrial use cases. This dominance stems from
Efficient solid-liquid mixing is pivotal in various chemical  their relative simplicity and continuous enhancement of
processes, encompassing catalytic reactions, hydrogenation,  energy and economic efficiency over the years (Barabash
crystallization, leaching, precipitation, and many more (Car- et al. 2018; Jaszczur and Mtynarczykowska 2020). However,
letti et al. 2014; Shi and Rzehak 2020). Stirred tank reactors their reliance on rotating components within the working
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volume introduces challenges such as leaks, wear, and fric-
tion under extreme conditions, particularly as systems scale
up or handle higher volume concentrations (Pangarkar 2017,
Jaszczur and Mtynarczykowska 2020). Moreover, promising
new technologies are limited in industrial production by the
lack of high-temperature, high-pressure solid—liquid mixing
technologies at an industrial scale.

To address the limitations discussed above and create new
ways for industrial-scale solid—liquid mixing at high tem-
peratures and pressures, swirling flow reactors (SFRs) are
proposed as novel technology (Yang et al. 2023; Yang 2023).
An SFR is conceived as a swirling sudden expansion of
solid-liquid flow, possibly with a filter at the outlet to entrap
solid particles in the reactor. Computational fluid dynamics
(CFD) simulations already demonstrated the SFR’s working
principle (Yang et al. 2023; Yang 2023). Yang et al. (2023)
performed an Eulerian—Eulerian simulations of an SFR, in
conjunction with an RNG k- turbulence model, at 20 vol%
wood spheres. In a follow-up research (Yang 2023), they
have shown that an SFR works for higher volumetric load-
ings by performing simulations at 40 vol%. Extensive simu-
lations for parametric analysis or design purposes must rely
on turbulence models (e.g., aforementioned k—) instead of

Fig. 1 Schematic drawing and
photograph of the SFR
1.33d;

A‘nular filter
L

D=110mm
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1.56d,

d;=22.5mm

(a) Schematic drawing of the SFR with the inlet at the bot-
tom and the outlet at the top. Left: side view, right: top
view. The horizontal measurements (y — z plane) are shown
in green, while the vertical measurements (x — y plane) are
shown in alternating orange or red. A legend of transducer
orientation is added at the top right. On the reactor’s left side,
the envisioned flow patterns are depicted in blue and yellow,
for the fluid and dispersed phase, respectively.
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fully resolved direct numerical simulation (DNS). The latter
are computationally too expensive, especially for particle-
laden flows (Brandle De Motta et al. 2019). The consid-
ered fluid was supercritical methanol at 235 °C and 130 bar,
resulting in a density ratio of 1.7.

Experimental data are essential to increase the validity of
CFD simulations (Oberkampf and Trucano 2002). This is,
in particular, the case for swirling flows, as a small variation
or disturbance in the inlet flow will affect the flow regime or
patterns in the reactor. The latter includes phenomena such
as vortex breakdown, vortex core precession and large-scale
coherent structures (Kuzmin 2021). Therefore, experimental
data in conjunction to CFD simulations are required to vali-
date whether the correct flow regime is studied. Established
methods that measure quantitative flow fields and validate
CFD results typically include optical techniques like parti-
cle image velocimetry (PIV) or laser Doppler velocimetry
(LDV). Whereas they are recognized as superior in single-
phase flows, these techniques are of limited value in tur-
bid flows. Optical measurements are limited for dispersed
phase fractions as low as 0.5 vol%, without changing the
system (Montante et al. 2012; Deen et al. 2002; Poelma
et al. 2006). This limit can be extended by refractive index

4} Transducer side-view

[0 Transducer top-view

]
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(b) Photograph of the measure-
ment section and the UIV-transducer
installed in its respective mount for a
vertical measurement. A photograph of
the transducer is imposed on the mount
to show its internal position. The flow
direction in the tubes is indicated with
blue arrows. At the bottom of the reac-
tor, sedimented glass beads are visible.
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matching (RIM) liquid and solids, but the system’s complex-
ity is thereby increased. A ‘dense‘ solid-liquid suspension
in the literature is considered to have a solids volume frac-
tion of around 8 vol%, which is in general regarded as the
limit of optical techniques with RIM (Li et al. 2018; Zachos
et al. 1996; Wright et al. 2017; Poelma 2020). Wiederseiner
et al. (2011) have shown that for some specific liquid—solid
combinations with near-perfect temperature control, higher
volume fractions are feasible. However, the strict require-
ments on both the fluid and the solids severely increase the
complexity of experimental setups and limit the physical
conditions that can be measured. A mismatch of 0.2% in
the refractive indices renders the images unusable (Dijks-
man et al. 2012; Poelma 2020). The current study considers
volumetric loadings of 20 vol% and higher, making opti-
cal measurement techniques unfeasible (Wiederseiner et al.
2011; Wright et al. 2017).

UIV or echo-PIV, a technology that has matured in the
last decade, emerges as a promising alternative for character-
izing flows not accessible to optical measurement techniques
(Poelma 2017, 2020). It acquires images using an ultrasound
transducer and yields velocity fields from these images with
similar processing algorithms to PIV. The most common
field of application is the medical field, where optical access
to arteries is not feasible, and ultrasound imaging devices
are commonly used instead (Hoving et al. 2021; Brum et al.
2021). The signal-to-noise ratio (SNR) and resolution are
relatively low for UIV compared to PIV, and the resolution
differs between the parallel and perpendicular direction to
the transducer (Poelma 2020). Tracer materials designed for
ultrasound imaging, like ultrasound contrast agents, improve
the SNR. The main downside of these contrast agents is the
cost and the relatively short lifetime in larger experimental
setups (Fraser et al. 2017; Zhang et al. 2011; Poelma 2020).
The reflected ultrasound signal is attenuated as it travels
deeper into the measurement volume. This can be compen-
sated with a time gain compensation to obtain equal intensity
throughout the whole measurement area. The SNR, however,
still decreases deeper into the system since the noise, due to
the increasing number of interfaces, is also amplified.

Another approach for increasing the SNR is correlation
averaging over several frames to improve the data quality in
transient flows (Dash et al. 2022; Poelma et al. 2011). This
averaging is only possible if the transient phenomena are sig-
nificantly slower than the acquisition frequency, since some
temporal information is lost. UIV conventionally collects
data by sequentially reading out a phased-array transducer,
implying that a UIV image is constructed of signals obtained
at different times (Poelma 2017). An alternative approach is
plane-wave imaging, where all transducer elements are used
simultaneously (Tanter and Fink 2014). Plane-wave imaging
decreases the SNR further, but the increase in image rate

enables correlation averaging while maintaining sufficient
temporal resolution (Hogendoorn and Poelma 2019; Dash
et al. 2022). UIV has been successfully applied for character-
izing suspension pipe flows under both laminar (Hogendoorn
et al. 2023, 2021; Hogendoorn and Poelma 2018; Dash et al.
2021; Walker et al. 2014) and turbulent conditions (Hogen-
doorn et al. 2021; Dash et al. 2021; Gurung and Poelma
2016; Barnes et al. 2024).

This research aims to extend UIV to a highly three-
dimensional flow, specifically a swirling sudden expansion
two-phase flow, based on the SFR design by Yang et al.
(2023). In the next section, the experimental setup and data
processing will be discussed. Following, single-phase flow
measurements using UIV and stereoscopic particle image
velocimetry (S-PIV) are compared. After validation of the
measurement technique in a single-phase flow, dispersed
solid phase flow measurements in a dense suspension are
performed. Finally, the main conclusions of all measure-
ments are discussed.

2 Experimental setup and data processing
2.1 Experimental setup

Experiments are performed in an SFR, consisting of a sud-
den expansion with a step and two tapered parts, similar
to the design of Yang et al. (2023). The dimensions with
the envisioned flow patterns visualized for both the liquid
and dispersed phase are shown in Fig. 1a. The first tapered
part has a radial dimension 0.16d; and is installed at 20°,
while the second tapered part has a radial dimension of
1.63 d; and is installed at 75°. Both angles are measured
from the centerline (x-axis). A photograph of the SFR with
sedimented glass beads is shown in Fig. 1b. UIV meas-
urements are taken either in vertical x —y planes or in
horizontal y — z planes. A variable swirling flow can be fed
into this setup by a swirl generator from the IFRF burner
series, more specifically, the 30 kW series (Dugué and
Weber (1992)). This swirl generator is used in numerous
studies as an annular swirling jet (Zhang and Vanierschot
2021; Vanierschot et al. 2020; Vanierschot 2007) and as
a round (free) jet (Holemans et al. 2023a, b; Vanierschot
2018; Holemans et al. 2024). For this study, the annular
tube is removed and a confinement is added, converting it
to a round jet. A detailed view of the cross section of the
swirl generator can be seen in Fig. 2a. The guide vanes are
rotated to generate the maximum swirl number achievable
for which their position is depicted in Fig. 2b.

The swirl number considered is S; g4, Which is the con-
ventional swirl number adjusted to only include 84% of the
total inlet pipe’s diameter (d;):

@ Springer
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Fig.2 Schematic representation
of the swirl generator and posi-
tioning of the guide vanes

Water from pump

Settling chamber
~

12 radially mounted
guide vanes

"L

?0.71d; (6x)

1.56d;

(a) 30 kW movable block swirl generator as designed by Dugué

and Weber [36].
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where r is the radial position in the inlet tube, with an abso-
lute maximum of d;/2 and a maximum of 0.424, in the
previous formula. The swirl number is experimentally cali-
brated with LDV, resulting in a value of Sy ¢4 = 1.87 + 0.09,
as elaborated in previous work (Holemans et al. 2024).
Upstream of the movable block swirl generator, the flow is
divided into six separate channels to feed the settling cham-
ber, seen as the yellow tubes in Fig. 1b. The flow is provided
by a frequency-controlled centrifugal pump (Packo NP/68-
50/152), with a nearly flat pump curve for the volumetric
flows considered in this study. The maximum frequency of
the pump is set to 50 Hz. The flow rate is measured by a
Gardena™ flow meter (type 8188-20), having a 2% meas-
urement error after calibration. The calibration is done by
weighing mass outflow at the studied flowrates. During dis-
persed phase flow measurements, the flow rate is manually
adjusted, to achieve the most visually homogeneous sus-
pension possible. The outlet contracts at 45°, to an outlet
diameter of 4/3 d;. An annular outlet with a blockage ratio of
45%is installed at x/d;, = 10.2, indicated in Fig. 1b. Between
the annular hub and the outer rim a filter mesh is installed,
entrapping particles in the reactor. The four ribs connecting
the filter’s annular hub to the outer rim block an extra 4% of
the total area, depicted as dark gray in Fig. 1a. The cylindri-
cal reactor vessel is made of transparent polymethyl meth-
acrylate (PMMA). The UIV transducer is placed against the
outer reactor wall using a dedicated 3D printed mount that
allows for reproducible positioning, seen in black in Fig. 1b.
Aquasonic® gel is applied between the transducer and the
cylinder to ensure the propagation of sound waves in the
reactor. Glass spheres, designed for water filtration, with a
diameter of 2.27 + 0.01 mm are used as solid particles in the
reactor. The particles have an aspect ratio of 0.96 + 0.004

@ Springer
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(b) Position of the guide vanes of the
swirl generator to produce a maxi-
mal swirling inlet flow.

and a density of 2570 kg/m>. For each measurement, the
temperature and average flow rate are measured. The flow is
characterized by the suspension Reynolds number:

Uiniey ; Py
= 2
s e (@)
where u;,., is the mean bulk inlet velocity, p; the fluid den-

sity, and g the effective viscosity of the suspension. The
latter is obtained from Eilers’ viscosity model (Stickel and
Powell 2005; Ferrini et al. 1979; Eilers 1941). The spheres
are considered perfect spheres with a maximum packing
density of 0.64 (Desmond and Weeks 2014). Re, varies
between 1,600 and 23,900 for the different volume fractions.
For reference, the Reynolds number based on the single-
phase viscosity varies between 23,300 and 44,400 for the
suspension measurements.

2.2 Data acquisition

The data in this study are obtained using a Verasonics Van-
tage 128™ research ultrasound system with a linear trans-
ducer (L11-5v). Additionally, an S-PIV-measurement for
single-phase flow is performed in the same setup at a slightly
higher Reynolds number (Re = 21, 300). The specific set-
tings of the ultrasound system for both the single-phase and
suspension measurements are discussed in the following
paragraph. If these settings differ, the single-phase settings
precede the suspension settings in the text.

To enhance either the radial resolution or penetration
depth, respectively, the transducer operates at a frequency
of 10.5 MHz or 7.5 MHz. Additionally, bandwidths of
9.0-12.0 MHz or 6.5-8.5 MHz are prescribed, resulting
in a satisfactory image quality after visual inspection. The
transducer consists of 128 individual elements with a pitch
of 0.3 mm each, resulting in a field of view of 38.4 mm,
along the transducer. The field of view’s depth within the
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Fig.3 Schematic representation
of acquisition and process-

ing structure for multi-pulse
datasets, depicting subset-
correlation-averaging and full-
correlation-averaging

Subset-
correlation

average I

B o

N
Subset 1 qubset 2 S“\)Set
Subset- . 2 % R < . =
correlation- A 4 & |average
average .

(a) Acquisition structure and processing structure depicting subset-correlation-averaging.

Subset 1

Full-

Subset 2 Subset N correlation

Full- A

correlation- i
average

ifl + A aveiage ,‘,’\

(b) Acquisition structure and processing structure depicting full-correlation-averaging. The correlation
peaks are referring to the subset-correlations of Figure 3a.

reactor, already accounting for the 5-mm PMMA wall, is
established at 53.6 mm or 52.9 mm, close to the reactor’s
center at 55 mm. For the vertical measurements, the radial
velocities (y-axis) have a higher resolution than the axial
velocities (x-axis). For the horizontal measurements the tan-
gential velocities (z-axis) have the lowest resolution. The
transducer has an elevational focal depth of 18 mm.

The image acquisition frequency is 1200 Hz or between
2000 and 10,000 Hz. The suspension measurement’s acqui-
sition frequency is lowered if the particles visually move
slowly in the measurement volume, which is only the case
for high volumetric loadings. These signals are converted
to brightness-mode (B-mode) images, and only these are

stored to reduce data usage. To allow correlation averaging,
consecutive image series (subsets) are acquired, depicted
in Fig. 3 as ‘Subset 1° and ‘Subset 2‘. Acquiring data in
different temporally spaced subsets increases the number
of uncorrelated samples. The total number of subsets is
determined by the RAM capacity of the imaging system.
An amount of N subsets are acquired, totaling 4,800 or 8,100
images, either in sets of 10 or 30 images, with a time delay
(T)) of 100 or 167 ms.

The downside of acquiring temporally spaced subsets
is that high-frequency signals will not be distinguishable
in a time-domain spectral analysis. A time-resolved data-
set is added to check for high-frequency structures for two

@ Springer
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Fig.4 Optimal value of k, based on C(k) throughout the domain, both
original and smoothed. The values of C(k) are plotted for several val-
ues of k in Fig. 5

-[3-Subset-correlation, P1 -£3-Full-correlation, P1 (1 Vector-averaging, P1
-k -Subset-correlation, P2 --Full-correlation, P2  Vector-averaging, P2

Fig.5 C(k) for each processing algorithm plotted for the two posi-
tions indicated as P/ & P2 in Fig. 4

volumetric loadings considered in this study. Horizontal
datasets are included for the suspension measurements
(depicted in green in Fig. 1a). Lastly, the increased number
of images per subset for the suspension datasets allows for
finetuning the value of & for each dataset, where k indicates
the number of frames skipped for a cross-correlation. The
next section provides a more detailed explanation.

For single-phase measurements, Vestosint® particles are
used as tracer particles, with a mean diameter of 56 pm and

@ Springer

a density of 1.016 g/cm>. The Reynolds number for these
measurements is 17,900 , resulting in a particle relaxation
time of 0.18 ms. The Stokes number is 0.006, indicating
acceptable flow tracing accuracy (Raffel et al. 2018). The
characteristic time scale is defined as the ratio between
the nozzle diameter and u;,,. Furthermore, these parti-
cles exhibit favorable acoustic properties and have been
utilized in previous studies for both optical PIV measure-
ments (Scarano and Poelma 2009) and UIV measurements

(Hogendoorn and Poelma 2019; Gurung and Poelma 2016).
2.3 Data processing

The correlations from each subset are summed to increase
the SNR while maintaining temporal low-frequency
dynamics. This is visually illustrated above the dou-
ble black line in Fig. 3. A vector field for each subset is
obtained, and this method is labeled subset-correlation-
averaging. Summing each subset’s correlation values
together to acquire only one final vector field is referred to
as full-correlation-averaging, visualized below the double
black line in Fig. 3. This method is identical to the aver-
age correlation method of Meinhart et al. (2000) which is
also coined sum-of-correlation in some sources. Within
one subset both subset- and full-correlation-averaging
are identical, performing a sum-of-correlation. However,
across subsets the methods differ which motivates the
introduction of the two new terms. A third possibility for
processing the datasets, called vector-averaging, is not
adding correlations and using each pair of images to get a
vector field. Lastly, a time-resolved dataset can be acquired
where sliding sum-of-correlation is used to increase the
SNR to only lose limited temporal information. A multi-
pass PIV processing algorithm with an initial interroga-
tion window of 48x48 and a final interrogation window of
32x32 pixels, with 50% overlap, is used for processing all
the datasets. Since the data are acquired with a MATLAB
script and saved in MATLAB variables, PIVIab (Thielicke
and Stamhuis 2014) is used as PIV processing software
to acquire the vector fields from the B-mode images. The
code is slightly adjusted to allow correlation averaging of
each separate subset and outputting its vector field. For
the S-PIV measurements, a multi-pass algorithm in Davis
10.1.2 is utilized, with self-calibration and 50% overlap.
Possible erroneous vectors are removed with a low corre-
lation rejection and a 4-pass regional median filter, more
information on the S-PIV setup can be found in a previous
publication (Holemans et al. 2024). Based on the S-PIV
flow fields, the UIV acquisition frequency is manually
finetuned to yield satisfactory results. The vector spacing
in S-PIV is 0.77x0.77 mm? compared to UIV with 4.8x
1.12 and 4.8x1.55 mm?, for single-phase and suspension
flow measurements, respectively. The vertical UIV data
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are acquired with an overlap between different datasets,
this enables stitching of these datasets in post-processing.
The datasets are linearly interpolated into a structured grid
to get vectors at regular intervals while maintaining their
original resolution. The S-PIV dataset, only containing
data for 0.93 < x/d; < 5.42, is linearly interpolated to an
identical grid.

The dispersed phase’s flow structures and velocities
are unknown beforehand in the suspension; the following

0.3

UIV data

o

=

1.5 2

y/d;

1

Fig.6 Single vector row for a typical suspension flow case at
x/d, = 1.4. The continuous curve is a fit to the UIV data and consid-
ered to be the average velocity field. A vertical dashed line is added to
indicate the location of the reactor wall

cost function, C(k), is introduced to avoid manual iterative
optimization of the acquisition frequency for each dataset:

+ <vp,k

where ¢, is the cross-correlation value between an image
pair or a sum of cross-correlation values. u,, , is the velocity
along the transducer, and v, , is the velocity perpendicular

dy

I 3

u?

Ck) =c; 2

2
> ninterpolated,k’

to the transducer. j_i is added to correct for the difference

in resolution, where dy and dx are the resolution along and
perpendicular to the transducer, respectively. Miperpolated k 1S
zero if a specific vector is deleted during the post-processing
step, and it has a value of unity if the vector is retained.
In the first processing round (k = 0), each frame is cross-
correlated with its subsequent frame (f(1) @ f(2 + k)). In
the next round, the skip factor (k) is increased to 1, and each
frame is cross-correlated with its second subsequent frame,
as indicated in Fig. 3. This process is repeated up until k = 5.
C(k) is calculated for each vector position, and its maximum
value is taken as the ideal value of k for this respective vec-
tor. This cost function allows us to perform the bulk of the
measurements at identical acquisition frequency and finetune
the time interval in post-processing. A similar procedure of
locally optimizing the time interval is explained for time-
resolved PIV by Hain and Kéhler (2007); however, they use
the velocity field of the first cross-correlation (f(1) Q) f(2))

Fig.7 Average in-plane velocity 8t 0.5
vectors for the measured regions ot . i . RTIIT
of the S-PIV and UIV measure- SIS " BT R o 4
ments, colored by their axial Tr SnnIn e i ITTEREIE PR " '
velocity. The reactor’s outline i, RIS ST w i
is depicted as a solid black line. 6l ,:::’: pee ,:::’:: e ,::':: 0.3
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ferent results for each process- R | ]| e | @0 2
ing methOdare depiCted and the 5*\\\\ ......... e Wi EERREERIREAREIN ::““”““ YA e RIS
vector spacing is increased with RTITIRRRY o RSTTTIIE RS NTPPSERITILE
50% for readability [ IO gy P nnEERnuuUIIIE s | 0.1 3
?47\\\\“ ........... g TR waitttn DTy antt, TR I§
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(a) Reference S-PIV (b) UIV, (c) ULV, (d) ULV,
measurements subset-correlation-  full-correlation- vector-averaging
averaging averaging
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as an initial guess for the ideal local value of k, after which
they perform a validation.

To avoid any local outliers for k, a median filter of 3 X 9
vectors along and perpendicular to the transducer, respec-
tively, is applied to smoothen the field. The optimal value
of k is depicted in Fig. 4 for a reference dataset at 50 vol%,
also showing the effect of the median filter. Deeper into the
reactor, lower values of k are obtained due to the decreas-
ing correlation value for the increasing distance from the
transducer. Additionally, the influence of the slower down-
stream flow is visible as the optimal value of k increases
downstream.

Due to the iterative procedure and possible higher values
of k, more frames for each subset are required, which is why
thirty frames are acquired instead of ten as is the case for the
single-phase measurements. The local value of C(k) is indi-
cated for two specific vectors in Fig. 5. The values of C(k)
are normalized. For vector P1, the highest value is achieved
at k = 3 for both full- and subset-correlation-averaging, with
slightly higher values for full-correlation-averaging at higher
values of k due to its increased SNR, and subsequent limited
amount of vector rejections. The vector-averaging’s peak
value is at k = 2, with a similar value at kK = 1; this indi-
cates that the vector-averaging’s SNR is lower, as expected.

Higher values of k increase both turbulence decorrelation
and loss of particles in the particle images due to out-of-
plane motion. For measurements further from the wall, i.e.,
vector P2, full-correlation-averaging reaches a peak value
at k = 2, with a nearly identical value at k = 1. For subset-
correlation-averaging, there is a clear peak at k = 1. The
vector-averaging’s peak is at k = 1, with a nearly identical
value at k = 0. It is clear from these data that for measure-
ments further away from the wall, at least some form of
correlation averaging, like subset-correlation-averaging, is
needed to increase the SNR to acceptable values. The ideal
value of k is proportional to the flow speed and inversely
proportional to the measurement depth.

The post-processing of the vector fields consists of three
different steps. First, a velocity limit is applied where the
absolute maximum velocity of any velocity vector has to be
lower than the bulk inlet velocity in the nozzle (u;,,). For
the S-PIV dataset 99.5% of all instantaneous vector fields
comply with this limit. Secondly, a local median test is per-
formed on each vector relative to its neighboring vectors,
specifically a normalized median test, as specified by West-
erweel and Scarano (2005). Due to the limited size of the
UIV probe, the values at the edges are symmetrically padded
to enable a median check at the border of each measure-
ment. Finally, a standard deviation check is performed, and
each vector can deviate a maximum of 3 standard deviations

Fig. 8 Radial position of the 2r
recirculation location through- + Subset-correlation
out the domain for different o s P = Full-correlation
processing methods of UIV and 1.8+ o E rETER & 8- Vector-averaging
the reference S-PIV measure- AR S-PIV
ments « 7
1.6F ®
* 5
< .
>1.4r *
O *® & o &
1921 d QAQ@&QQQ‘*’U 8
%0 &
AQgpRRR
¥
1L
1 1 1 1 1 1 1 |
0 1 2 3 4 5 6 7 8

Fig.9 Normalized cor-
relation maps for the

velocity vector at location
[x/d;;y/d;] = [1.84;1.92],
indicated with a round black
circle in Fig. 7. The maps are
plotted for the reference S-PIV
measurement and for each
correlation method of the UIV
measurements

(a) S-PIV
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from the global mean for each velocity component. Con-
ventionally, this value is between 3 and 5 for PIV (Raffel
et al. 2018), the lower end is taken for this study since UIV
data have higher standard deviations, especially deeper into
the measurement volume. Any removed vector is linearly
interpolated at the end of these post-processing steps. The
fraction of removed vectors for each processing algorithm is
lowest for full-correlation and highest for vector-averaging.
At high values of k, the number of erroneous vectors can
skew the median and standard deviation filters to have fewer
vector rejections. Large pixel displacements are impossible
to acquire because the flow is three-dimensional, and the
particles leave the measurement plane between subsequent
frames. This increases the importance of the subpixel fit,
achieved through a 2D-gaussian fit, based on Nobach and
Honkanen (2005). It is not straightforward to determine the
uncertainty of the velocity vectors for the complex swirl-
ing flow at hand. Simply determining the standard deviation
of the vector fields will not work, as this value comprises
measurement noise and overall flow field variations. In order
to discriminate both components, an uncertainty analysis is
performed on a typical case at 50 vol%. In this approach one

line of velocity vectors is selected, and a curve fit is applied
to these data, depicted in Fig. 6.

It is assumed that the fit represents the average veloc-
ity field in the reactor. The deviation of the UIV data with
respect to the fit is the measurement error. The standard
deviation of the residuals (UIV measurements with respect
to the fit) is found to be 4.6%. This is considered to be a typi-
cal value for the measurement noise in our study. Note that
adjusting the UIV processing settings, such as the number
of image pairs or interrogation window size, will influence
this uncertainty (Geschwindner et al. 2022).

The speed of sound in the solid-liquid mixture is depend-
ent on the volumetric concentration and particle size of the
solids, by the formulas of Ament (1953), and the latter are an
adaptation of Urick (1948). The intrinsic properties of water,
glass, and PMMA are extracted from Lubbers and Graaff
(1998), Kondo et al. (1981), and Amirkhani et al. (2011),

respectively. All datasets are non-dimensionalized with u;,,.

Table 1 Overview of the different UIV measurement campaigns, with the dominant temporal behavior included

Volumetric Pump fre- O [Lmin™] Frequency (f) [Hz] SNR [dB] Strouhal number ~ Reynolds Suspension
loading [vol%]  quency ( 1) [%] (St) [-1077] number [-] Reynolds num-
ber [-]
0 45.6 18.5 [0.82-0.91] 9.0 [23-27] 17,900 Single-phase
20 62.5 25.9 [1.96-2.14] 5.6 [40-45] 26,200 14,100
20 100 42.7 [1.88-1.95] 33 [23-25] 44,400 23,900
30 100 40.5 [1.39-1.49] 2.6 [18-20] 43,900 15,100
40 87.5 28.1 [1.90-1.99] 5.0 [35-39] 29,200 5400
50 85.0 21.5 [1.72-1.80] 6.2 [42-46] 23,300 1600
Fig. 10 Axial and radial veloc- 0.3 o 1 0.08 o 1
. . o Subset-correlation o ubset-correlation
lty scattered for a hn_e of vectors 0.25 + Full-correlation Full-correlation
at y/d; = 0.37, for different 0.06 o Horizontal datapoints
datasets and both subset- and 0.2}
full-correlation-averaging - = 0.04
. 0.15¢ U
at 50 vol%, fp = 85%, and 3 3
0 =23.1L/min g 0.1 E‘ 0.02
; o
0.05
ot Or _ GEeeasssmpEn e
m]
-0.05 ‘ ‘ ) 0.02 ‘ ‘ ‘ ‘
0 2 4 6 8 0 2 4 6 8
z/d; [] z/d; []

(a) Axial velocity of vectors at ¥/¢, = 0.37, with
each dataset depicted in a different color.

(b) Radial velocity of vectors scattered at v/d, =
0.37, with each dataset depicted in a different
color, and also included the radial velocities of the
horizontal subset-correlation-averaging datasets.
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3 Single-phase flow measurements

First, single-phase measurements are performed using UIV
to validate and compare the technique to a reference S-PIV
case. Since the UIV transducer is only 38 mm wide, the
measurements consist of multiple stitched datasets to recon-
struct the flow field. A multi-pulse dataset is acquired for
the UI'V measurements. These UIV datasets are processed
as subset-correlation, full-correlation, or vector-averaging
and are compared to the S-PIV dataset. Figure 7 depicts the
mean flow fields in a central cross section for both S-PIV and
UIV datasets. A similar flow field, a Coanda jet flow (CoJF)
with a central recirculation zone (CRZ), is noted for both the
S-PIV and UIV measurements. This CRZ originates from
a vortex breakdown in the nozzle and propagates through
the domain due to the annular outlet. The vector-averaged
dataset shows more inconsistencies, especially deeper into
the measurement volume. The velocity close to the wall is
lower for all UIV datasets compared to the S-PIV dataset.
Deeper into the domain, the UIV datasets all overpredict
the central recirculation velocity. The difference between
S-PIV and each UIV dataset is similar for the three tech-
niques since the error is inversely proportional to the square
root of datapoints.

The recirculation location, where the flow reverses direc-
tion, is depicted in Fig. 8 throughout the reactor volume, for
each dataset. If multiple crossings through zero are detected,
the first encountered value is used. The error is equal to the
spatial resolution of the vectors. Both the subset-correlation
and full-correlation datasets have a high similarity with the
S-PIV dataset. The vector-averaged dataset has a lower simi-
larity to the S-PIV dataset. For some positions multiple data-
points are plotted due to the overlapping datasets.

Wall reflections are higher close to the wall and result in
streaks of high correlation intensity. These reflections are
also visible in the normalized correlation maps depicted
in Fig. 9. The PIV results close to the wall are also prone
to errors due to the curvature of the vessel. The S-PIV
measurements have a clear correlation peak, while the
subset-correlation results show a less distinct peak. The
vector-averaged dataset shows more noise in the correla-
tion plane, but averaging sufficient vector fields still gives
reasonable results, as seen in Fig. 7d. Full-correlation-
averaging isolates the peak more clearly. A peak can be
identified for all correlation plots, for this specific vector.

The full-correlation datasets lacks temporal infor-
mation, while the vector correlation dataset has higher
instantaneous errors compared to the subset-correlation
dataset. It is important to note that S-PIV separates the
tangential velocity from the in-plane velocity data, while
2D measurement techniques include this tangential veloc-
ity as a perspective error to the in-plane data (Yoon and
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Fig. 11 Velocity magnitude in a vertical plane and tangential velocity
at multiple horizontal positions in an SFR at 20 vol% and f,, = 62.5%,
with O = 25.9 L min~!

Lee 2002). In favor of UIV is that the image plane is the
whole transducer itself, thereby minimizing this perspec-
tive error since no image projection is present. A time-
domain spectral analysis for each vector, using Welch’s
power spectral density (PSD) (Welch 1967), is done on
the S-PIV dataset and the UIV subset-correlation data-
set, resulting in a dominant frequency of 0.86 + 0.04 and
0.87 +0.05 Hz, respectively. Based on the above results
and discussion, subset-correlation-averaging is applied for
further analysis in this study.

4 Dispersed phase flow measurements
in a dense suspension

Solid particles are added to the system and four volumetric
concentrations are measured, ranging from 20 to 50 vol%.
An overview of all measurements, including some key
characteristics, is shown in Table 1. The particles are
weighed to determine the volumetric concentration in the
2 L reactor. The previously defined cost function, Eq. 3,
is maximized for each specific vector. Measurements are
only performed in areas where sufficient particles are pre-
sent since UIV uses particles as tracers. Horizontal meas-
urements are included for the suspension flow measure-
ments, resulting in one line of vectors since reactor wall’s
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curvature renders the other vectors unreliable, as indicated
by the hatched area in Fig. la. At low flow rates and for
all volumetric concentrations, it is observed that particles
remain settled due to their higher density (p,/p,, = 2.57).

In the vertical plane datasets, overlap is included to
check for inconsistencies. All the datasets showed con-
sistent velocity fields without sudden jumps between
datasets. Figure 10 shows a representative figure for both
axial and radial velocities at 50 vol% and f, = 85%. For the
radial velocities, the data from the horizontal datasets are
incorporated, demonstrating reasonable agreement with
the radial velocities of the vertical datasets. The spread
increases for measurements deeper into the domain, but
the datasets remain consistent overall.

At 20 vol%, the just suspended condition (f, = 60%)
is measured with UIV, as well as the maximum flow
rate (f, = 100%). As the volumetric loading increases,

the visually most homogeneous flowrate is measured.
At 30 vol%, this occurs at maximum flow rate while for
higher solid loading, this rate is reduced to prevent particle
accumulation at the filter. Thus, homogeneity depends on
the flow rate up to a certain volumetric loading. Beyond
this point, particles accumulate at the top, necessitating a
decrease in flow rate to enhance homogeneity. The tempo-
ral analysis provides a range of frequencies for each data-
set. In the temporal domain, a wider peak compared to the
single-phase measurements, is observed after performing
a time-domain spectral analysis. A time-resolved dataset,
with acquisition frequency of 7,500 Hz and a sliding sum-
of-correlation of 10 frames, is used to check for higher
frequencies (> 3 Hz). The subset-correlation dataset’s
Nyquist frequency is around 3 Hz, while the time-resolved
dataset’s Nyquist frequency is 375 Hz. No dominant fre-
quencies, between 3 and 375 Hz, are detected at either

Fig. 12 Velocity magni- 8L — 0.5
tude both in a vertical plane
and at multiple horizon-
tal positions in an SFR at 7L 10.45
20 vol% = 100% with
.O_V‘Z;azdf,{l 00% wit T
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(a) Velocity magnitude of radial and axial

(b) Tangential velocity in multiple horizontal lines,

velocity in a vertical plane. Each UIV depicting the legend for both subplots at the side.

measurement domain is shown with a grey

box.
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20 vol% or 30 vol%. Consequently, these time-resolved
measurements were not performed for higher volumet-
ric concentrations and an optimization for the process-
ing algorithm, for example pyramid-sum-of-correlation
(Sciacchitano et al. 2012), was not considered. Each data-
set is processed individually, and their temporal spectra are
summed if there is at least one peak 3 dB higher than its
average value, corresponding to a SNR of 3. The SNR of
the summed spectra is noted in Table 1. The spread of the
final peak value is assumed at the intersections of 50% of
the peak height. The minimum and maximum value of all
datasets is shown in Table 1. Introducing the glass parti-
cles increases the observed frequency compared to the sin-
gle-phase flow for every measurement. Increasing the flow
rate decreases the frequency only slightly, as observed for
the 20 vol% case at both 27.2 and 44.6 L min~'. No clear
relations follow from the data shown in Table 1.

@ Springer

In a CFD simulation of the SFR, Yang et al. (2022) found
a frequency of 0.373 Hz, corresponding to St = 0.0106 for
a methanol-wood suspension with a Reynolds number of
130,000 and a Suspension Reynolds number of 70,000 at
20 vol%. Subsequent research (Yang et al. 2023) only shows
a dominant frequency of 36 Hz and its second harmonic at
72 Hz, corresponding to St of 1 and 2. However, the total
acquisition time of their dataset is too short to capture the
low frequencies found in the current study. The Stokes num-
ber in Yang et al. (2023) is 0.31, compared to a maximum
of 64 for the current study. This difference prohibits these
high-frequency fluctuations from being present in the solid’s
phase velocity fields.

Visualization of the results of UIV measurements is
shown in Figs. 11, 12, 13, 14 and 15, where either the in-
plane velocities or the tangential velocity is plotted. The tan-
gential maximum velocity is found downstream of the axial
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measurement domain is shown with a grey

box.

maximum velocity for all measurements. A CoJF flow field
is visible in each measurement, with a recirculation within
the measurement region for the lower flow rate measure-
ments. Compared to the single-phase flow measurements,
the CRZ is pushed toward the center. For higher flow rates,
the CRZ is no longer clearly visible on the UI'V measure-
ments due to its limited depth field (Figs. 12 and 13). Due to
both refractions and reflections of the signal on the different
medium interfaces, the SNR decreases with increasing depth
of measurement. Some velocity fields seem to break continu-
ity by having only positive axial velocities. However, mass
flow is not necessarily linearly related to velocity, since only
the dispersed phase is measured without indicating concen-
tration, so these velocity fields can still be physical. The tan-
gential velocities show some flow reversal before the center
of the reactor, indicating a counter-rotating vortex core, as
observed already for low-swirl flows by Vanierschot (2018).

The favorable mixing characteristics of an SFR are con-
firmed, based on these quantitative UV measurements The
envisioned ColJF is present at all studied flow conditions,
avoiding sedimentation in the SFR. Increasing the volumet-
ric loading increases the importance of finetuning the flow
rate to avoid particle packing against the downstream filter.

5 Conclusions

In this work, the adaptability of UIV in accurately meas-
uring the complex swirling flow within a swirling flow
reactor (SFR) is demonstrated, extending its application
beyond traditional 2D flow topologies. A good correspond-
ence is found between UIV and S-PIV for the velocity
fields and the temporal dynamics of a single-phase flow.
Multiple bulk velocities and volume concentrations, even

@ Springer



158 Page 14 of 16 Experiments in Fluids (2024) 65:158
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up to 50 vol%, are examined with UIV using 2.3 mm glass
beads in two transducer orientations, capturing indications
of all three velocity components. Additionally, implement-
ing an automated timestep optimization process proved
crucial in managing high acquisition frequencies, enhanc-
ing data processing efficiency, and maintaining temporal
dynamics. A low frequency (around 1-2 Hz) is identified
in each flow field, with no clear relation to volumetric
loading or flow rate. The operational principle of an SFR
is successfully validated, achieving a uniform suspension
through the observed ColF pattern up until 50 vol% of
solids loading. The findings also suggest potential insights
into flow dynamics, such as the possible presence of a
counter-rotating vortex core indicated by tangential veloc-
ity fields. Additionally, the CRZ present in single-phase
flow is pushed toward the reactor’s center, especially for
higher flow rates. The conclusions can be summarized in
the following points:

@ Springer

e CoJF is identifiable for all considered measurements,
which confirms the working principle of an SFR.

Even at high volumetric concentration (up to 50 vol%),
quantitative measurements with UIV are possible.
Correlation averaging within one subset is suited for
data-processing to achieve a high SNR, while maintain-
ing temporal information. A local timestep optimization
increases the quality of the data.

The researchers suggest to study different sizes, specific
densities and flow rates to obtain more insights into the
flow phenomena, preferably obtaining a regime map of
parameters where an SFR achieves mixing.
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