Experiments in Fluids (2022) 63:16
https://doi.org/10.1007/s00348-021-03362-w

RESEARCH ARTICLE o')

Check for
updates

Tomographic X-ray particle tracking velocimetry

Proof-of-concept in a creeping flow
Simo A. Mikiharju'® . Jan Dewanckele? - Marijn Boone? - Christian Wagner® - Andreas Griesser®

Received: 13 April 2021/ Revised: 30 October 2021 / Accepted: 27 November 2021 / Published online: 23 December 2021
© The Author(s) 2021

Abstract

We investigate the feasibility of in-laboratory tomographic X-ray particle tracking velocimetry (TXPTV) and consider
creeping flows with nearly density matched flow tracers. Specifically, in these proof-of-concept experiments we examined
a Poiseuille flow, flow through porous media and a multiphase flow with a Taylor bubble. For a full 360° computed tomog-
raphy (CT) scan we show that the specially selected 60 micron tracer particles could be imaged in less than 3 seconds with
a signal-to-noise ratio between the tracers and the fluid of 2.5, sufficient to achieve proper volumetric segmentation at each
time step. In the pipe flow, continuous Lagrangian particle trajectories were obtained, after which all the standard techniques
used for PTV or PIV (taken at visible wave lengths) could also be employed for TXPTV data. And, with TXPTV we can
examine flows inaccessible with visible wave lengths due to opaque media or numerous refractive interfaces. In the case of
opaque porous media we were able to observe material accumulation and pore clogging, and for flow with Taylor bubble we
can trace the particles and hence obtain velocities in the liquid film between the wall and bubble, with thickness of liquid
film itself also simultaneously obtained from the volumetric reconstruction after segmentation. While improvements in
scan speed are anticipated due to continuing improvements in CT system components, we show that for the flows examined
even the presently available CT systems could yield quantitative flow data with the primary limitation being the quality of
available flow tracers.
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1 Introduction

Multiphase flows are all around us, and inside us. From
waves breaking and exchanging atmospheric gases with
the ocean water, to the blood in our veins with red blood
cells in plasma. Fundamental discoveries in these flows
lead to energy savings, medical advancements and reduced
pollution. And much remains to be learned. For example,
only recently, it was discovered that under certain condi-
tions shedding cavitation in an adverse pressure gradient
can be dominated by shock waves instead of re-entrant jets
(Ganesh et al. 2016; Mikiharju et al. 2017). Discoveries
such as these are enabled by new “in-the-lab” quantitative
measurement techniques, some utilizing X-ray techniques
(e.g., Mikiharju et al. (2013)). Some of the information we
need to be able to obtain with improved or new experimental
techniques include: phase fractions and velocity fields in
highly thermally conducting (e.g., metal) foam filled chan-
nels and porous media, flow velocities of multiple phases
even in annular flows, and flow velocities in cavitating and
other opaque flows.

Particle Image Velocimetry (PIV) (Raffel et al. 2018)
with visible light is an extremely useful experimental tech-
nique for single phase flows. However, due to the opaque
nature of most multiphase flows, use of PIV for them has
been limited. If we can go beyond the visible spectrum,
photons in the X-ray range have the advantage of having
refractive indices near unity (Attwood and Sakdinawat
2017). Hence, X-ray PIV (XPIV) has been a topic of inter-
est and non-tomographic XPIV has been demonstrated using
synchrotron X-ray sources (Lee and Kim 2003). 2D X-ray
PTYV was also shown feasible at a synchrotron where micro-
bubbles where simultaneously sized and tracked (Lee and
Kim 2005). And, a type of TXPTV at a synchrotron was
first shown feasible by (Im et al. 2007), who collected 240
projections in 30.6 seconds, and subsequently reconstructed
a 3D velocity field from 2D velocity field projections. Sub-
sequently, improved synchrotron TXPIV was conducted by
Dubsky et al. (2010) with a 10 second scan time. However,
synchrotrons are not readily accessible to all researchers and
not usually available for extended periods of time. Bringing
2D XPIV /XPTYV, and even tomographic XPIV (TXPIV) or
TXPTYV, to the laboratory scale is of great interest. The few
and recent early applications of in-the-laboratory XPIV uti-
lized O(1 mm) tracers (Smith et al. 2018). The large particles
may not faithfully follow most flows of interest due to their
Stokes number. One may note that in PIV the typical seed-
ing particle has a diameter between 1 and 100 ym. However,
particles in this range with composition suitable to yield
usable contrast when used with in-laboratory X-ray sources
and detectors are not easy to come by or manufacture.
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We identified suitable tracers (Parker and Mékiharju
2021) and examine the feasibility, of in-the-laboratory
TXPTV with 60 um silver-coated particles utilizing a state-
of-art micro-CT scanner. While these first flows studied are
creeping flows, one may later extend the approach to faster
flows as the tracers (Parker and Mikiharju 2021), source
brightness and detector performance are continuing to
improve. Indeed, X-ray sources such as the Metaljet series
(Espes et al. 2015) alone promise to increase in-laboratory
achievable source brightness by two orders of magnitude.
Coupled with faster more sensitive detectors, such as photon
counting energy thresholded detector arrays, XPIV/XPTV
and TXPIV/TXPTYV can gain increasing value as research
techniques. The present study is a proof-of-concept of
TXPTV examining the techniques that once developed for
creeping flows are also employable to increasing number
of flows, as faster in-laboratory XPIV/XPTV and TXPIV/
TXPTV become practical.

In Sect. 2 we provide a description of the experimental
setup and methods. Results from the proof-of-concept pipe
flow experiment, porous media flow and flow with Taylor
bubble are provided in Sect. 3, followed by the conclusions
in Sect. 4.

2 Experimental setup and methods

X-ray Computed Tomography, is a technique used to
reconstruct a 3D object from a series of 2D projections.
The advantage of CT for flow measurements is that X-rays
can penetrate visually opaque confinements, and at wave-
lengths used refractive indices are close to unity (Attwood
and Sakdinawat 2017). The X-ray attenuation, following
Beer-Lambert law, is measured in the projection direction
and is proportional to the pixel intensity on the radiograph.
And, owing to the development of faster CT scanners, such
as the one utilized, combined with suitable flow tracers,
we can begin to utilize these tools traditionally used for
non—destructive testing of static objects to dynamic objects
and flows.

The experiments were conducted with a TESCAN
CoreTOM micro-CT system (Fig. 1). A tube voltage of
60 kV and a power of 25 W was utilized. The flow was con-
fined inside an optically opaque, but minimally X-ray attenu-
ating, carbon fiber tube with an inner diameter of 6.35 mm,
and wall thickness of 1 mm. The center of the tube contain-
ing the flow was positioned 15 mm from the X-ray source,
and with detector 400 mm away. This given the Pixel pitch
0.45 mm (0.150 mm natively on detector plane, but scanned
in Binning mode resulted in a reconstructed voxel size of
17 um. This voxel dimension was found to be adequate to
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Fig.1 Overview of the experimental micro-CT set-up. Fast, continuous rotation of the in situ set-up enabled dynamic reconstruction and tracing
of the individual seeding particles. Subsequently, the particle locations were identified and trajectories reconstructed as discussed in Sect. 2.3

localize the individual seeding particles used. A mixture of
glycerol (70%) and water (30%) was used as the fluid and
seeded with ~60 um diameter hollow, silver-coated glass
spheres described in Sect. 2.1. The mixture was pumped
through the optically opaque tube at a flow rate of ~20 ul/
min, using a M6 series Syringe-Free Liquid Handling pump
(VICI) with flow rate adjustable from 5 nl to 5 ml/min, with
manufacturer specified nominal volume precision (%CV) of
<0.1% at 1.25 ml and <0.5% at 125 pl.

The complete in situ set-up was mounted on the rota-
tion stage of the TESCAN CoreTOM and the pump was
fed through the slip-ring utilizing the in situ integration
kit of the system. This enabled us to continuously rotate
the tube over multiple turns at rate of 120 degrees/sec-
ond during the experiment (Fig. 1). As the particles were
nominally matched to density of water, and the centripetal
acceleration even for a particle at the wall of the tube was
only = 0.14% of gravitational acceleration, g, the rotation
should not to first order influence the particle trajectories,
which is consistent with the observed particle behavior (see
Sect. 3.1).

A single rotation (0-360°) scan time of less than 3 sec-
onds was achieved through the use of a high-speed sili-
con flat panel detector operated at a frame rate of 68 fps
(with exposure time of 14.5 ms/projections). The sample
was rotated over 72,000° (200 continuous full 360° rota-
tions), while taking 200 radiographs for each full rotation.
To perform the reconstruction of the acquired dynamic
process, the FDK algorithm was used as a natural 3D

extension of the filtered-back projection algorithm (Kak
and Slaney 1988; Feldkamp et al. 1984). As a result, a
3D array of voxels can be reconstructed. In total, for each
proof-of-concept experiment 200 reconstructed volumes
with 480 x 480 x 344 voxels were acquired. The total
experiment time for each experiment was 11 min, includ-
ing taking open-beam (flat field) and dark field images
used for normalization. The sample to detector distance
was optimized to achieve maximum signal and resolution
and an optimum of 400 mm was found to provide the best
image quality in present experiment. Here the signal-to-
noise ratio (SNR) is defined as

Mparticles ~ Mfluid

SNR = ;
E(Gpa.rticles + O-fluid)

ey

and it was calculated to be 2.5 between the tracer particles
and the fluid. Here m = mean and ¢ = standard deviation, in
regions of the image identified by the subscript.

We also note that in the 14.5 ms it takes to collect a single
exposure an image of a particle on the interior pipe wall in
the section closest to or furthest from the source could be
smeared across nearly six pixels. However, the CT recon-
struction still recovered a sharp and easy to localize parti-
cle, as during a full rotation for an appreciable fraction of
time the same particle on the wall will appear sharp (when
the particle is moving nearly normal to the imager plane).
Sources of blur and motion artifacts are further discussed
in the appendix.
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2.1 Choice of particles

An ideal tracer must be (at least nominally) neutrally buoy-
ant and small enough that in given flow its Stokes number
enables it to follow the flow with high fidelity (Raffel et al.
2018). However, for TXPTV as an requirement different
from PTV and PIV at visible wavelengths, it must incor-
porate material with X-ray attenuation in relevant range of
photon energies which is substantially higher or lower than
attenuation due to surrounding fluid(s). While under certain
circumstances some of the standard PIV tracers may be suit-
able for XPIV or TXPTYV, this is not the case in general as
discussed by Parker and Mikiharju (2021), who present a
systematic theoretical and experimental study relevant for
XPTYV flow tracer selection and development.

For the present study we utilized silver-coated hollow
glass beads, AGSF33, from Potters Beads with nominal
50 micron average diameter and a density of 0.9-1.1 g/cc.
However, as the particles were not perfectly monodisperse,
they were professionally sieved and particles from range
of 53-75um utilized, nominally having a mean diameter of
60 um. After sieving, the particles were also pre-filtered
(floated) to remove the density outliers that either sunk or
rose to the top in fluid used in less than 4 minutes. (However,
as will be discussed in Sect. 3.1, it would be beneficial if the
particle density were even better matched to that of the fluid
unless a mixture of higher viscosity were used, or a faster
flow investigated.)

2.2 Choice of fluid

For the fluid we used a mixture of glycerol (70% by mass)
and water (30% by mass) at 20°C, which yields a higher
viscosity than pure water, as our goal was to have a low
Reynolds number creeping flow.

The fluid density was calculated based on formula of
(Volk and Kihler 2018), who also consider volume con-
traction, and found to be 1181 kg/m3. Based on the mixture
mass fractions, temperature and equation of Cheng (2008),
the fluid’s kinematic viscosity is v = 19.6 x 10~°m? /s, and
dynamic viscosity, u, of 0.023 Ns/m>.

2.3 Particle localization and tracking

Following steps were sufficient to convert the CT scans into
particle trajectories. First, CT reconstructions gray-value
noise was reduced utilizing the Non-Local Means filter
(Buades et al. 2005). Second, Otsu’s segmentation method
(Otsu 1979) was used to distinguished the particles from the
liquid and outer regions. Figure 2 shows single slice from the
original, filtered and segmented 3D volume.

After the segmentation, individual particles had to be
identified, Fig. 3a. Since particles can be clumped together
in small clusters, clusters larger than a single particle were
subdivided to recover the individual particles. This was
achieved by applying a watershed-based (Vincent and Soille
1991; Borgefors 1984) algorithm on each of the particle
clusters. In the resulting 3D volume every voxel is assigned
a unique particle id.

To be able to track the particles, their centroids were
required, and notably as only the centroids are tracked were
a reconstructed particle to appear elliptical due to motion
blur this would not impair the PTV. To find the centroid, an
ellipsoid was fitted to the set of voxels belonging to the same
particle (having same particle id) (Pearson 1901). Finally,
particle tracing over time is achieved by matching closest
particles centroids in consecutive time steps, see Fig. 3b.
(We may note that had the flow been more densely seeded
or motion been greater during individual time steps, a more

Fig.2 Comparison of one slice from the 3D reconstructed volume with the initial gray values (left), noise-filtered image of same slice (middle),

and segmented image (right)
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Fig.3 a Segmented image where individual particles are identified by
different colors. b Particle trajectories on a subset of the particles

advanced cost function based approach to match the parti-
cles could have been necessary.)

3 Results
3.1 Poiseuille flow

The flow loop consisted of a 6.35 mm inner diameter pipe
(1/4”) through which fluid was pumped at 20 ul/min. Hence,
the average velocity is expected to be 10.5 um/s. Subse-
quently, our Reynolds number based on pipe inner diameter,
Re = Ud/v,is ~ 0.0034. Thus, neglecting the effect of parti-
cles due to low solids fraction (= 0.1%), we expect entrance
length for flow development to be L, /d ~< 1 (Atkinson et al.

1969) for Re < 0.1, as is our case. Hence, from the TXPTV
expect to find a parabolic velocity profile based on the
Navier—Stokes equations. This classic solution, Poiseuille
flow, is given by

u(r)

=1-(z Ly
T )

where U is the average velocity, u(r) the velocity as a func-
tion of radial coordinate from pipe center and R is the inner
pipe diameter.

Figure 4 shows the comparison of the average flow field
based on TXPTV with dilute particle concentration (such
that flow can be presumed one way coupled) and theoretical
flow profile of Eq. 2 should hold. We notice that the profile
appears shifted and there are numerous outliers (i.e., some
individual particles had velocities deviating from what was
expected given their radial coordinate). Given that the mean
velocity was mere 10.5 um/s, this, however, is not surpris-
ing. If our 60 micron particle’s density deviated from fluid
density the slightest, and using Stokes drag with drag coef-
ficient given by Cp, = 24/Re we readily find the terminal
velocity (velocity relative to fluid velocity) resulting from a
small density difference. In our 70/30 glycerol/water mix-
ture, for a 5 or 15% density difference, the particle veloc-
ity with respect to terminal velocity will be 5 or 13 um/s.
Or, more generally, as long as Reynolds number based on

6 10° , : ,
u(n), eq. (2)
u(r)+Aupp ~1000kgm™ from eq. (3)
5L ]
u(r)+Aupp ~1050kgm® from eq. (3)
_ u(r)+Au’Jp -~ 1100 kgm™ from eq. (3)
4+
@ |
Est
S r
2 -
1t
0 L L L
0 0.25 0.5 0.75 1

Fig.4 Comparison of velocity profiles measured by TXPTV and
theoretical Eq. 2 (red line). However, if we account for density differ-
ence of fluid and particles based on Eq. 3 for particles that are 1000,
1050 or 1100 kg/m? we would expect the velocity shown by the dot-
ted, dash-dot and dashed curves, respectively. Each box represents the
statistics of the particles within r + Ary;, /2, and the red line shows
the median with the top and bottom of the box indicating 75" and
25" percentiles, respectively. The whiskers indicate full range of data,
excluding outliers (> 2.7¢ away from median)
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terminal velocity is less than unity, we can estimate terminal
slip velocity in direction of gravity due to density deviation

¢p = pparticle/pﬂuid as

2872 i@, = D

particle

3

Aubuoyancy = 9 Vituid
The effects of the imperfect density match are further dis-
cussed in Parker and Mikiharju (2021).

Hence, we can also observe that the scatter in velocity
could be due to variation of particle density in the 3% range.
This observation highlights that while the chosen particles
provided better contrast than other particles examined, these
silver-coated hollow glass spheres still likely had too much
variation in their average density to be ideal for investigat-
ing such a slow creeping flow. Indeed, in present case for
particle velocity to be within, e.g., 5% of center line veloc-
ity, we should have matched fluid density within 1%. While
technically achievable, such particles were not available for
present work.

However, even with these imperfectly density matched
particles had

1. the source brightness and detector enabled a 20x faster
acquisition, velocity error due to density mismatch
would have been within 5%, or

2. had we been able to use a more viscous fluid,
such as 100% glycerol we would have expected a
Aty pyancy < 1m/s. (In the present experiments use of
higher viscosity fluid was inhibited by limitations of the
pump available.)

As limiting use of in-laboratory TXPTV to high viscosity
fluids is undesirable, clearly either i) brighter in-laboratory
X-ray sources and faster detectors are necessary, such as one
might anticipate to became available this decade, or ii) one
needs better density matched tracers (ideally with higher
X-ray contrast such as those proposed by Parker and Miki-
harju (2021) and presently under development).

Next we consider if, with CT systems and particles pres-
ently available, TXPTV can be utilized for flow in porous
media and in two phase flows—with increasing fidelity if
better tracers were to become available.

3.2 Micron-scale particle migration and retention
in 3D porous media

Understanding flow dynamics in porous materials such as
porous rocks is essential for many applications including
ground water resources, oil and gas, CO, sequestration,
geothermal energy and storage of nuclear waste. Intrinsic
parameters such as porosity, pore size distribution, connec-
tivity, surface roughness and area, etc. will have a significant
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impact on the transport properties and thus the flow path
through the material. In addition, the changing properties,
such as the migration and retention of fine particles (e.g.,
clay particles) will play a central role in clogging and thus
overall transport properties (Liu et al. 2019).

For this experiment, a 65 mm tall pipe with 6.35mm ID
with a sintered glass sample filling bottom 15 mm of the
pipe was scanned. The flow resulted from drainage through
a 0.5 mm ID 750 mm long pipe driven by a pressure gra-
dient due to an 800 mm elevation difference. With 70/30
glycerol/water mixture, ignoring minor losses and losses in
porous media as first approximation, based on pressure drop
due to laminar flow in the 0.5 mm ID pipe this would have
resulted nominally in a 26 um/s flow in the 6.35 mm ID
section of tube. If we assume pore fraction was 25% a flow
speed O(100um/s) would have resulted. Hence, we assume
as first approximation the effect of gravitational settling with
terminal velocity O(10um/s) can be neglected and expect
to only resolve particles that have gotten stuck, thus clog-
ging pores, or that are in a low flow region, if one exists. To
verify this assumption we simulated the flow through the
sintered glass section of the pipe as it was at the beginning
of the experiment without any pores clogged. The simu-
lation was performed using the LIR solver (Linden et al.
2015) in GeoDict. The results, shown in Fig 5, confirmed the
expected high flow velocities in the pores, which explained
why in the present experiment it was not possible to image
particles until they were captured by constrictions or caught
in pockets with low flow velocities.

The same acquisition parameters were use as described
previously in Sect. refsec:exp. In total, 8 dynamic experi-
ments (each 200 rotations, <3 s/rotation) were performed
with an interval time of ~#10 min in between. The voxel size
was 18 um.

During one single dynamic experiment it was possible
to investigate the clogging of the pores by the particles by
using a flippoint detection. The flippoint detection is an auto-
mated detection of those voxels that are changing during the
experiment. Voxels of the glass structure will not change gray
value during the experiment, and will be referred as stable
voxels. However, in the pore structure fluid migrates with
tracer particles, thus changing from the initial voxel gray
value through time (dynamic voxels). Instead of analyzing
all the reconstructed 3D volumes individually, a time dimen-
sion is incorporated by analyzing the gray value. The time
attributed to an event corresponds with the time when a voxel
exceeds the threshold (to exclude effects of noise) of a chang-
ing gray value. In this case, when a particle is trapped in a
pore neck, the gray value will change from gray (pure fluid) to
white (trapped particle). That specific voxel location will be
relabeled as a time stamp instead of an absorption value. As
can be seen on Fig. 6, a blocking seeding particle (white) is
visible (in left most figure). The seeding particles in the fluid
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Fig.5 a 3D view of the simulated flow through sintered glass struc-
ture, which was reconstructed based on the CT scan. b 2D slice of
the structure and flow field in the pores. Blue corresponds to low flow
velocities and red to high flow velocities up to 381 um/s

itself are not resolved due to the nominal flow speeds being
O(100um/s) in the pore structure. But, once a seeding particle
(or cluster of them) gets stuck it becomes visible and detect-
able in the reconstructed volume. By applying the flippoint
detection, the change inside the volume is pinpointed both in
time and space. As can be seen in Fig. 6 (flippoint detected;
middle) the clogged particle displays now a clear time point
when it got retained (at 130 s after the start of the experiment).
On the other hand, flippoints are also detected in most of the
open pore structure, meaning that some changes in grey value
have taken place there as well, corresponding to the move-
ment of the fluid and tracer particles. So, although we are not
able to detect the individual moving particles in the fluid, they
might contribute to the detection of the flippoint in the pore
structure. When rendering the results of the flippoint (6; right),

the clogging process in both space and time (color) becomes
visible, starting from the top of the sample (inlet of the flow),
enabling the understanding of the migration patterns.

On the other hand, taking all the dynamic results into
account, a complete overview of the process becomes vis-
ible as can be seen on Fig. 7, demonstrating a vertical cross
section before and after the experiment. A segmentation of
the clogged particles can be performed on the end state of
each dynamic experiment. By doing so, the evolution of the
clogging can be visualized for individual pore structures on
micron-scale (see Fig. 8) .

3.3 Taylor bubble and flow around it

As a slug of gas (i.e., Taylor bubble) forms in a multiphase
flow and travels along a pipe, there is still a liquid film between
the wall and the bubble. If in this film we can trace particles,
we can measure velocity withing the film. While for flow
over a smooth hydrophilic surface one may find solution to be
obtainable analytically, measurement of the velocity in such
a film may yield a non-trivial result if instead of a solid wall
we had, e.g., a structured or hydrophobic surface with second
phase present (trapped gas).

We found that the film between a Taylor bubble and the
pipe wall could be resolved in the same experimental setup
with the same flow and acquisition parameters as used for
Sect. 3.1. In the present experiment, it was possible to observe
a Taylor bubble in 3D. In this case, the speed of the Taylor
bubble is around 5 mm/s. With the present spatial and tem-
poral resolution, the Taylor bubble needed to be at least 15
mm long in order to fully resolve the body of the bubble and
the liquid film. For shorter bubbles, the head and or tail of the
bubble may cause movement artifacts during the reconstruc-
tion. If the body is completely resolved within the temporal
resolution, it is possible to calculate the thickness of the liquid
film around the bubble. As shown in this example (Fig. 9),
we also resolve the smaller 150-200 pm bubbles trapped in
the liquid film and attached to the inner surface of the tube
(blue circles), and the tracer particles (shows as red dots). We
observed in this particular case with bubbles trapped on the
walls that the liquid film demonstrates a non-uniform distri-
bution with a thicker film on one side of the bubbles stuck to
the wall. Increasing scan speeds would enable more detailed
measurement of the flow around the ends of the bubble as well,
while simultaneously resolving dispersed bubbles that may be
present and particle tracer trajectories.

4 Conclusions and future direction
The feasibility of using a state-of-art fast CT scanner for in-

the-laboratory tomographic X-ray particle tracking veloci-
metry (TXPTV) was investigated. For the first time we
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Fig.6 Cross section during the first dynamic experiment showing the
sintered glass beads and particle laden fluid in the pore space (left);
detection of the flippoint, indicating the changes in grey values at a

Time

certain time interval (middle) and 3D render of the complete sample
showing the position and timepoints (color) of the clogging seeding
particles

Fig.7 Vertical cross section through the sintered glass sample reconstructed from a <3 second 360° scan. (Left) the beginning of the experiment
and (right) the end state. The bright spots in the end state correspond to the seeding particles clogged in the pores

show the feasibility of i) in-laboratory Tomographic XPTV
(which can be much more widely available than synchrotron
TXPTV), and ii) in-laboratory TXPTV with sub mm (actu-
ally sub 100 um) particles. Full CT reconstructions with
sufficient resolution and contrast to localize both gas—liquid
phase boundaries and 60 um particles at scan rate of 3 sec-
onds were found to enable tracing of individual particles in
the flows considered. In porous media, clogging of individ-
ual pores as a function of time could be observed, and for the
Taylor bubble we were able to measure the thickness of the
film, which was greater on side of the tube that had dispersed
bubbles trapped on the wall, and localize seeding particles.

For the purposes of TXPTV one could define as success
a case where particles had sufficient contrast to be detected

@ Springer

in the first place while being nominally neutrally buoyant,
and particle centroids are localizable in the CT reconstruc-
tion. However, while feasibility and potential of in-labora-
tory TXPIV utilizing a state-of-art micro-CT scanner was
shown, by a stricter standard this first proof-of-concept data
presents only a partial success. Imperfections of the flow
tracers that were available were found to limit what is pres-
ently achievable with in-laboratory TXPTV. Specifically,
while in a creeping flow a Poiseuille flow profile could be
qualitatively observed, it was evident that the tracer particles
utilized were not sufficiently uniform in density (nor well
matched in density to that of the fluid) to allow high fidelity
measurement of such low flow speeds, unless fluid viscosity
could have been increased further. For the porous media case
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Fig.8 Time-series of an individual pore clogging due to the accumu-
lation of particles (blue)

and Taylor bubble, to observe the flow directly improvement
in scan speed of 10x or tracer particles with better density
match would have also been necessary to enable such obser-
vation, and this will likely be feasible in the near-term.
While at the present scan rates, even with better tracer
particles, in-laboratory TXPTV applicability may be limited

Fluid film thickness (mm)

0 13

to creeping flows, as with film based PIV in the 80s and 90s,
the TXPTV techniques developed for these slow flows are
readily transferable to higher speed applications of increas-
ing importance. This motivated the present study, beyond the
applications already accessible with the demonstrated scan
speeds. Furthermore, our ongoing work to advance TXPTV/
TXPIV includes design and examination of particles with
tighter range of density (such as discussed in Parker and
Maikiharju (2021)), and utilization of sparse angle or limited
angle CT data to enable faster acquisition even with present
source brightness limitations, and employing brighter in-lab-
oratory X-ray sources as they become more widely available
(Espes et al. 2015). The detailed exploration of algorithms
best suited for TXPIV requires additional study. Iterative
algorithms, such as (Yoon et al. 2017), may further decrease
the particle localization uncertainty with limited number of
projections. Indeed, we may note that particles themselves
could have been localized from a fraction of the projection
angles. However, the benefit of the full tomographic X-ray
PTV/PIV is that the flow domain geometry, which may be
unknown or time varying, can also be reconstructed. Such
was the case in the present study when we considered flow
in porous media and Taylor bubbles in a pipe with second-
ary microscopic dispersed bubbles. Clearly, TXPTV will be
increasingly usable as laboratory X-ray source and detector
technologies inevitably improve.

Appendix: Motion artifacts

For the present experiments each X-ray image exposure was
14.5 ms long and due to the flow the particles were mov-
ing at an average velocity of ~20 ym/s (with few reaching
speeds up to 50 um/s). As the particle diameter was 60 ym,

Seeding particles
in liquid film

Opaque container

Trapped air
bubbles to the
inner surface of
the container

Fig.9 Projection image of Taylor bubble (left); rendered wall thickness of the Taylor bubble in 3D and dispersed gas bubbles trapped on the
wall (middle); seeding particles shown in red withing the liquid film (middle and right)
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during a single exposure motion blur due to flow would be
limited to ~0.3 um for the average particle and 0.7 ym (or
1.2% of particle diameter) for the fastest particles. Hence the
individual exposures had negligible motion blur due to flow.
However, motion blur in a single X-ray image exposure
due to the pipe rotation could be more significant. For a
particle at the wall while flow induced motion blur is insig-
nificant the motion blur due to rotation is appreciable when-
ever the particle is at an angle around a = 0 and 180° (see
Fig. 10). However, when the particle is at an angle near 90
and 270° there is very little motion blur in those projections.
Hence a CT reconstruction even with the basic and fast FDK
algorithm will still end up reconstructing a strong enough
particle that its centroid can be localized with ease, as shown
in Fig. 11. The simulation of this motion blur could further
be refined in a planned follow-up paper dedicated to explor-
ing motion and other artifacts specific to TXPTV in depth.
A second notable source of artifacts for CT, and also rel-
evant to TXPTYV, is motion within the domain during the a
full 360° CT scan. For the present experiments motion due
to flow during a 360° rotation could be non-negligible and
affect the particle reconstruction, and hence it is considered
here succinctly and tentatively. For our datasets, a full rota-
tion during which 200 projections were recorded took 2.9
seconds, and hence a 60 ym particle moving at 5...50 um/sec
would move 0.24...2.42 particle diameters. Such a motion is
known to cause a “corkscrew-artifact,” where, e.g., a sphere
will take on the shape that is more twisted like a corkscrew,
with distortion being more significant the more pronounced

rotating pipe

Fig. 10 Sketch of projection geometry showing a particle (red dot) on
the pipe wall, where blur during exposure will be worst when particle
is near @ ~ 0 and 180°. Sketch not to scale

Fig. 11 Particle reconstructed based on synthetic data when (left)
exposure had no motion blur, and (right) motion blur has been mim-
icked in synthetic data by having particle attenuation coefficient in
pixels occupied by particle during exposure have value proportional
to that due to the approximate average content of voxels during expo-
sure. For case where at worst particle at @ ~ 0° moves six particle

diameters due to pipe rotation the reduction effective attenuation is
approximated as é + é(% + % cos2[a + 7r/2]>

X-ray source and cone beam

X-ray detector

@ Springer

Fig. 12 Particle created with synthetic data simulating noise-free
monochromatic scan data of 60 ym homogeneous particles data when
(left) no motion, and (right) two diameters of pure axial motion dur-
ing the full 360° scan (2.9 seconds). While particle shape becomes
distorted, its centroid can sill be easily localized

08

Fig. 13 Particle created with synthetic data by simulating noise-free
monochromatic scan data of 400 ym homogeneous particles when
(left) no motion, (center) one diameter of pure axial motion and
(right) one diameter of both axial and in-plane motion during the full
360° scan (2.9 seconds). Not the “corkscrew”-shape becomes evident

the motion is. However, for TXPTV the key thing to note is
that the centroid location of the reconstructed object remains
nominally unaffected up to rather extreme artifacts.

Let us consider a CT reconstruction from synthetic 3D
CT data of a sphere that moved during a CT scan. First in
Fig. 12 we consider pure axial motion. For computational
efficiency we simulate noise-free monochromatic scan data
of 60 um homogeneous particles with SID, SOD and detec-
tor pixel pitch matching those used in the present study.

As the particle image in the present dataset and in pre-
vious example is only about 4 voxels wide it is difficult
to make out much detail of the shape distortion. Hence in
Fig. 13 to highlight shape distortion we consider a hypotheti-
cal particle that occupied 300x more voxels than the tracers
used (i.e., 400 ym, 7.6x larger diameter).

The above reconstructions were obtained using a CUDA
implemented version of the FDK algorithm used in this
paper for all datasets. If, however, we were to use more
advances such as simultaneous iterative reconstruction
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technique (SIRT) reconstruction it is even easier to see how
a particle, albeit distorted, yields usable data and particle’s
centroid is still easy to localize. Hence TXPTV is more for-
giving of motion artifacts than CT of structures, as clearly
the shape of a structure would be distorted unacceptably by
even modest motion whilst even with simple reconstruction
(FDK) locating a particle centroid can succeed for motion
far exceeding one particle diameter.

In a planned follow-up study, we will further in-depth
consider effect of motion artifacts for TXPTV, and how
these artifacts can be minimized. The above consideration
was idealized to illustrate simple points, but a dedicated
study should additionally (at least to some degree) consider
the effect of polychromatic spectrum, imperfect imager
response, scatter, acquisition parameters, interframe blur,
pre-processing steps, reconstruction algorithm, post-pro-
cessing algorithm (as deformation shape is known locali-
zation can be done accounting for this in part), etc. How-
ever, such a full consideration of possible motion and other
imaging artifacts of TXPTV will require significant time and
resources and was beyond the scope of the present paper.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00348-021-03362-w.
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